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Abstract

As the global demand for freshwater continues to increase, a larger number
of resources are dedicated to seawater desalination technologies. In areas with
high temperature and salinity water, thermal desalination technologies are of-
ten employed. In other areas, reverse osmosis technologies are more popular.
While both these technologies have witnessed improvements in recent years,
economic and performance issues still pose significant barriers to their univer-
sal implementation, which has left many countries, including ones bordering
oceans and seas, suffering from dire water scarcity issues. This thesis proposes
a methodology which enables the identification of improved thermal-based de-
salination structures. It is based on the notion of superstructure, which allows
for the representation of numerous feed, brine and vapor routing schemes.

A superstructure is developed. By adjusting the flow routings, the super-
structure is capable of representing the common thermal desalination struc-
tures, as well as an extremely large number of alternate structures, some
of which might exhibit advantageous behavior. The superstructure is built
around a repeating unit which is a generalization of an effect in a multi-effect
distillation system (MED) and a stage in a multi-stage flash system (MSF).
Allowing for just 12 repeating units, more than 10%° different structures can
be represented. The superstructure is thus proposed as an ideal tool for the
structural optimization of thermal desalination systems, whereby the optimal
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selection of components making up the final system, the optimal routing of the
vapors as well as the optimal operating conditions are all variables simulta-
neously determined during the optimization problem. The proposed method-
ology is applicable to both stand-alone desalination plants and dual purpose
(water and power) plants wherein the heat source to the desalination plant is
fixed. It can be extended to also consider hybrid thermal-mechanical desali-
nation structures, as well as dual purpose plants where the interface of power
cycle and desalination is also optimized for.

A multi-objective structural optimization of stand-alone thermal desalina-
tion structures is performed in Chapter 2, whereby the performance ratio of
the structures is maximized while the specific area requirements are minimized.
It is found that for any particular distillate production requirement, alternate
structures with non-conventional flow patterns require lower heat transfer ar-
eas compared to commonly implemented configurations. Examples of these
non-conventional configurations are identified, which include a forward feed
- forward feed MED structure, involving the integration of two forward feed
MED plants.

Chapter 3 highlights how the superstructure can be adapted to optimize in-
tegrated thermal desalination and thermal compression systems. Specifically,
the conducted study investigates whether there is any merit to the thermal
compression of vapor streams produced in intermediate MED effects as op-
posed to the common practice of compressing vapors produced in the last
effect. The study concludes that intermediate vapor compression results in
significant reductions in area requirements, as well as significant increases in
maximum distillate production capacities. Moreover, the study confirms that
the optimal location of vapor extraction is heavily dependent on the exact dis-
tillate production requirement in question. Two novel configuration forms are
informed by the optimization. The first is an integrated MED-TVC 4+ MED
+ MSF system, while the second is an integrated MED-TVC + MSF system.
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1 Introduction

1.1 Pressing need for desalination

The global demand for a steady, economical supply of fresh water contin-
ues to increase. This trend is driven on the one hand by surging population
growth, and on the other hand by economic development, industrialization and
an expansion of irrigation agriculture, all of which demand fresh water [1, 2].
Although there is currently enough fresh water for the planet’s 7 billion inhabi-
tants, there is a high unevenness in its distribution, which has left an increasing
number of regions chronically short of water [3]. In these water-stressed re-
gions, numerous alleviating actions have been taken including constructing
more water catchment areas, building improved water distribution networks,
along with improved water conservation measures. While these measures do
result in better utilization of the constrained freshwater resources, they do not
guarantee sufficient water for all. One of the main known modes of increas-
ing the existing water supply is seawater desalination; a proven process that
can reliably convert the seemingly limitless supply of seawater to high-quality
water suitable for human consumption. Already, desalination plants operate
in more than 120 countries in the world, including Saudi Arabia, the United

Arab Emirates, Spain, Greece and Australia.

While large-scale desalination plants have been available for a long time,
further installations are expected to increase at an alarmingly fast rate, with

most of the desalination plant installations expected to be of either the thermal
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or membrane type. It is projected that by just 2016, the global water produc-
tion by desalination will increase by more than 60 percent from its value in

2010 [4].

1.2 Breakdown of current desalination technologies

Reverse osmosis (RO) plants, the primary membrane-based technology,
have gathered tremendous installation momentum in the past years owing
mostly to their increased cost savings; in part owing to the development of
cheaper, longer lasting membranes and in part owing to reduced energy re-
quirements. In the last decade alone, the required electrical power to drive
RO plants has decreased by more than 50 percent [5]. This decrease in en-
ergy consumption is accredited to continuous technological advances, including
higher-permeability membranes, improved energy recovery devices, and the use
of more efficient pumps. Current state-of-the-art RO technologies require sig-
nificantly lower energy requirements compared to all other desalination tech-
nologies, and have emerged as the standard against which the energy efficiency
of all technologies - including thermal technologies - are compared. It is thus
not surprising that RO currently dominates the global desalination market,

accruing approximately 50 - 60 percent of the overall market share [6].

Although thermal based technologies - comprised mostly of multi-stage
flash distillation plants (MSF) and multi-effect distillation plants (MED) - oc-
cupy a smaller fraction of the world market, they dominate the Middle Eastern

market where they occupy 75 percent market share. There are several con-
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tributing factors to this apparent deviation from global trends. One decisive
factor is the region’s noticeably low energy costs. The unit product cost, based
on which designers usually select the preferable desalination technology, is thus
less sensitive to energy requirements - which are usually lower in RO - and are
more geared towards capital costs which are lower in thermal desalination.
The high salinity and temperature levels of the Arabian Gulf, from which
most of the region’s plants extract feed-water, is another important factor.
While increased feed-water salinity only indirectly affects performance of ther-
mal desalination plants by restricting the maximum recovery ratio, it severely
cripples the performance of the salinity-sensitive RO system. Increases in the
feed-water salinity into the RO system translate into increased pretreatment
costs, increased membrane replacement costs, alongside increased pumping re-
quirements. Moreover, the regions elevated feed-water temperatures, while
positively affecting the performance of thermal desalination through reduc-
ing feed pre-heating requirements, negatively affects RO systems by increasing
salt passage and increasing the risk of bio-fouling, which more than counter-
effects the increased permeability with higher temperature [7]. Other reasons
encouraging regional adoption of thermal desalination systems include the con-
venience of integration with pre-existing power plants, as well as the accumu-
lated field experience that increases the technology’s controllability, operability

and reliability [8].
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1.3 Thesis outline

The water scarcity problem is by no means restricted to arid areas. Even in
industrialized nations currently considered water-rich, contamination of fresh-
water resources coupled with global warming effects that include reductions in
snow-melt and the loss of glaciers are threatening to result in water scarcity
within the coming decades, if not sooner [9]. Thus the need to develop efficient
and economical desalination technologies capable of bridging the widening gap
between the supply and demand of high-quality water is a pressing global prob-

lem necessary to guarantee a stable world future [10, 11].

This thesis is specifically devoted to the optimization of thermal-based
desalination structures. Chapter 2 examines pure thermal desalination struc-
tures, while Chapter 3 studies thermal structures integrated with thermal va-
por compression units. Some repetition between the chapters is done so that
the chapters are more or less contained. The overall goal throughout is to
clearly identify novel structures that improve upon conventional existing con-
figurations, to quantify their improvements through a comparison of several
key metrics, and finally to detail sample flowsheets to hopefully benefit the
designers of next generation plants many of which will likely be of the thermal
type. To aid in identifying novel structures, the concept known as a super-
structure is utilized. The general notion of a superstructure, coupled with its
capabilities and advantages are detailed in Chapter 2. The proposed method-
ology is applicable to both stand-alone desalination plants and dual purpose

(water and power) plants wherein the heat source to the desalination is fixed.
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It can be extended to also consider hybrid thermal-mechanical desalination
structures, as well as dual purpose plants where the interface of power cycle

and desalination is also optimized for.
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2 A flexible superstructure to represent hy-

brid thermal configurations

2.1 Introduction

Given the urgent need to constantly improve thermal desalination plants,
authors seeking to contribute to the improvements in this field, have under-

taken various approaches.

Several authors, through parametric studies, investigated the influence of
numerous variables to gauge their relative importance on performance of MED
plants [12, 13, 14, 15, 16]. These variables include the total number of effects,
the temperature and salinity of the incoming feed, the temperature of the
heating steam, as well as the temperature of the evaporator in the last effect.
While such studies occasionally provide useful insights, most of the relation-
ships that arise, e.g. distillate production is heavily dependent on the number
of effects, are mostly expected. Moreover, the results of such studies are of
limited use to designers, mainly because parametric studies do not consider
interaction between the different system variables. The need for optimization

is clear.

To optimize thermal desalination plants, authors have resorted to differing
objective functions. In certain situations, the objective functions are economic
related such as minimizing unit product cost or minimizing specific heat trans-

fer areas. In others, the objectives are tied to the thermodynamics such as
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maximizing distillate production or exergy efficiency [17, 18, 19]. While single
objective functions are frequently resorted to, multi-objective optimizations
are generally preferable. The main reason is that single objective optimization
does not necessarily yield applicable designs. For instance, if the distillate
production is maximized as part of a single objective study, the associated
costs are not directly considered. The result is generally an uneconomical
unimplementable plant. In contrast, multi-objective optimization studies can
consider both efliciency and economic measures, resulting in more realistic de-
signs. Further, multi-objective optimization allows the quantification of the

trade-offs between competing criteria.

The works directed to improve thermal desalination have taken numer-
ous fronts. Some authors have considered the stand-alone optimization of
thermal-based configurations. While some of these authors optimized oper-
ating conditions associated with pre-existing configurations, others proposed
alternative schemes - such as the MSF-MED proposed in [20, 21] - which they
subsequently optimized and compared to conventional structures. Other au-
thors meanwhile have examined hybrid thermal-membrane based technologies
seeking to make use of the ease of their integration. By suggesting alternative
flow routing possibilities, authors propose that the resulting hybridized struc-
tures offer significant synergetic benefits. These advantages include, but are
not restricted to, the reduction of capital costs through use of common intake
and outlet facilities, the potential for reduced pretreatment and an increase in

top brine temperature in thermal desalination [22, 23, 24, 25, 26, 27, 28]. Other
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authors propose integrating thermal desalination configurations with thermal
vapor compression systems as an efficient means of increasing total distillate
production, reducing cooling water requirements and potentially reducing heat
transfer area requirements, all while being characterized by simple operation

and maintenance [29, 30].

While the aforementioned contributions have resulted in more efficient de-
salination plants with improved economics, one significant drawback impedes
even larger improvements. The general practice of fixing both the hardware
involved in a plant, as well as its flowsheet prior to optimization has obvious
shortcomings. It can be easily seen that such an approach is inferior to an al-
ternate optimization approach whereby both the hardware and the flowsheet
could be modified during the optimization process. This is especially true since
there is no guarantee that any of the common configurations already proposed
in literature is optimal under any conditions. For studies concerning hybrid
plants in particular, the more flexible optimization could yield breakthroughs
as there might be significant benefit from deviating from the conventional se-

tups specific to stand-alone structures.

