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Resumen

El consumo de agua y energia ha aumentado considerablemente en las ultimas
décadas. La escasez de agua ha llevado a un aumento en la extraccién de agua en acuiferos,
rios y lagos, esto ha generado serios problemas de sobreexplotacion de los recursos hidricos.
Ademas, el crecimiento de la poblacion en las zonas urbanizadas, asi como el aumento de las
demandas de agua y energia en la industria, la agricultura y los hogares han intensificado este
problema. Como consecuencia, hay varias regiones donde es casi imposible satisfacer las
demandas de agua utilizando los recursos hidricos disponibles. En este contexto, estrategias
alternativas como el tratamiento de aguas negras, la recoleccion de agua de lluvia y el uso
potencial de agua desalinizada puede ser una opcion. Sin embargo, procesos como la
desalinizacién de agua de mar son altamente costosos, principalmente por el alto consumo
de energético, en este sentido, la integracion térmica involucrando los sistemas de
desalinizacion de agua de mar aparece como una opcion viable para la reduccion de los costos
de produccidén. En esta tesis de investigacion se presentan tres estrategias de integracion
térmica enfocadas a la reduccion de los costos de desalacion, asi como la integracion a
sistemas macroscépicos de distribucién de agua de mar involucrando sistemas de
desalinizacion acoplados a sistemas de produccion de energia eléctrica. En los capitulos de
esta tesis se presentan diversos modelos de optimizacion matematica desarrollados para
evaluar la viabilidad econémica, ambiental y social de las diferentes estrategias presentadas

en este trabajo de investigacion.

Ramon Gonzalez-Bravo




Optimal Design of Desalination Systems Thermally Coupled |

En el capitulo uno se presenta una vision general de los sistemas de desalinizacion
mas utilizados y su relacion con las estrategias propuestas en este trabajo de investigacion.
El capitulo dos presenta un modelo sistematico para obtener la optimizacion simultanea de
una unidad de desalinizacién TMD acoplada con las corrientes frias y calientes de un proceso
existente, los resultados muestran que con la estrategia propuesta se logra reducir el costo
unitario de agua desalinizada (USD$/m?®). La seccidn tres presenta la sintesis de una red de
desalinizacion utilizando modulos individuales de desalinizacion por TMD, en esta
metodologia se utilizan estrategias de integracion térmica y masica para reducir los costos
totales anuales de produccion. En el capitulo cuatro se presenta un modelo matematico para
la eleccion optima de un sistema de desalinizacion basado en los requerimientos de
calentamiento y enfriamiento incorporando sistemas de recuperacion de calor residual, los
resultados muestran beneficios importantes en términos econémicos y ambientales basados
en las ventas de agua desalada y produccion de energia eléctrica. Los capitulos cinco y seis
presentan modelos de distribucion, a nivel macroscépico, de agua y energia eléctrica
considerando el acoplamiento de un sistema de desalinizacion con una planta de generacion
de energia eléctrica para satisfacer las demandas en el sector doméstico, agricola e industrial,
en ambos capitulos se consideran modelos multi-objetivo considerando el impacto

econdmico, social y ambiental.

Palabras clave: Desalinizacion; Optimizacion; Manejo adecuado del agua; Integracion

térmica.
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Abstract

Water and energy consumption has increased substantially over the last decades.
Water scarcity has led to an increase in the extraction of fresh water from aquifers, dams, and
lakes, and it has produced serious overexploitation problems. Furthermore, the population
growth in urbanized areas and the increase in water and energy demands in the industry,
agriculture, and households have amplified this problem. As consequence, there are several
regions where is almost impossible to satisfy the water demands using the available water
resources. In this context, the use of alternative water resources such as reclaimed water,
rainwater harvesting and the potential use of desalinated water can be an option. However,
desalinated seawater is very expensive because the high energy consumption and this way to
integrate a seawater desalination plant to a power plant to simultaneously produce clean water
and power can be an attractive option.

This thesis presents three strategies of thermal integration focused on the reduction
of desalination costs, as well as the integration of power-desalination plants into macroscopic
water and power distribution networks. In the following chapters, a series of mathematical
optimization models are presented in order to evaluate either economic, environmental or
social viability. Chapter one presents an overview of the most used desalination systems and
their relationship with the strategies proposed in this thesis. Chapter two presents a systematic
optimization model to obtain the simultaneous optimization of a TMD desalination unit
coupled with hot and cold process streams of an existing process, the results show that the
proposed strategy can reduce the unitary water cost (USD$/m?). Section three presents the
synthesis of a seawater desalination network using individual TMD modules. In this

approach, thermal and mass integration strategies are used in order to reduce the total annual
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costs. In Chapter 4, a mathematical optimization model for the optimal selection of a
desalination system based on heating and cooling requirements are presented incorporating
waste heat recovery systems, the results show important economic and environmental
benefits based on total annual sales. Chapters five and six present optimization approaches
for water and power distribution networks into a macroscopic scheme, the optimization
model considers power-desalination plants to satisfy water and power demands of domestic,
agricultural and industrial users. In both chapters are considered multi-objective optimization

models considering economic, social and environmental points of view.