The general need to investigate modifications in hardware and flow pat-
terns has been looked into. Authors generally proceed to propose a series
of modifications they envision to be advantageous. They subsequently opti-
mize the resulting arrangements, and compare the results to those exhibited by

conventional structures to decide on the merit-worthiness of their ideas. Unfor-
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tunately, such a series of steps is time consuming and their success in yielding
improved results depend highly on both the author’s experience and creativity.
This method is further restrictive because the testing of the huge number of

combinations of different possible flowsheets and hardware is infeasible.

2.1.1 Superstructure concept for optimizing thermal desalination

structures

In this chapter, we propose a flexible tool that is capable of adjusting the
process diagram of thermal desalination configurations. The tool, which is
based on the concept of a superstructure, is able to adjust the hardware com-
ponent set, the routing of all the different flows entering and exiting each of the
eventual components making up the system, as well as adjusting the sizing of
all the necessary compohents. Through this process, the tool can represent all
the existing thermal desalination configurations, in addition to an extremely
large number of alternative configurations, which indicates that the proposed
tool is ideal for the systematic comparison of alternatives and the generation
of new ones. Note that the superstructure is a notion employed in process
design that illustrates all the different hardware and connectivity possibilities

to be considered for optimal process design [31] .

The tool allows for improved optimization studies involving thermal con-
figurations. Further, it can be easily adjusted to be used in optimization
studies of hybrid configurations involving membrane based technologies and

thermal vapor compression systems. The tool can be modified to investigate
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co-generation by integrating it with a power plant model. To illustrate the use-
fulness of the proposed tool, the results of several multi-objective optimization
studies are presented, whereby the performance improvements are quantified,

while the optimal flow patterns are shown to deviate from the convention.

While the origin of the superstructure approach is in the chemical process
industry, authors have recently utilized it in the field of desalination. Zak
and Mitsos [32], by identifying physical processes shared by all thermal de-
salination technologies, constructed a superstructure capable of representing
existing thermal desalination configurations as well as novel ones, however
did not optimize it. Sassi et al. [33] used it to identify optimal RO networks
for a variety of differing temperatures and salinities. The study confirmed,
as expected, that such factors have a significant impact on the subsequent
optimal design and operation. Skiborowski et al. [34], on the other hand, opti-
mized a superstructure considering the combination of an RO network with an
MED configuration specified to be of the forward feed type. Again, the work
demonstrates that optimal configuration varies depending on local factors such
as the energy costs and pretreatment costs. As a final example, Mussati et
al. [35, 36, 37] used a superstructure for varying purposes including identifying
optimal coupling of power and desalting plants and identifying improvements

in the design of MSF plants.

25



2.2 Description of Conventional Thermal Desalination
Processes

The process of constructing a general superstructure to represent thermal
desalination structures is greatly facilitated by the fact that both MED and
MSF operate on the same fundamental principles. Both processes require an
external heat input to drive the initial production of vapor, and an external
work input to drive the pumps which are needed to overcome the different

pressures losses experienced by the flows.

In MED, the external heat input is used to first sensibly heat the incoming
feed to the first effect and subsequently evaporate a portion of it. Two sepa-
rate streams consequently exit the effect: a more concentrated brine stream,
and a saturated vapor stream. The saturated vapor is split; a portion of it
is used to pre-heat the feed in a counter-current feed preheater while the re-
maining portion is used as heating steam to the next effect where additional
vapor is generated. To allow for the vapor produced in one effect to heat the
contents of the next effect, a decreasing pressure profile within consecutive
effects is necessary. A similar procedure is repeated in each of the remaining
effects whereby a portion of the vapor generated in the previous effect is used
to convert a portion of the feed entering into the effect into vapor. Within the
last effect, all the generated vapor is directed towards pre-heating the feed in
a down condenser. However, since the incoming feed is generally not capable
of carrying away all the heat required to condense the inputted vapor, addi-

uwiel ~ooling water is usually entered into the down condenser, where it is
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pre-heated and subsequently rejected back to the sea. To recover additional
energy in the system, intermediate brine and distillate streams are flashed as

they are successively entered into lower pressure chambers.

The source of feed to each effect varies depending on the configuration em-
ployed. In the forward feed (FF) MED configuration, all of the feed entering
into the system is directed solely to the first effect. No intermediate feed ex-
tractions occur as the feed leaves each consecutive preheater, but rather all the
feed leaving a particular preheater is inputted into the subsequent one. For
all the remaining effects, the feed to the effect is comprised of brine exiting
from the previous effect. FF is typically advantageous since the brine leaving
the highest temperature effect is the least saline; a characteristic that reduces
the risk of scaling. The parallel cross (PC) MED configuration, is an alternate
configuration. Within this configuration, the feed to each effect is comprised
of pre-heated seawater extracted at the outlet of the corresponding feed pre-
heater. Brine exiting each effect is simply flashed to produce additional vapor,
without allowing any of the brine to be inserted as feed into any of the subse-
quent effects. Typically the PC-MED configuration is found to be capable of

larger distillate production capabilities compared to FF-MED [38].

MSF largely resembles the MED configuration in its flowsheet with the ex-
ception that all the vapor generated in any particular stage is solely directed
towards pre-heating the feed in the next unit. As a consequence, no vapors are

generated by evaporation in MSF. Interestingly, MSF can be considered to be
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a more specific and constrained form of MED including flash boxes. The main
mode of vapor production in MSF is the process of brine flashing, a process
which is possible because of the decreasing pressure profile within consecu-
tive stages. However, some additional vapor does form by flashing condensed
distillates. For the same number of repeating units, MSF is characterized by
significantly lower recovery ratios (RR), as compared to MED due to the lower
thermodynamic efficiency of flashing compared to boiling. MSF has however
the advantage that since the top operating temperature can reach up to ap-
proximately 110°C compared to approximately 70°C in MED, which allows
for a larger number of stages in MSF as compared to the number of possible
effects in MED. The brine leaving the last stage of the MSF can be returned
to the sea as brine blow down, a configuration known as once through MSF
(MSF-OT). Alternately, some designers choose to mix a portion of the brine
leaving the last stage with the incoming feed to the plant; a configuration

known as MSF with brine mixing (MSF-BM).

2.3 Superstructure proposed for the process

The superstructure was constructed with the constraint that all of the
resulting process designs can be physically implemented. The finalized super-
structure is represented in Figure 1. Section 2.3.1 discusses all the different de-
sign options allowed by the process, while Section 2.3.2 examines how variables
can be manipulated to delete different components. Section 2.3.3 highlights,
with the aid of schematics, how the generalized superstructure can be reduced

to known configurations. Section 2.3.4 discusses the main limitations of the
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current superstructure. Sections 2.3.5 outline details of the mathematical mod-
eling of different components that could potentially make up the final system.
Lastly, Sections 2.3.6 and 2.3.7 outlines the necessary operation constraints,

as well as the choice of optimization variables.

2.3.1 Design options

Several novel flow patterns are allowed. Figure 1 provides a schematic
illustrating the numerous brine and feed flow routings in the superstructure
proposed. For simplicity a total of 12 units is chosen. To maintain a non-
convoluted figure, the vapor routings barring the input primary heating steam
are not shown in Figure 1. Figure 2, however, provides the complete schematic
including vapor routings for a sample repeating unit 7 in the superstructure.
A few exemplary design options allowed by the superstructure are also repre-

sented in Figure 2, indicated by the variables (a, A and ).

The superstructure is built around several discrete/continuous choices:

— The choice of what fraction of the overall feed flow leaving any interme-
diate feed preheater (FPH) is extracted to be sent to the corresponding
MED effect (¢) and what fraction is directly sent to the next preheater
(1- €). This is a continuous decision where the condition (¢ = 1) corre-
sponds to complete extraction, while (¢ = 0) signals that all feed leaving
a preheater is inserted to the next preheater. Any intermediate value
corresponds to only a fractional extraction. At the exit of the down-

condenser, there is an additional split variable €;, shown in Figure 1,
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Figure 1: Generalized superstructure illustrating different brine and feed rout-
ings. Without loss of generality, 12 repeating units are shown. Vapor routings
are shown in Figure 2.
which dictates what fraction of total feed is returned to the sea (i.e
serves as cooling water). The fractions e; and e; then dictate the cor-

responding fractions that are entered into last effect and fed to the last

preheater respectively.

— The choice of what fraction of the total brine leaving a particular brine
flash box, is extracted to be fed to the next effect (\) and what fraction
is allowed to be sent to the next flash box in the same flash box line
(1-A). This feature allows the model an interesting option of using brine

outputted from any effect i as feed to any effect j, where j > i.
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Figure 2: Representation of the repeating unit ¢ of the proposed superstructure,
demonstrating vapor, feed and brine alternate routings
— The choice of what fraction of the available secondary heating steam
(comprised of vapors produced by brine evaporation, brine flashing, and
distillate flashing) is sent to the next effect () to accomplish brine evap-
oration, and what fraction is sent to the corresponding feed preheater to
achieve feed pre-heating (1-c). In literature, designers often allocate all
the vapor formed by brine flashing towards the end of feed pre-heating,
and fix all the vapors formed within an effect towards the end of heating
contents of the next effect. By combining all the formed vapors, and
subsequently choosing a value for «, some of the vapor formed by brine

flashing could be used towards brine evaporation within next effect, while
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some of the vapor formed by evaporation within an effect could be used

towards feed pre-heating in the next unit of superstructure.

— The choice of what fraction of the primary heating steam available is
directed towards the 1st MED effect for evaporation (1) and what re-
maining fraction is directed towards the brine heater corresponding to

the MSF line (1-u) is shown in Figure 1.

For the example of 12 effects, optimization of the superstructure has to
ultimately decide on the optimal values for each of the 13 ¢’s , 72 X’s , 12 a’s
and 1 u variables. In total these 98 different variables dictate a very large
combination of possible hardware components, and combination of possible

finalized flowsheets (in excess of 10% structures).

2.3.2 Post-processing to identify optimal hardware

The general superstructure made up N repeating units is capable of repre-
senting a maximum of N effects, IV feed preheaters, N —1 distillate flash boxes
and a maximum of N?/2 different brine flash boxes. The superstructure is flex-
ible in adapting what subset of allowable components are ultimately used. One
interesting and extremely useful feature of the implementation is that compo-
nents can be deleted without the need to resort to any integer variables which
is the traditional method of implementing superstructures as in [37, 39, 40].
Avoiding the use of integer variables greatly minimizes the relative difficulty

of system optimization, which the superstructure will eventually be used for.
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Assuming the optimization is complete, a thorough post-processing of the
value of the different system variables signals whether a component is included.
Deletion of an effect is signaled either by the absence of any incoming feed into
the effect, or alternately by the absence of any vapor production by evapora-
tion within the effect. Deletion of a preheater component is indicated by the
absence of any heating vapor being directed towards it (i.e., the correspond-
ing a = 1), which is synonymous to an absence of any temperature difference
as the flow passes through the device; a sign that no heat transfer occurred.
For brine and distillate flash boxes, elimination of the hardware is signaled by
the absence of an incoming flow into the component. Tolerances are needed
to help deciding when a particular flow can be neglected. In this work, the

assumption is that any flow-rate that does not exceed 0.05 kg/s is negligible.

While the superstructure is capable of representing N2/2 different brine
flash boxes, it can be envisioned that capital costs associated with that many
separate components would be tremendously high. Fortunately, the number
of brine flash boxes can be manually reduced in the post-processing phase
through a recursive sequence. A group of brine flash boxes operating at a
common pressure can be combined into one equivalent operating flash box
operating at the same pressure if all of their outputs are redirected to the
same location to mix. This process is repeated until no two differing brine
flash boxes operating at the same pressure feed all their output into the same

location.
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2.3.3 Representation of conventional configurations

Through an appropriate choice of extraction variables, the superstructure
may be reduced to known structures. For illustrative purposes, the process
diagrams for the FF-MED (Figure 13), the PC-MED (Figure 14), and the
OT-MSF (Figure 15) are figuratively represented, whereby the transparency
of the streams and components signal their exclusion. These figures are found
in Appendix A. It is worth highlighting that the intermediary heating steams
are not shown in the schematics. The procedure, however, is to combine all the
vapor streams formed by all the different modes of vapor production to form
an overall heating steam, which is subsequently split appropriately among the

feed heater and effect.

2.3.4 Limitations of superstructure

In general, a superstructure represents all the options that the authors
perceive to be potentially advantageous. Herein, the superstructure does not
allow the option of the backward feed which is considered disadvantageous;
the process of redirecting brine outputted from an effect to a higher pressure
prior effect. A configuration characterized by backward feed has an increased
risk of scaling since the highest temperature effects are also characterized by
the highest salinities. Moreover, the brine exiting an effect would have to be
pumped from one effect to the next which would significantly increase pump-

ing requirements.

Within the last effect certain options such as the recirculation and mixing
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of part of the brine blow down with incoming feed are not represented. This
is a common procedure in MSF configurations. However, since only 12 units
of the superstructure are implemented in this work, the dominant structures
are expected to take the form of MED structures, where this option is not
common. Nevertheless, it would be interesting to investigate whether such an

idea has merit in future versions of the superstructure.

The mathematical model computes most of the important metrics includ-
ing the RR (defined as the fraction of the feed converted to distillate), the
performance ratio and the specific area requirements. An accurate determina-
tion of the geometry of the individual components, however, is not computed
in this work. As a result, pumping requirements which themselves are heavily

dependent on geometry, are not accurately determined.

2.3.5 Mathematical representation

A detailed description of the mathematical modeling of the different sys-
tem components which include the effects, preheaters, flash boxes, mixers and
splitters is provided in Appendix B. The mathematical modeling is based on
mass, species and energy balances around each of the components. Appendix
C describes how the heat transfer requirements within the effects and preheater
are determined, while Appendix D outlines the main assumptions utilized in

this model.

Appendix B provides the general equations defining how mixers and split-
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ters operate. It is clear, however, by inspecting Figures 1 and 2 that numerous
mixers and splitters occur within the overall system. Three different instances
of mixing occur within any particular superstructure unit, indicated in Fig-
ure 2. A feed mixer (denoted in Figure 2 as FM) allows the formation of
the total feed to an effect by allowing the blending of several brine streams
extracted from the appropriate flash boxes with extracted feed exiting from a
preheater. A vapor mixer (denoted in Figure 2 as VM) combines all generated
vapor streams produced in a particular unit to form the overall heating to the
next unit of the superstructure. Finally, a distillate mixer (denoted in Figure
2 as DM) merges the condensed heating steam with the combined distillate
produced in prior units. The distillate outputted from DM is inputted into an

appropriately pressured distillate flash box where it flashes.

Splitters, on the other hand, can be seen to occur at multiple system lo-
cations which include the outlet of the down condenser, the outlet of each of
the preheaters as well as the outlet of each of the brine flash boxes. A further
splitter divides the input heating steam so that a fraction of it can be directed
to heat contents of the first effect, while the remainder is directed to the brine
heater. Further splitters occur at the outlet of the each of the VMs to segre-
gate the vapor to be used for feed pre-heating from the vapor to be used for

evaporation within the appropriate effect.
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2.3.6 Operational Constraints

To ensure the feasibility of the finalized structure, several temperature

constraints need to be enforced. The constraints include:
— Saturation temperature of the brine decreases with effect number.

— The temperature of the heating steam exceeds the temperature of the

feed it is used to heat at both the outlet and inlet of each preheater.

— The saturation temperature of the heating steam is greater than the
saturation temperature of the brine within the effect it is designated to

heat.

— The temperature of the feed exiting a preheater is not less than the

temperature of the feed entering a preheater.

— The temperature of the cooling water leaving the down condenser does

not exceed the temperature of the vapor generated in the last effect.

Although it is customary to set minimum pinches in heat exchangers, this
work avoids doing so. Since one of the objective functions will always include
an economic related metric, the optimizer will itself seek a solution where sufhi-
ciently large temperature differences between the heating and heated medium

are always made available.

2.3.7 Optimization variables

In all subsequent optimization studies performed using the superstructure,

the optimization variables include a subset of the variables to be discussed
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herein. The first set of optimization variables are the split ratios discussed
in Section 2.3.1, which are considered to be continuous, with possible values
ranging from 0 to 1. The other potential optimization variables are the overall
feed flow rate to system, the saturation temperature within each of the effects,
as well as the temperature profile of the feed at the inlet and outlet of each of
the preheaters. A setup where all the aforementioned variables are not preset
in any way prior to the optimization will from hereupon be referred to as un-

constrained superstructure optimization.

Once the value of all the optimization variables are determined, simple
mass and energy balances can be used to determine the flow rates and con-
centrations of all the brine, feed and distillate streams within the system. The
different thermodynamic losses and overall heat transfer coefficients can then
computed, which allow the determination of the required sizing of each of the

system components.

While optimization of the unconstrained superstructure is always expected
to yield the best results, the superstructure can be used in alternative inves-
tigations where some of the optimization variables are input into the problem
as fixed parameters. For instance, to identify the optimal operation conditions
associated with a conventional PC-MED or FF-MED configuration, all the
split ratios are specified as parameters to the optimization problem. Further
uses of the superstructure will be illustrated in several case studies presented

in Section 2.4.
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2.4 Case studies involving stand-alone thermal struc-

tures

This section intends to highlight the wide capabilities of the superstruc-
ture through three illustrative case studies. All the case studies considered
herein deal with optimization of standalone thermal configurations. The main
intention of the first case study is to illustrate how optimization of the super-
structure yields significantly improved configurations relative to the conven-
tional thermal configuration restricted by conventional design specifications.
Further, the study shows that even if the choice of plant is restricted to one
of the conventional designs, the optimal design is heavily dependent on many
factors including distillate production requirements. The second case study,
presented in Section 2.4.4, examines the effect of the temperature and salinity
of the incoming feed-water on the resulting optimal structures. The study
exhibits the power of the superstructure to quickly identify both the optimal
flowsheet and the optimal operational conditions under varying local seawater
conditions. Finally, the third case study shows how the effect of certain pa-
rameters (e.g. RR) on plant performance could be systematically investigated
through a repeated process of varying the value of the parameter in question
and repeating the superstructure optimization. Since the superstructure al-
lows the varying of both the hardware and flow patterns between different
runs, this study allows designers to better gauge the impact of the parameter

in question compared to traditional parametric and optimization studies.

An overview of the problem definition, which includes the objective func-
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tions used as well as the mode of optimization, is presented in Section 2.4.1.
The software utilized in this work, coupled with the solution methodology are

outlined in Section 2.4.2.

2.4.1 Problem Definition

The optimization problem considered herein is to determine both the opti-
mal structure and the optimal operating conditions required to produce fresh-
water at the lowest possible cost. A multi-objective optimization is performed
in the three case studies. Specifically, two different objective functions are cho-
sen; one to represent the thermodynamic efficiency and the other to represent
the economic costs. Maximizing thermodynamic efficiency is accomplished
by maximizing the distillate production on a per unit of heating steam ba-
sis, a parameter known as the performance ratio (PR). Maximizing PR can
also be thought of in terms of reducing operating costs of the plant, since
less heating steam would be required to achieve a fixed freshwater production
requirements. Minimization of costs is attained through the minimization of
the specific heat transfer area requirements (SA) within the system. This is
chosen as the preferred metric corresponding to capital costs. Although more
detailed cost metrics could have been utilized, these are usually strongly de-
pendent on prices which vary with geographical location and with time. It is
useful to note that the methodology could be easily adapted to different rele-
vant metrics. However, this might potentially result in optimization problems

which are harder to solve.
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The aforementioned multi-objective optimization problem is solved by re-
ducing the problem to a series of single objective optimization problems [41,
42]. In each step, the PR is set prior to optimization. The optimization prob-
lem is reduced to finding the minimum SA required to satisfy the distillate
production requirements. This same process is repeated for a series of differ-
ent PRs. Ultimately, a Pareto frontier is formed which relate the minimum
SA requirements for each PR, for wide span of different PRs. Each individual

optimization represents a single data point on the Pareto frontier.

2.4.2 Software and solution methodology

The superstructure was initially implemented using the JACOBIAN soft-
ware package [43]. JACOBIAN is advantageous since it employs a simultane-
ous equation solver, which facilitates modeling by allowing the model equations
to be inserted in whatever order is most intuitive, without the designer having
to worry about the development of cumbersome algorithms to reach solution
convergence. The only necessary condition is that the final set of equations
is fully determined. The solver then identifies the equations and groups them
into fully-determined blocks, which are subsequently solved iteratively to con-
vergence. The accuracy of the generated model was verified by successfully
reproducing the results attained by Zak, which in turn were validated against

literature models [32].

The verified Jacobian model was then converted (using an in-house script)

to an equivalent model implemented in General Algebraic Modeling System
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(GAMS), a system suited for numerical optimization. GAMS was chosen since
it is tailored for the optimization of complex, large-scale models and allows for
the interface with numerous high—berformance solvers [44]. To globally solve
the non-linear problem of this study, the Branch-And-Reduce Optimization
Navigator (BARON) was used. To facilitate model convergence, the general-
ized reduced gradient algorithm, CONOPT, is used as a local solver to quickly
find an initial feasible solution within a few iterations [45, 46]. Theoretically,
finding a global solution should be independent of the initial guesses. Practi-
cally speaking, however, it is found that faster and more probable convergence
is attained when good initial guesses are provided. In addition to good initial
guesses, it is especially important to have tight lower and upper bounds for
each of the system variables; this helps significantly reduce the feasible space
the optimizer has to navigate. Finally, to achieve a robust model, the model
must be well scaled, with expected values for variables of around 1, (e.g. from
0.01 - 100 ). For instance, variables such as seawater salinity are preferably
expressed as 4g/kg, as opposed to 40000 ppm which is often done in litera-
ture. Good initial guesses, sufficiently tight bounds of the variables as well as

appropriate scaling are all ensured.