Keywords: Desalination; Optimization; Water Resource Management; Heat Integration.
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CHAPTER I

Introduction

This chapter provides a general overview of the main seawater desalination
technologies and the endeavors proposed in this thesis to reduce energy consumption,

incorporating optimization tools to increase system productivity.

1.1 Overview of water desalination systems

The accelerated population growth and the negative effects of the global warming
have increased the global water and energy consumption. The increased water and energy
consumption in industry, agriculture, and households have been intensified this issue.! This
problem has been getting worse in certain regions where water availability is low, in which
the extraction of fresh water from aquifers, dams, and lakes has carried to serious problems
of overexploitation of groundwater and surface water resources. In this framework, water
desalination has become one of the most important water sources in regions with high water
stress worldwide. However, this process is very expensive due to high energy consumption.
In addition to the depletion of non-renewable energy sources, the use of large quantities of
fossil fuels has negative environmental implications.

Since conventional desalination technologies typically consume high levels of
energy, it is important to incorporate heat integration techniques, renewable energy sources
and to develop efficient desalination technologies. Nonetheless, cost and performance
continue to be challenging issues.? In order to constantly improve the technologies and reduce
the cost of desalination, extensive research and development activities have been carried out.
Figure 1.1 shows an overview of the main desalination process categories and the various
technologies within each category. Desalination system is classified according to the energy
source such as thermal, mechanical, electrical and chemical energy sources; also,
desalination systems can be classified depending on the desalination process: evaporation-
condensation, filtration and crystallization technique. Reverse osmosis (RO) followed by

multi-stage flash (MSF) and multi-effect distillation (MED) systems are the most worldwide
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implemented desalination technologies, emerging technologies such as membrane

distillation and thermal vapor compression are gaining more attention and potential

application. Figure 1.2 shows the contribution of each desalination technology to the world

water production. Table 1.1 presents a summary of characteristics of major desalination

technologies.®

[ Desalination techniques ]

" Evaporation-
__ condensation
1
—5' Thermal processes ' —i Momical
i H I processes
\, J L.
Solar Still '_4-' Mecanical Vapor
Distillation SD ‘. Compression MVC
FESTATEAT SRR ST | — o
i Humidification- i :" Thermal Vapor
— Dehumidification : & Compression TVC
HDH ] R ——
________________________ el
| i Multi-Effect E _ir Natural Vacuum
i Distillation MED .J-, desalination
Lo e =Y
|_:§ Multi‘—Sta_ge Flash :
i Desalination MISF |  .essssssssnssssnsaannsens,
e ' Thermal
Membrane

|
I I
—[ Filtration ) Crystallisation ]

—HE Forward Osmosis FO E

—é Reverse Osmosis RO

—E NanoFiltration NF

{ desalination TMD

Figure 1.1 Overview of the main desalination technologies.’

W Other mVC WED

MSF mMED ®mRO

Figure 1.2. Global Use of Desalination Technologies.®
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Table 1.1. Characteristics of Major Desalination Technologies

(adapted with revision from Nicot et al., 2006).*

Reverse Electrodialysis Multistage Multiple- Thermal
) Vapor Effect
Technology Osmosis Reversal Comoression Flash Distillation Membrane
Characteristics (RO) (EDR) P (MSF) Distillation
(MED)
High
(Moderate in
. the case of . .
Energy usage Moderate High advanced High Very high Moderate
vapor
compression)
Salinity Level Broad .
of Eeed Water range Brackish Broad range Broad range | Broad range | Broad range
Configuration/Scale | Modular Modular Large Large Large Modular
Bacterial . Post-treatment - . . .
contamination Possible always needed Unlikely Unlikely Unlikely Unlikely
Final product : On Can be <10 : Can be <10
salinity demand On demand On demand mg/L TDS mg/L TDS Low
Susgeptlblllty 0 High Low Low Low Low High
scaling
30-50%
for
seawater Low Low (but
Water recovery (up to 90% : High High higher than | Medium
(10-25%)
for MSF)
brackish
water)

According to the International Desalination Association, nowadays there are more
than 18,426 desalination plants around the world providing more than 86.8 million cubic
meters per day, in which more than 300 million persons depend on the water produced by
these plants.®