The model solution is difficult since the mathematical model involves many
variables (more than 1200 variables) and many constraints (1150 equations and
inequalities). Attaining good initial guesses for the final optimization model,
the step necessary for an efficient solution procedure, was performed in a se-

quence of steps. The first GAMS optimization is run with zero degrees of
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freedom which in essence is the equivalent of running a simulation. The at-
tained variable values which are stored in an output file generated by GAMS
become the initial guesses for the subsequent optimization. Instead of allow-
ing the system all the proposed degrees of freedom at once which results in
very high CPU requirements, the additional degrees of freedom are allowed
to the system sequentially, whereby several equations are relaxed at a time.
Each time additional degrees of freedom are made available to the system, the
optimization is rerun using CONOPT, where the generated output file serves
as the initial guesses for the next optimization run where more equations are
relaxed. Once good initial guesses are determined, the final optimization is

run using the global deterministic NLP solver Baron.

2.4.3 Case study 1: Testing Different Design Specifications

Authors are not unanimous on what constitutes the optimal thermal struc-
ture. In fact, each has recommended different designs motivated by different
design criteria. Proponents of the FF-MED arrangement have suggested alter-
native schemes. Some authors suggest that equal heat transfer areas in each of
the effects is preferable, as in [47, 48]. This specification is projected to result
in cost savings associated with buying identical units. Others have suggested a
FF-MED scheme characterized by an equal drop in brine saturation tempera-
ture between effects [49], so as to minimize the area requirements. Proponents
of the PC-MED arrangement propose different preferable conditions. These
include fixing the concentration of the brine exiting each effect to the max-

imum allowable concentration; an arrangement intended to maximize overall
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distillate production through maximizing RR within each effect [38]. Others

specify near equal feed to each effect [15].

While each of the configurations has perceived advantages, this study com-
pares the usefulness of each of the design criteria by comparing the performance
of the optimal structure that satisfies the design requirements to the optimal
structure attained by optimizing the superstructure with all its degrees of free-
dom. In each case, the design criteria are enforced by additional equations over

and above the ones representing the model of the most general superstructure.

To ensure fair comparison among structures, the RR that all structures
must satisfy is set. Since the feed entering into the effects must be pre-treated,
setting a common RR ensures comparable pretreatment and pumping costs on
a per unit of distillate basis. The optimization problem is then run according
to described methods in Sections 2.4.1 and 2.4.2. Table 1 shows the compari-

son of the results attained under different specifications.

The results, as indicated in Table 1, confirm that for any particular dis-
tillate product requirement, the configuration arising from the superstructure
optimization requires lower SA requirements than the optimal configuration
arising from any of the proposed design specifications. This is expected given
the additional degrees of freedom available to the unconstrained optimization,
but nevertheless confirms that none of the already proposed structures are al-

ready optimal.
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Design Specification PR=10 | PR=10.5 | PR=11 | PR=11.25
Unconstrained superstructure 389.2 403.0 427.4 469.4
General FF - MED 389.8 408.5 468.0 569.4
FF - MED with equal area within effects 395.4 408.9 469.1 582.5
FF - MED with equal temp. diff. between effects | 392.1 410.6 468.6 583.4
PC - MED with near equal feed in all effects 431.4 418.9 438.7 485.8
PC - MED with max. brine salinity at effect exit | 418.2 421.7 441.8 488.5

Table 1: Comparison of minimum SA requirements (m?/(kg/s)) for different
design specifications for PR = 10, 10.5, 11 and 11.25 for Ty, = 25 °C, Salinity
= 4.2 g/kg, RR = 0.41

Table 1 indicates that the optimal general FF-MED (i.e., one without im-
posed constraints regarding equal areas or equal temperature differences) is
a desirable structure for low distillate production requirements (PR=10, and
PR = 10.5) since the SA requirements closely match those required by optimal
structures arising from the unconstrained optimization. At higher distillate
production requirements (PR = 11, and PR = 11.25), however, implementa-
tion of the FF-MED is not encouraged since the SA requirements exceed those
of the superstructure by up to 21 percent. Table 1 further suggests that it
is important to revise traditional design specifications such as imposing equal
areas and equal temperature differences, which are shown to require slightly
larger SA requirements (2 percent higher for PR = 11.25) than the general
FF-MED configuration. Although equal areas within the effects may be more
practical from an implementation standpoint, this practicality comes at the
expense of extra area requirements; a trade-off that must be looked into in

more depth by designers.
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Table 1 indicates that the PC-MED with near equal feed entering each
effect entering into each effect is optimal. The near equal feed constraint is
imposed by dictating that none of 12 effects receives less than Tlg of the to-
tal feed entering into the configuration. Still, results suggest that alternate
structures motivated by the superstructure require significantly lower SA re-

quirements at high PR requirements (3.5 percent reduction in SA requirements

for PR = 11.5) .

2.4.4 Case study 2: Identifying optimal structures depending on

location

Desalination plants extract seawater from varying bodies of water includ-
ing the Mediterranean, the Red Sea and the Arabian Gulf, each of which is
characterized by a different temperature and concentration. While experience
in one area of the world could provide invaluable lessons applicable in other re-
gions, the need to optimize configurations taking into account local conditions
is irreplaceable. This case study identifies the optimal structure depending on
the origin of seawater extraction for different PR requirements. For the sake of
this study, constant nominal conditions are assumed according to [34]. Typi-
cally however, these conditions vary throughout the year, and ideally it would
be best to optimize the structure taking into account the year round varying
conditions. The superstructure in this case study is ensured to satisfy the form
of a 12 effect MED, by adjusting the lower bounds of vapor production within

each of the effects to an appropriate positive value.
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Standard | Mediterranean | Red Sea | Arabian Gulf

Tsw 20° C 26 ° C 28 ° C 26° C

Xow 3.5 g/kg 3.8 g/kg 4.1 g/kg 4.5 g/kg
PR =10 359.2 388.3 413.6 403.8
PR =105 371.0 402.3 428.2 418.7
PR =11 392.8 429.0 457.6 453.4
PR = 11.25 422.4 467.6 501.1 515.0
PR =115 590.6 667.8 758.2 963.5

Table 2: Comparison of minimum SA requirements (m?/(kg/s)) for different
locations of seawater extractions; RR = 0.38, Tys =T70° C

input

Results of this study, indicated in Table 6, suggest that for 12 effect MED
structures, feed streams characterized by lower temperatures and concentra-
tions require lower SA requirements. This may seem counter-intuitive since
most of MED plants are installed in Saudi Arabia and the United Arab Emi-
rates; countries which are mostly in contact with the Arabian Gulf. Moreover,
countries with the seemingly favorable standard conditions have not exhibited
significant installed MED capacities in recent times. Ultimately, however, the
likelihood of implementation of a structure is a heavily influenced by the local
fuel costs which are low in the Middle East, and the relative competitiveness
of RO; a technology characterized by deteriorated performance at elevated
salinity values. It is confirmed that the optimal configurations differ in the

proposed flowsheet depending on the environmental conditions.

2.4.5 Case study 3: Investigating influence of RR

For a fixed distillate production requirement, a higher RR results in lower

overall flow of feed to the plant; and consequently both lower pretreatment
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costs and pumping requirements. Generally, whenever the maximum distillate
production is desirable, the RR is maximized by designers insofar as scaling
can be avoided. However, while increasing RR might increase distillate pro-
duction, it has the disadvantages of increase SA requirements by increasing
boiling point elevation losses. This study seeks to quantify the reduction in
SA requirements (reducing capital costs) attained by reducing the RR con-

straint (increasing operating costs).

410 SA (m?s) /(kg) vs PR
SA 400 -

390 -
380 -

: —e—RR=0.2
3 —B—RR=0.25
360 - 4—RR=0.3
350 - ——RR=0.35
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320 - e e

7.5 8 8.5 9 9.5 10 10.5

PR

Figure 3: Comparison of minimum SA requirements (m?/(kg/s)) for different
recovery ratios for 4 distillate production amounts

Figure 3 shows the results attained through this analysis for four differing
PR requirements. It can be clearly seen that for a fixed PR, allowing for a
decrease in required RR can result in significant decreases in SA requirements.
This observation suggests that the ensuing reduction in capital costs might

justify the additional operating costs the operators must tolerate. Ultimately
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designers must weigh differing factors such as the cost of pre-treating the in-
coming feed (dependent on feed concentration), and the cost of different heat
transfer areas before deciding which combination of optimal (PR, SA ; RR )

is preferable.

2.4.6 Examples of optimal structures

While Section 2.4 illustrates that some non-conventional structures exhibit
improved performance, this section presents the flow diagrams for some of
prevalent optimal structures. The optimal structures for PR = 8.75 (Figure
4), PR = 10.25 (Figure 5) and PR = 11 (Figure 6), under the assumption
of RR=40%, are all shown. The figures depict the optimal flow rates of all
the different brine and feed streams, under the assumption of a 10 kg/s flow
rate of input heating steam (not shown in the figure). Note that the absence
of a particular preheater signals that all the vapor produced in the previous

superstructure unit is sent in whole to the next effect.

147.3 139.1

Figure 4: Optimized configuration for PR = 8.75
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Figure 6: Optimized configuration for PR = 11

It can be seen that the presented structures are indeed non-standard, and
do not follow any particular pattern with respect to how flows are directed.
For this reason, it is difficult to clearly categorize these structures, although

some of the structures do exhibit FF-MED and PC-MED like characteristics.

For instance, the optimal PR = 8.75 structure is similar to the FF-MED
in the sense that no intermediate extractions occur. Moreover, all the brine
outputted from the effects is completely redirected to the next effect. The
optimal PR = 10.25 structure is interesting in that it resembles two FF-MED

configurations connected in series. More precisely, the configuration is made
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up of a 7 effect FF-MED structure connected to a 5 effect FF-MED. The feed
entering the 7 effect FF-MED is pre-heated by the preheaters corresponding
to the 5 effect FF-MED. Moreover, as indicated by Figure 5, the concentrated
brine leaving the 7th effect is not inserted into any of subsequent effects, but
rather flashed in a series of flash boxes to recover further energy from the brine.
This action allows the 5 effect FF-MED to maintain lower outlet salinity brine
at exit of its effects, which subsequently reduce boiling point elevation losses

and thus reduce area requirements.

Compared to the lower PR structures, the optimal PR = 11 structure
allows more frequent intermediate feed extractions from the main feed pre-
heating line. The result is a lower amount of feed entering into the initial
effects. The resulting reduction in sensible heating requirements allows for
more vapor generation in the early effects, which ultimately increases the total
distillate that can be formed in the structure. It is worthy noting the uncon-
ventional brine routing in the structure. For instance, the brine outputted in
the 4th effect for instance is fed into the 10th effect, while the brine outputted

from the 10th effect is allowed to by-pass all of the later effects.

A cursory look at the structure shows that optimization must be employed
to obtain thermoeconomically favorable structures. For instance, a designer
with the knowledge of the optimal structures corresponding to PR = 8.75 and
PR = 10.25 would still not be able to accurately predict the optimal flowsheet

for a structure corresponding to PR = 9.5.
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2.4.7 Conclusions

The capability of the superstructure in identifying improved stand-alone
thermal structures has been demonstrated. Moreover, the superstructure is

capable of:

— Testing different conventional design specifications. In addition to spec-
ifications investigated in case study 1, the superstructure model can be
easily modified to allow for additional studies. One possible interesting
study is to assess the merits and trade-offs associated with integrating
thermal desalination plants with thermal vapor compression through a
steam ejector. Another study could investigate the usefulness of sub-
cooling the inputted heat steam; an effect designers claim has negligible

effect on plant performance.

— Producing optimal off-design variations. If a plant is already in use,
(i.e., component set and size of components are already specified), the

superstructure could be easily adjusted to optimize operating conditions.

— Testing the sensitivity of configurations to relaxed technological con-
straints. For instance, if the top brine temperature is increased to 120°C
instead of 70°C through improved anti-scalants, optimization of the su-
perstructure can help identify how much improvement such a develop-
ment would yield and would also inform the designers of the predicted
flow patterns under the more favorable conditions. This sort of work,
repeated for different possible constraints, can help identify which of the

technological constraints are most limiting, a process which can help
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optimally allocate funding for future R&D projects pertaining to ther-
mal desalination. Mitsos et al. [50] utilizes a similar approach whereby
a process superstructure was constructed to help compare hundreds of
different alternatives for micropower generation. The developed model
was subsequently used to test the sensitivity of system performance to
variations in different parameters including operating temperature and

physicochemical parameters.

- Optimization of hybrid thermal-membrane technologies. Allowing the
superstructure to be integrated with technologies such as RO and nanofil-
tration (NF) will likely identify new hybrid thermal-membrane technolo-
gies that will likely outperform an independent operation of the tech-

nologies.

Future work pertaining to modeling includes the implementation of more
accurate seawater properties, including the introduction of a latent heat of
evaporation/condensation of water that is temperature dependent as is done
in [51]. Moreover, the effect of the number of repeating of superstructure units
must be studied beyond the assumed 12 repeating units. For instance, ap-
proximately 40 stages are needed in order for MSF structures to realistically
compete with MED structures in terms of distillate production. Moreover, the
additional options of brine re-circulation and brine mixing can be afforded to
the last unit within the superstructure, which enhances possibility of identify-

ing improved structures.
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3 Identifying Hybrid Configurations Involving
TVC

3.1 Introduction

The overwhelming need to overcome the world-wide problems relating to
water scarcity has motivated diverse investigations aiming to enhance existing
thermal desalination technologies. Recently, multi-effect distillation - thermal
vapor compression (MED-TVC) systems with a top brine temperature lower
than 70 °C have been gaining heightened attention as a potential improvement

over the conventional MED structures [52, 53, 54, 55, 56, 57, 58].

The relative superiority of such integrated structures is especially noticeable
in cogeneration schemes where only medium to high pressure heating streams
(2-15 bar) are available from pre-existing power plants [59, 60]. In the most
deployed MED-TVC scheme, a steam ejector utilizes the high pressure steam -
known in this configuration as the motive steam - to entrain and subsequently
compress a portion of vapor produced in the last MED effect. The result-
ing mixture, characterized by an intermediate pressure, is inputted as heating
steam to the MED portion of the integrated plant, where it drives distillate
production. For a fixed availability of motive steam at a specified pressure,
this arrangement allows for the design of plants characterized by significantly
larger distillate production capabilities (due to increased heating steam flow),
coupled with reduced cooling water requirements on a per unit distillate basis

[61]. This is in contrast to traditional MED plants which, constrained by the
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low temperature operation required to minimize scaling, are unable to notably
benefit from the higher exergy source, which implies an inefficient use of mo-
tive steam. Additional cited advantages include moderate investment costs,

high reliability, easy operation and maintenance [62].

An abundance of steady-state mathematical models of the aforementioned
MED-TVC desalination system have been developed as in [12, 15, 63, 64, 65,
66]. These models were predominantly used to perform optimization stud-
ies seeking to determine preferable operating and design conditions for the
system. Such investigations include examining the effect of factors such as
the brine and intake seawater conditions, the number of effects, motive steam
pressure and temperature, and the entrainment ratio on the total achievable
distillate production of the plant. Other studies, however, have sought to fully
optimize MED-TVC systems. Contrasting approaches include economic-based
optimizations [60, 29, 67, 68], thermodynamic [53, 54, 69] and thermoeconomic
optimizations [19, 70, 71]. In these studies, the main variables that are modified
by the optimization process are the top brine temperature, the entrainment
ratio and temperature differences between the effects. The structure of the
thermal desalination plants, which inform how all the differing system flows
are directed, are fixed prior to optimization. Most commonly a parallel feed
MED arrangement whereby equal feed is inserted into each of the effects is
assumed, as in [15, 54, 61]. Another is the forward feed MED. Moreover, while
there are numerous modes of integrating the steam ejector with the thermal

desalination system, most authors have narrowed their focus on optimizing
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schemes where the steam ejector compresses the vapors produced in the last

effect of the MED.

One excellent study by Amer et al. [54] proposes such an alternate scheme
whereby the steam ejector is used to compress a portion of the vapor produced
in an intermediate effect, while the remainder of the vapor is used to drive an-
other series of MED effects. The benefits of compressing vapor generated in
an intermediate vapor is confirmed in a subsequent study by Koukikamali et
al. [72] who, using a parametric study, conclude that the middle effects are
better positions to locate suction port of the thermo-compressor in order to
increase the gain output ratio and decrease the specific area. In both these

studies, the routing of the flows is preset by the designers.

It is anticipated that the optimal flowsheet of the thermal desalination con-
figuration - as part of an integrated system involving TVC - is different from
that corresponding to a stand-alone thermal desalination configuration. More-
over, it is predicted that the optimal flowsheet highly depends on the location
of vapor extraction. To the authors’ knowledge, no optimization studies where
the structure of the configurations in itself is a variable under investigation

have already been carried out. This motivates the study proposed herein.

This chapter examines the advantages of intermediate thermal vapor com-
pression by assessing its influence on several key parameters pertaining to

both thermodynamic efficiency and economics. By doing so, desirable system
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characteristics system, such as the optimal location of vapor extraction, the
optimal quantity of vapor to entrain and optimal ejector compression ratio,
are pinpointed. The overall goal is to propose alternate improved integrated
structures, possibly of unconventional flow patterns, that are capable of max-
imizing the synerigistic benefits of combining thermal desalination systems

with thermal vapor compression systems.

3.2 Problem definition

For fixed seawater conditions, the optimization problem proposed herein
is to identify the optimal integrated configuration given a fixed flow-rate of
motive steam available at a pre-determined pressure. The choice of these in-
put parameters is presented in Table 3, although the study could be easily
replicated for alternate choices of these parameters. In determining the op-
timal structure, the optimization problem is to determine all of the variables

presented below:
— The choice of hardware components.
— The routing of brine, feed and vapor flows within the system.
— The sizing of the components including the effects and feed preheaters.
— The pressure within each of the effects and flash boxes.
— The choice of how much vapor to entrain in ejector.

— The pressure of entrained vapor.
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Parameter Value
Motive steam flowrate (kg/s) 10

Motive steam pressure (bar) 15
Seawater temperature (°C) 25
Seawater salinity (g/kg) 4.2

Table 3: Choice of parameters for present study including motive steam and
seawater conditions.

Section 3.3 presents the model developed for the sake of this optimization,
while Section 3.4 details the characteristics of the optimization, including the
solvers used in addition to both the choice of objective functions and imposed

constraints.

3.3 Modeling

To enable the optimization procedure intended for this study, a flexible
model of the integrated desalination and thermal compression plant is con-
structed. Section 3.3.1 presents a graphic illustration of the superstructure
used to represent the different possible thermal desalination structures allowed
in this chapter. Section 3.3.2 details the methodology used to integrate the
thermal desalination model with the steam ejector, depending on choice of
vapor extraction. Finally, Section 3.3.3 details the mathematical model used
to represent performance of the steam ejector, detailing in the process the

constraints required to satisfy proper operation.

3.3.1 The thermal desalination superstructure

The thermal desalination superstructure utilized in this work is represented

in Figure 7. While the superstructure can be used to represent any number of
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repeating units, the particular superstructure utilized in this work considers
the specific example of 12 repeating units. Each theoretical unit is comprised
of an effect, a preheater, a distillate flash box (not shown in figure for simplic-
ity) and a set of brine flash boxes. It is important to clarify that just because a
superstructure can represent a particular component does not mean that this
particular component will be present in the finalized optimal structure. In
fact, it will be observed in the results section, that only a subset of allowable
components is usually necessary. Manipulation of component set in use is in
principle controlled by the decision of what flow enters each component cou-
pled with the decision of how to divide flows leaving a particular component.
A detailed description of the different allowed flow options can be found in

Chapter 2.

Ultimately, a very large amount of structures can be represented through
the proposed superstructure. These not only include prevalent configurations
such as the FF-MED and PC-MED, but also alternate non-conventional, yet

potentially advantageous structures. Examples of potential structures include:
— An MED structure that transitions to an MSF structure.

— A FF MED structure that transitions to a PC structure.
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Figure 7: Superstructure capable of representing different combinations of
MSF , MED and feed preheater combinations. Vapor routings are not repre-
sented in this schematic.

3.3.2 Integration with steam ejector

To allow investigating whether the entrainment of a particular vapor stream
is justified, the superstructure discussed in the prior chapter is modified.
Within the unit where the extraction occurs, the updated model accounts for
the fact that only a fraction of the unit’s generated vapor is used as heating
steam to the next unit. Moreover, the model modifies the flow-rate of heating
steam to the 1st effect to account for the addition of entrained vapor over and

above the incoming motive steam.

Herein, only the thermal compression of vapors produced in the 4th, 6th,
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9th and the 12th (last) units is considered. While the analysis could be ex-
tended for vapors produced in any of the units, the proposed sample is sufficient
to capture the dependence of the different variables on location of vapor ex-
traction. To this end, four different models are constructed based on mass,
energy and species balances for each of the possible system components. Sam-
ple schematics illustrating how vapor redirection occurs are shown in Figures

8 and 9.

Figure 8: Example of FF MED - TVC configuration with vapor extracted
from last effect. Only a fraction of the vapor generated in last unit needs to
be condensed in the down-condenser.

3.3.3 Model of the steam ejector

One critical step in studying the performance of the integrated systems
is the evaluation of the performance of the steam ejector. Although numer-
ous steam ejector models exist in the literature including [73, 74, 75, 76], the
model used herein is based on the simple semi-empirical model proposed by

Dessouky et al. [59, 77]. This model, in turn, is based upon extensive field
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Figure 9: Example of a FFF MED-TVC with vapor extracted from an interme-
diate (6th) effect. Only a fraction of vapor produced in the 6th unit is directed
towards feed pre-heating and vapor production within the next (7th) unit.

data for compression ratio and entrainment ratio gathered by Power [78]. The
particular correlation is chosen since it avoids lengthy computations of cor-

rection factors, which are conditional upon the pre-availability of a detailed

design of the ejector.

The used model determines the required mass of motive steam to compress
a unit mass of suctioned vapor (a parameter known as the entrainment ratio
(Ra)). Ra can be computed for any given motive steam pressure (P, ), suction
pressure (P,,), and desired discharge pressure (P;) according to the relation

below:
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M, (P12 ( Pm)0‘015 ( 3 x 10~7(P,,)? — 0.0009P,, + 1.6101 )

Ra = F7 0.296——~—( Po) o \ P, 2 x 10-8(T.,)? — 0.0006(T, ) + 1.0047
(1)

where Ty, T;,, T, refer to the temperatures of the discharge vapor streams, the
motive steam and the entrained vapor, all expressed in °© C. All the pressure

values are expressed in kPa.

Dessouky [59] further recommends the necessary conditions required to ensure
normal, reliable and stable operation of the steam ejector. These are outlined

below:
~ Ra <4

- 10° C £ 1., £500°C

|

100 kPa < P,,, < 3500 kPa

|

1.81<Cr<6

where the compression ratio (CR) is defined as the pressure ratio of the dis-

charge stream leaving the ejector to the vapor stream entrained in the ejector.

3.4 Optimization
3.4.1 Objective function

The profitability of operating a plant is of utmost importance when de-

ciding to construct a particular plant. In desalination, the total generated
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revenue is dependent not only on the quantity of water produced, but also the
selling price of water. The main operating costs, on the other hand, are asso-
ciated with the price of the total fuels required to supply heat to the thermal
desalination plant. This in turn is dependent on local fuel costs, in addition to
the quantity of fuel used. Finally the main capital costs are closely tied with

the economics of construction of the flash boxes, the effects and the preheaters.

This chapter does not seek to delve into a detailed economic study, for the
simple reason that the economics are dependent on many prices and costs that
are location-dependent and time-variant. Moreover even the economic mod-
els already developed are acknowledged to have a high degree of uncertainty
[65, 54]. Instead, price independent parameters are used in this work to allow
comparison of different structures. The first parameter used is the gain output
ratio (GOR), defined as the mass ratio of the total distillate production in the
plant to the total input motive steam. Since the pressure of the motive steam is
fixed in this study, the GOR is a useful metric which can be directly gauge the
thermodynamic efficiency of a structure by quantifying distillate production
from a fixed exergy input. In essence, the GOR relates the revenue generated
in a plant to the operational costs associated with making steam available. The
second parameter is the specific heat transfer area requirements (SA), defined
as the total heat transfer area (within effects, feed preheaters and the down
condenser) per unit distillate. The parameter approximates required capital
investments to construct a plant. The drawback of the parameter is that it

inherently assumes that the cost of heat transfer areas within an effect and

65



preheater are similar.

Literature ultimately compares different plants, which differ in both their
production capabilities alongside their area requirements, thus rendering com-
parison between structures very cumbersome. A particular structure may re-
sult in higher GOR whereas another may require lower SA. To counter this
problem, herein multi-objective optimization is performed whereby the GOR
is maximized while the SA is minimized. A Pareto frontier is constructed
which informs designers of the minimum SA for each GOR requirement. It is
left to the designer to decide which of the numerous Pareto-optimal points is

preferable.

3.4.2 Optimization methodology

For each of the 4 models constructed, the multi-objective optimization ap-
proach implemented herein is approximated in a number of discrete steps. In
each step the GOR is fixed prior to optimization, and SA are minimized for.
The process is repeated for a range of GOR values. This discretization proce-
dure in successful in reducing the problem to a series of single objective function
optimization, thus enabling the use of black box solvers. All the models in this
paper are developed in the General Algebraic Modeling System (GAMS), and
globally optimized using BARON, a deterministic global algorithm capable of

solving mixed integer non-linear programming problems [79, 80].
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3.4.3 Constraints to allow justified comparison of different struc-

tures

The predominant structures that arise from different optimization prob-
lems can significantly differ. More specifically, feed and cooling water flows
can vary drastically among structures, which would make comparing struc-
tures based on GOR and SA alone, without considering variation in other
operating costs, unjustified. Larger feed and cooling water flows increase oper-
ational costs through elevating both pretreatments costs and system pumping
requirements. To minimize large discrepancies between structures and allow

for more fair comparison, additional constraints are imposed.

The first constraint imposes that the recovery ratio (RR) in any structure is
greater than or equal to 0.2, where the RR is defined as the fraction of the total
feed to the system (less the cooling water) that is converted to distillate. Note
that to attain minimum SA, optimization favors minimum RR, as allowed by
the value of the GOR imposed. This is because a lower RR lowers the average
salinity of the brine ieaving each effect, thus reducing boiling point elevation
losses (BPE). Lower BPE losses in turn increase the prevalent temperature
differential between the heating vapor and the brine being heated within each
effect, thereby reducing area requirements. Low RR however detracts from dis-
tillate production capability of plants mainly by increasing feed sensible heat-
ing requirements, which alternatively could have been used to achieve further
evaporation. Ultimately, for the lower GOR structures, the imposed inequality

constraint is synonymous to setting the RR exactly to 0.2. For higher GOR
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structures, the constraint allows optimization to resort to higher RR values
that allow for satisfaction of distillate requirements. Caution however must
be taken when comparing structures of differing RR’s, where additional merit

must be given to those structures with higher RR, all things else equal.

The second constraint imposes that the maximum allowable cooling water
to total distillate ratio (CW-TD ratio) is set to 4. From an exergy accounting
standpoint, allowing the brine blow-down to be outputted at a temperature
very close to the seawater temperature is optimal. This arrangement however
results in extremely large cooling water flow requirements. Generally availabil-
ity of infinite cooling water can result in a simultaneous increase in distillate
production (due to lower feed sensible heating requirements in last effect), and
reduction in area requirements (larger possible average temperature difference
between effects). Thus restricting the amount of cooling water on a per unit
of distillate production basis is a good mechanism to maintain a realistic op-
erating plant. Although the CW-TD constraint is introduced as an inequality

constraint, it is generally always satisfied with equality by the optimizer.

3.5 Results and discussion

3.5.1 Intermediate vapor extraction increases maximum possible

GOR

For a fixed flow rate of motive steam at a predesignated pressure, results
confirm that intermediate vapor extraction increases the maximum distillation

production. Among the 4 extraction options allowed in this study, Table 4 in-
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dicates that the maximum GOR is attained by the configuration with ES=9
which is capable of 35 percent more distillate production compared to the
maximum achievable amount by the conventional MED-TVC. The next best
alternative is the structure with ES=6, which itself is capable of achieving 10
percent additional distillate production. It is interesting to note that the op-
timal ES=4 structure is unable to match the distillate production capacity of
the conventional MED-TVC, for reasons to be discussed later in the section.
From an implementation standpoint, structures represented by maximum dis-
tillate production must be avoided as they require near infinite areas. It is still
instructive however to use highlight prevalent features of these structures that

enhance their distillate production capability.

ES GOR,max Ra Pev CR T’Ulz TH.S'1 TH.S'l —T’U12 RR
4 154 093152 |1.81|29.2 | 67.1 37.9 0.2
6 17.5 0.95|17.5|1.81| 288 | 704 41.6 0.2
9 21.5 0.86 | 9.1 | 1.81 | 28.1 | 56.3 28.2 0.2
12 16 142 54 | 29 | 34.2 | 55.3 21.1 0.25

Table 4: Properties of maximum GOR structures for the different vapor ex-
traction locations

To lay the foundation for the subsequent analysis, it is important to realize
that integration with thermal vapor compression in the traditional MED-TVC
increases GOR compared to the conventional MED precisely because it en-
ables the reuse of the vapor produced in the last effect as heating steam to
all the effects that precede it. It does so by first increasing the amount of
heating steam available to the 1st effect. This increases vapor production in
the 1st effect which in turn increases vapor production in the 2nd effect. This

trend continues up until the last effect. For increased distillate production
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goals, this is a much preferred scheme compared to the scheme common to the
stand-alone MED, whereby most of the latent heat of the last effect vapor is

transferred to cooling water that is eventually returned to the sea.

For a fixed supply of motive steam, it is intuitive that the entrainment of
the largest amount vapor (i.e., low Ra) is desirable. Within steam ejectors,
there is a prevalent trade-off between the amount of the low-pressure vapor
that can be compressed, and the CR that results. Precisely, increasing amount
of vapor entrained, decreases the CR. This analysis leads us to conclude that
for the maximum GOR, the optimal structure should have the lowest allowable
pressure ratio as allowed by ejector. The previously discussed lower bound on

the CR is 1.81.

The downfall of the conventional MED-TVC is that it extracts vapor at the
lowest system pressure corresponding to the pressure existing in the last effect.
Assuming the last effect operates at a temperature slightly larger than the sea-
water temperature, a CR of 1.81 would result in a heating steam temperature
that is not sufficiently elevated to drive a 12 effect MED. As an illustrative
example, if the vapor pressure in the last effect is 4 kPa (corresponding to 30
°C temperature within the last effect), a CR of 1.81 would result in a heat-
ing steam temperature of approximately 40 °C. Given thét the average BPE
losses alone within each effect are approximately 0.8 °C, the total temperature

difference is insufficient to drive heat transfer within 12 effects.
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The intermediate vapor extraction scheme tackles this problem. By en-
training vapors at higher pressures, it is possible to entrain the maximum
amount of vapor as allowed by ejector operation. Table 4 confirms that for
ES= 4, 6 and 9, the limiting factor to how much vapor can be entrained is the
steam ejector operation limits, while for the case of ES= 12 the limiting factor
is ensuring the optimal structure whereby there is both a sufficient temper-
ature difference for heat transfer within each effect, while satisfying imposed

constraints on how much cooling water can be utilized.

Variation in the maximum GOR among the different extraction locations
can be attributed to the number of stages the entrained vapor is reused in. For
the ES = 9 structure, the entrained vapor once compressed is used to generate
additional vapor in the 1st effect through to the 9th effect. The 10th effect
would generally receive the same amount of vapor had no compression between
present in the system. For the ES=4 structure, however, the entrained vapor
is only reused in 1st effect through to the 4th effect. This explains why the
ES=4 structure, though capable of entraining more vapor, is still not capable
of producing as much distillate as the conventional MED-TVC. In this light,
it is predicted that for similar entrainment ratios, larger maximum GOR are

possible for structures with the later extraction stage as is confirmed in Table

4.
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3.5.2 Lower area requirements for structures with intermediate va-

por compression

The performed study confirms that the location from where the vapor is
extracted for entrainment is an important consideration that not affects the
range of possible GOR, but also heavily influences the minimum SA require-
ments. Table 5 illustrates the results of the optimization of a 12 unit super-

structure with vapor extractions from the 4th, 6th, 9th and 12th (last effect)

respectively.
ES | GOR=10] 11 12 13 14 15 16 17 18 19
4 262 297 | 332 | 380 | 459 | 768 - - - -
6 269 299 | 335 | 377 | 418 | 478 | 555 | 710 - -
9 275 314 | 344 | 378 | 416 | 461 | 521 | 601 | 711 | 866
12 333 359 | 457 | 606 | 823 | 1217 | 3357 | - - -

Table 5: Comparison of minimum SA (kgs)/(m?) at different GOR for different
ES.

Further, the choice of the optimal location of vapor extraction is highly
dependent on exact GOR requirements. It is observed that for lower range
of GOR requirements (10 < GOR < 12), compression of a portion of vapor
produced in 4th unit is most favorable (ES = 4). For the higher range of
GOR requirements (13 < GOR < 16), intermediate vapor extraction from
later effects (ES=9) is most advantageous. For all GOR requirements, the
conventional MED-TVC (ES= 12) is undesirable; it requires 27 additional %
SA requirements compared to ES = 4 for GOR = 10, double the SA require-
ments compared to ES = 9 for GOR = 14, and more than six times the SA

requirements compared to ES = 9 for GOR = 16.
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Using the case of GOR = 15, Table 6 highlights important parameters

that can be compared to understand variation in the SA requirements between

Tbl — TbEs
ES -1
computes the average temperature difference in the effects that precede the

structures dependent on their extraction location. The parameter

TbEs - TbN
N-—-ES
difference in the possible effects/stages that follow vapor extraction. Finally,

T — 1
—b]lv 1b Y is used to compute the average temperature difference in the entire

structure. Knowing available temperature differences is important since they

compression, while computes the average available temperature

heavily influence area requirements and help inform choice of hardware. For
instance, MSF stages can approximately double distillate production with dou-
ble the temperature difference. To a first order, however, MED effects do not
benefit from additional temperature differences from a distillate production
standpoint, though required heat transfer areas are reduced with larger tem-
perature differences. The optimization formulation weighs all different choices
to first ensure distillate production requirements are met, and subsequently

to ensure that it is done with the optimal component set that are least area

intensive.
f[})1 - TbEs TbEs - TbN 7})1 - TbN
ES| Ra | CR | Ths, | Tonme | Topy | —pe—ms | B2 | 2o | §A
4 10971181 73.1 | 596|294 3.2 3.8 3.7 768
6 |1.08]2021 724 | 56.6 | 30.6 2.5 4.5 3.6 477
9 | 1.73 | 3.17 | 72.5 | 47.6 | 30.6 2.7 5.1 3.6 461
12 | 1.67 | 3.4 | 56.6 | 32.9 | 32.9 2.0 N/A 2.0 1217

Table 6: Properties of optimal structures for GOR = 15 for different vapor

extraction locations
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Intermediate vapor compression is found to reduce SA requirements for
two main reasons. The first reason is that intermediate compression of vapor
allows a larger fraction of the total heat transfer to occur in the initial effects
(since more heating steam is available to the effects that precede extraction),
which are characterized by highest overall heat transfer coefficients. This is
in contrast to the conventional MED-TVC where near equal amount of heat
transfer occurs in all effects. The second reason is that intermediate compres-
sion enables larger (Tyg, - Tv12) factors as seen in Table 6, which allows a
larger average temperature difference in the effects. This feature is possible
since the compression of higher pressure streams allows a higher heating steam
temperature to the first effect. Moreover, low brine blow down temperatures
can still be maintained, since the uncompressed vapor is still capable of driv-
ing a thermal desalination whereby the last effect can approach temperature

of seawater, as allowed by cooling water requirements.

3.5.3 Optimal hybrid structures

The optimal hybrid structures take on varying forms depending on location
of vapor extraction as indicated in both Tables 7 and 8. To the authors’ knowl-
edge, none of these structures have been previously proposed in the literature.
A schematic of the MED-TVC + MED + MSF and the MED-TVC 4 MSF
structures are presented in Figure 10 and 12 respectively, while a clarification
of the routing of the different flows within each of structures as well as a justi-
fication of this naming is provided in Section 3.5.4. Simplified block-diagrams

detailing the maximum GOR structures for ES = 6 and 9 can be found in
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Appendix E.

ES Structure

4 | MED-TVC + MED + MSF
6 | MED-TVC + MED + MSF
9 MED-TVC + MSF

12 MED-TVC

Table 7: Optimal structures corresponding to different ES for GOR = 15

ES Structure

4 | MED-TVC + MED + MSF
6 | MED-TVC + MED + MSF
9 MED-TVC + MSF

12 MED-TVC

Table 8: Optimal structures corresponding to different ES for maximum GOR

3.5.4 Flowsheets of optimal hybrid structures

Within any superstructure unit, the input heating steam can be directed
in three alternative feasible ways. The first choice involves sending all of the
heating steam to the MED effect where it is responsible for vapor production.
The second feasible option is to utilize the heating steam exclusively for feed
pre-heating purposes. The final option is to allow a fraction the heating steam
to preheat the feed, while the other fraction is utilized to generate vapor in an

MED effect.

The MED-TVC + MED + MSF structure, presented in Figure 10, is such a
structure which utilizes all the aforementioned options. In the effects that pre-

cede the extraction, a typical MED structure results. All the discharge steam
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exiting the steam ejector is directed towards vapor production in the 1st effect,
while the intermediate generated vapors are split between feed pre-heating and
vapor production. This part of the structure is referred to as the MED-TVC
portion of the plant and includes both the steam ejector as well as all the ef-
fects leading up to and including the extraction stage. At the extraction stage,
the generated vapor is split. The portion that is not entrained in the ejector
serves as heating steam to a series of MED effects and their corresponding
preheaters. This portion of the plant, made up of the unentrained vapor as
well as the MED effects, is referred to as the MED portion of the plant. At a
later stage, the structure transitions to yet another form, whereby all the gen-
erated vapor is dedicated solely for pre-heating purposes. This portion of the
plant, which is devoid of any MED effects, produces vapor solely by brine and
distillate flashing. As a result it is termed the MSF section of the plant. The
integration of the three portions of the plant described is therefore termed the
MED-TVC + MED + MSF structure. The MED-TVC + MSF structure, on
the other hand, is represented in Figure 12. The MED-TVC section portion of
the plant is similar to that described earlier. At the extraction stage, however,
all the unentrained vapor is directed completely towards pre-heating the feed.

This represents the MSF section of the plant.

For both structures, the vapor produced in the last MSF stage is cooled in
a down-condenser, whereby additional cooling water is inserted to remove any
additional heat that cannot be carried away by the incoming feed. Moreoever,

for both structures, the routing of the feed is one such that all the incoming
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feed is inserted into one pre-heating line. Consequently, for the MED-TVC
+ MED + MSF structure, by the time the feed eventually enters into the
MED-TVC section, it would already be significantly pre-heated by the vapor
produced in both the MSF and the MED sections that follow it. Similarly, the
feed that enters the MED section is preheated in the MSF section. For the
MED-TVC + MSF structure, the feed entering MED-TVC section is preheated
by the MSF structure. In both structures, the brine routing in the structures is
such that the brine entering into the MSF stages is composed of brine streams

exiting the earlier MED effects within the integrated structure.

MED - TVC MED MSF

Figure 10: Illustrution of example of an MED-TVC + MED + MSF with
vapor extraction at N = 4
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COMPONENTS

Distillate flash box D

Brine flash box (MSF stage) D F FLOW!

Brine flash box (MSF stage) D Internal Feed >
External Feed -

Feed Pre-heater D Total Feed -->

VA FLOW.

Total heating steam
Vapor by brine flashing —>
Vapor by distillate flashing >

Vapor by boiling within effect

Figure 11: Labeling of different flow streams

MED - TVC MSF

Figure 12: Ilustrution of an example of an MED-TVC + MSF with vapor
extraction at N = 8

3.5.5 Advantages of hybrid structures

Numerous benefits are associated with the hybridized schemes proposed.
For instance, the feed pre-heating requirements in the MED-TVC section are
greatly reduced owing to the fact that the feed enters the MED-TVC section
at a temperature significantly elevated compared to the seawater temperature.

This has the implication of increasing the vapor production in the initial MED
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effects, which translates into additional vapor production in the entire struc-
ture, thereby increasing GOR. Another notable advantage is that a significant
reduction in the cooling water requirements is possible, resulting from the fact
that only vapor produced by flashing in the last MSF section needs to be con-
densed, as compared to needing to condense the larger amount of vapor that
would typically form in the more efficient boiling process which occurs with
an MED effect. By setting a low temperature drop in the last MSF stage of
both plants, it is possible to greatly reduce the vapor flow that needs to be
condensed. Given that the cooling water requirements in this study are fixed,
this arrangement enables a lower increase in the temperature of the feed as it
flows through the down condenser. This is desirable since it allows the last
effects and stages to operate at lower temperature conditions, which both in-
creases thermodynamic efficiency and reduces SA requirements in system by

increasing the average temperature difference in the effects.

Additional advantages include an increased production of vapor by distil-
late flashing in both the MED and the MSF' sections, which is enabled by the
large amount of distillate that is made available to the corresponding distillate
flash boxes from the high distillate-producing MED-TVC section that precedes
them. Finally, since the bulk of the total feed to the system is extracted to be
fed to MSF stages, the pumping requirements are expected to be significantly
lower than what they alternatively would have been had all the feed been di-
rected to the 1st effect; an arrangement where pressure losses would be large

owing to the large amount of brine circulation required. This however, cannot
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be confirmed since pumping requirements are not directly computed in this

work.

3.6 Conclusion

— Global optimization of a flexible superstructure, including the optimal
selection of hardware, flow routings and operational conditions, enables
the identification of two novel configurations - the MED-TVC + MED +
MSF and the MED-TVC + MSF - which are capable of satisfying large

GOR demands, with low area and cooling water requirements.

~ For a fixed supply of heating steam, optimal structures with intermediate
vapor compression are capable of significantly larger GOR compared to

the conventional MED-TVC.

— For a fixed GOR, optimal structures with intermediate vapor compres-
sion are characterized by reduced SA requirements compared to conven-

tional MED-TVC.

— There is no universally optimal location for vapor extraction. The opti-
mal choice of extraction is dependent on the specific GOR requirement
in question and can only be attained through a full optimization as per-

formed in this study.
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Nomenclature

Variables Name of Variable Units
T Temperature K

X Salinity g/kg
N Flow variable kg/s
F Feed to an effect kg/s
HS Heating steam to a superstructure unit kg/s
\% Saturated vapor

D Distillate (saturated liquid)

B Brine exiting an effect kg/s
Q Rate of heat transfer kJ/s
L Latent heat of evaporation/condensation kJ/kg
Cp specific heat capacity at constant pressure kJ/(kgK)
Subscript

in Input to a component

out Output from a component

sat Corresponding to saturation conditions of a component

i Component number

ev Entrained vapor

s Discharge vapor

m Motive steam

ext Extraction stage

Superscript

BE Brine evaporation within effect

BF Brine flashing within brine flash box

DF Distillate flashing within distillate flash box
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Abbreviations

FPH

EFF

BFB

DFB

BPH

RO

NF

MSF

MED
Parameters

Ra
CR
ES
GOR
RR

SA

Feed preheater

Effect

Brine Flash Box

Distillate Flash Box

Brine preheater

Reverse Osmosis

Nano filtration

Multi-stage flash distillation
Multi-effect distillation
Name of Variable

Entrainment Ratio
Compression Ratio
Extraction Stage
Gain output ratio
Recovery ratio

Specific heat transfer area requirements
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Unitless
Unitless
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kgs
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Appendix

Appendix A: Conventional Configuration Schematics

Figure 13: A 12 effect forward feed (FF) MED, from a simplified superstruc-
ture. (Brine and feed streams only)
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Figure 14: A 12 effect Parallel Cross (PC) MED, from a simplified super-
structure (Brine and feed streams only). Brine flash boxes can be recursively
removed to simplify to traditional PC MED.
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Figure 15: A 12 stage once through MSF, from a simplified superstructure.
(Brine and feed streams only). Vapor generated in flash boxes is used to
pre-heat the feed.
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Appendix B : Mathematical Model

Mixer

Mixers have one output stream, but multiple input streams. Assuming m dif-
ferent incoming streams each characterized by an incoming mass flow rate Ny,
the mass flow rate of the outputted stream N,,; can be computed according

to the relation:

m

Nou.t = ZNinj (2)

j=1
For the mixers dealing exclusively with liquid streams, the model assumptions
of incompressible liquid streams and composition-independent enthalpies allow

the energy balance to be simplified to:

Z;'r_l—_l Ninj ,I;an
N (3)

Tout =

Moreover, when the composition of the different inlet streams is not identical,
the salinity (X) of outlet stream can be computed from a species conservation

balance as indicated below:

™ Nin. Xin,
Zg-—l J J (4)
Nout

Xout =

This work enforces that only saturated vapor streams of the same pressure can
mix. For this reason, in the case of vapor mixers, the outlet stream is assumed

to always be at the same temperature as the inlet streams.
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Splitter

Splitters have one incoming stream, which is subsequently divided into 2 or
more streams. Assuming an.incoming stream /V;, and m differing outgoing
streams Ny, splitters are governed by a general mass conservation equations

as described below:

Nin =) Now, (5)
j=1

Assuming each outgoing stream is composed of a fraction B; of original flow,

any outgoing stream j can be expressed by relation below:

Nout_,- = ,B]Nzn for j=1,2, ceen i (6)

where:

Zﬂj =1 (7)

MED effect

In MED effects, the mode of vapor production is brine evaporation, signaled
by the superscript ‘be’ . In addition to the heat required to evaporate part
of the brine, heat is also necessary to first sensibly heat the feed entering into
an effect to the saturation temperature corresponding to the effect. Given a
specified amount of heat entering into an effect i (Qeyy,), the amount of formed
vapor (V%) that can be formed is determined according to the energy balance

in Equation 8 .
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Qessi = Fico(Tuateys, — Tyeeas) + VL (8)

Brine flashing box
In situations where saturated brine By, is entered into a lower pressure brine
flash box, the vapor generated by brine flashing (V®/) can be found as:

_ Bbfb,-ncp(Tsatin - Tsatbfb)
- “ ©

14d

Subsequently, the amount of brine outputted from the flash box (Bygs,,,) and
its corresponding salinity (Xpss,,,) are determined by a mass balance (Equation

10) and a salt balance (Equation 11) respectively.

Bbfbpse = Bogpy, — VY (10)
By X
bebout = bgn b'fb"" (11)
bf bout

The subscript ‘bfb’ refers to the brine flash box, while the superscript ‘bf’
refers to mode of vapor production, which corresponds to brine flashing.

Note: The brine flash boxes are chosen to operate at a similar pressure to that
of the subsequent effect. This choice allows for the generated vapors to exit at
similar pressures to the vapors generated within the effects, which allows for

their mixing.
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Distillate flashing box
Additional vapor is generated when saturated distillate at temperature Ty,
is flashed in a lower pressure box operating at Pyg,,. This amount is found

according to equation 12.

_ Dagrir, &p(Tsatin. — Teatyrs)

%44
L

(12)

The subscript ‘dfb’ refers to a distillate flash box component while the super-
script 'df’ refers to distillate flashing.

Preheater

In any particular feed preheater (FPH), a certain portion of heating steam
condenses to provide the heat required to pre-heat the incoming feed. Assum-
ing a specified amount of heat transfer Qppp, is transferred to the incoming
feed flow, the temperature of the feed at the outlet of the preheater can be

determined according to Equation 13 below:

Qrpr;, = Frpu,c;(Trpu,,. — Trpu,,) (13)

Main Brine heater

Essentially also a feed preheater, the function of the main brine heater (MBH)
function is to sufficiently heat the incoming feed such that the temperature
of the outgoing feed exceeds the saturation temperature corresponding to the
brine flash box into which the stream will be entered. This is necessary con-
dition to induce brine flashing, the main mode of production within MSF

configurations.

88



Assuming a total heat transfer of Qspy is transferred to the main brine heater,
the temperature at the outlet of the device is determined according the energy

balance in Equation 14.

Qupr = (Fupu)(¢)(TuBH,. — TuBH,,) (14)

Down Condenser

The down condenser (dc) is responsible for condensing the vapors generated
in the last unit of the structure. This heat is carried away by seawater flowing
through the down condenser F,, which is composed of both cooling water and
total feed to rest of the thermal system. As such the amount of heat transfer

can be expressed as:

Qdc = HSNL = FdCcP(TdCout - Tsw) (]‘5)
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Appendix C : Heat transfer design equations

Design equations to compute the required heat transfer areas within the effects,
the preheaters,the down-condenser and the brine heater are developed in this
appendix. The heat exchanger areas are assumed to be just large enough
condense the heating vapor incoming into the component.

Within the effects, the required heat transfer area A.ss is dependent on the
overall heat transfer coeflicient Ues; and the thermal temperature gradient and

is computed as:

Qeffi (16)

Acrr. =
5 Uess, ATy,

The thermal gradient AT.s; within an effect is described by:
ATess, = Tvir — Tegy, (17)

The following relation gives the heat transfer area in the preheaters:

QFPHi (1 8)

A =
FPH; Urpa, LMT Dppy,

where the log mean temperature difference in a preheater (LMT Dppy) is

calculated as:.

(Tvi — Trpm,,,) — (Tvi — Trpm,)  (Trpm,, — Tren, )
(Tv; — Trpam,,,,) I (Tv; — Trpn,,,,)

LMTDppy, =

out

n
(T’U,‘ — TFPHim) (T'Uz’ - TFPH,-M)
(19)

7

90



Similarly, the area requirements within the down-condenser can be computed

as:
Qdc
Ay = ———
% = UwpLMTDy,
where:
LMTDdc — (Tdcout - TS'W)

(T’UN -_ Tsw)
(‘
(Ton — Tacon.)

L

In the main brine heater, the are requirements are determined as:

QumpH
UmuLMTDypa

AMBH =

(20)

(21)

(22)

where LMTD across the main brine heater is found as a function of the tem-

perature of input heating steam (Tgg, ), as:

(TmpH,.. — TuBH,,)
HSy — Lt MBH;,

In (T T )

(THSO - TMBHout)

LMTDypy =
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Appendix D : Model Assumptions

Thermodynamic assumptions

Given the narrow temperature range within which thermal desalination plants
operate, several engineering approximations are justified. First, all liquid
streams are considered incompressible. Moreover, a representative value of
4 kJ/kgK is assumed for the seawater specific heat at constant pressure (c,),
which is assumed to be independent of temperature and salinity. Similarly, a
constant enthalpy of evaporation of 2333 kJ /kg is assumed. Non-equilbrium al-
lowance is assumed negligible [81, 82}, while the boiling point elevation (BPE),
which determines the variation in the saturation temperature of the brine and
formed vapors due to their differing compositions, is computed according to
accurate correlations developed by by Sharqawy et al [83]. These correlations
are assumed to be dependent on both the composition and temperature of the
saturated brine.

Further engineering assumptions

Several standard assumptions are used to derive the mathematical model.

These include:

— Steady state operation.
— Negligible heat losses to the environment.

— Negligible pressure drops across the demister, the connecting lines and

during condensation.

— Salt-free distillate (i.e., zero salinity).
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— Negligible effect of non-condensable gases on system operation.

— Temperature-dependent overall heat transfer coefficients in both the ef-

fects and the preheaters computed according to [49]).

— To minimize the risk of scaling, the top brine temperature within effects
is upper bounded at 70 °C, while the maximum allowable salinity is

upper bounded at 72000 ppm.
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Appendix E : Block diagrams for maximum GOR structures involv-

ing TVC

Motive steam

7 &
TVC Unit 7
n
Entrainad vapor
=0.51(Vg) Fead prahested by Cooling Water
MSF section sent to
rest of system

section sent fo 6 eflect MED-TVC

[ Feed heating section [\I | Feed heating section T
by MED + MSF [ Feed + Cooling

water
Heating 6 effectMED Uncondensed 0.49(V,) 2 effeCt MED Uncondensed
steam (HS,) e vapar (V) i vapor (Vg)
N Feed to MSF section
N comprised of brine

output from MED units

Figure 16: Simplified block diagram to illustrate make up of maximum GOR
structure for ES = 6

Motive steam
H @
TVC Unit i
N ’
Entrained vapor
=0.55(Vy) Cooling Water
| Feed heating section | £, IE—
—_— Feed preheated by MSF Feed + Cooling
section sent to 9 effect MED-TVC water

Heating 9 eﬁechED Uncondensed MSF heating steam
steam (HS,) | vapor (Vg) =0.45(V,)

Feed to MSF section
J comprised of brine

output from MED units

Figure 17: Simplified block-diagram to illustrate make up of maximum GOR
structure for ES = 9
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