Water and energy are closely linked, energy production uses large amounts of water
resources, and providing freshwater requires energy for pumping, treating and transporting
water to the consumers.® In most of the power production plants, water is used as cooling
utility (hydroelectric, nuclear and refining), because of that, many desalination plants around
the world are coupled with power production plants, employing this form of cogeneration
can significantly reduce desalinated water cost and investment and it has become the main
model for existing large desalination projects. The integration of desalination with power
plants presents mutual benefits such as higher energy efficiency, in some cases the energy
improvement can be 10-20% or better, also, the greenhouse gas emissions are reduced

significantly with the coupling of water desalination and power production, however, water
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management, water, and energy distribution networks represent major challenges in power-
desalination schemes.®

Furthermore, water desalination still requires major improvements in all aspects, in
this way, this thesis is aimed at developing systematic optimization strategies and
demonstrating proof of concepts for integrating desalination systems with the simultaneous
consideration of energy and desalination issues. First, the chapter three includes energy and
mass integration strategies to reduce water desalination cost, while chapters four and five
present strategies of power desalination plants (dual purpose power plants) in a macroscopic
water distribution network. On this basis, every chapter presents highly efficient approaches

which provide answers to the desalination issues nowadays.
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precious resource. A report of the Energy and Water in a Warming World initiative,
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CHAPTER 11

Optimal Design of Thermal Membrane
Distillation Systems with Heat Integration with

Process Plants

This chapter presents an optimization approach for the design of thermal membrane
distillation (TMD) systems that are thermally coupled with processing facilities. A
superstructure representation and an optimization formulation are introduced to obtain
simultaneously the optimization of the TMD unit and a heat-exchange network (HEN) that
integrates heating and cooling in the processing facility. The superstructure and associated
optimization formulation seek to identify the system configuration along with design and
operating variables such as heat-exchanger areas, membrane area, the extent of thermal
coupling between the process and TMD, and the TMD feed-preheating temperature. The
objective function maximizes the net annual profit which accounts for the revenues from the
sales of purified water, the avoided cost of the treated wastewater, and the total annualized
costs accounting for the capital investment of the added heat transfer units and the TMD
network, the operating costs for the heating and cooling utilities and the operating expenses
for the TMD system. The proposed optimization formulation is applied to a case study where
a TMD system is integrated with a methanol plant and the results show significant economic
benefits for the implementation of the proposed methodology.

Ramon Gonzalez-Bravo




Optimal Design of Desalination Systems Thermally Coupled |

2.1 Introduction

The limited supplies of fresh water coupled with the overexploitation of the available
fresh water bodies represent major challenges for the sustainable development and call for
cost-effective strategies for water management.! There are several regions around the world
where desalination is the main source of freshwater.? Treatment and recycle/reuse of
industrial wastewater can also play a key role in managing water resources. There are several
technologies for the industrial wastewater treatment and seawater desalination. Figure 2.1
shows common categories and technologies. Thermal processes include vapor compression,
multistage flash, multi-effect distillation, humidification/dehumidification, and freeze
concentration.®>. Membrane systems include reverse osmosis,* ultrafiltration,® and

pervaporation.®

Common Water-Treatment and Desalination Technologies

Other
Mass Exchange
Networks

Thermal Membrane

Vapor Compression
Multi-Stage Flash
MSF

Multi-Effect
Distillation (MED)

]

<
O

Electrodialysis/
Electrodialysis
Reversal (ED/EDR)

(e.g., lon Exchange,
Adsorption, Solvent
Extraction),
Biological,
Biochemical, etc.

Reverse Osmosis
(RO)/Ultrafiltration
(UF)/Pervaporation
Humidification/
Dehumidification
(HDH)

Freeze
Concentration (FC)

\ Emerging

[ Thermal Membrane Distillation (TMD) ]

Figure 2.1. Common water treatment and desalination technologies.

Thermal membrane distillation (TMD) is a new technology that lies at the interface
between thermal and membrane technologies. It is a non-isothermal separation process that
is based on heating up the feed solution to be distilled to some moderate temperature to create
partial evaporation of water. The produced water vapor passes preferentially through a
hydrophobic - microporous membrane. The vapor that permeates through the membrane is
condensed and collected as a highly pure liquid on the permeate side. The driving force in

this process is the difference in chemical potential across the membrane, which is strongly
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dependent on the vapor pressure difference between the feed and the permeate sides.” Figure
2.2 shows a representation of a direct contact TMD module. Seawater or wastewater is
preheated to induce some evaporation but not to completely evaporate the feed. The water
vapor travels through the membrane and is condensed on the permeate side using a
recirculating permeate-sweeping liquid.® Different configurations can be found in recent
literature.® Recent advances in membrane development have led to improved performance
and enhanced mass and heat transfer rates and have paved the way for the potential of cost-

effective commercialization.'®

ci

I ) qb: ine [ bbrine
mbrine ~ /{ g

v I s Brine
FIRe

Feed

bfeed

Jui MDD
9 feca W e

TMD Module

cu

perm Toul
perm

t

bperm

Permeate

Figure 2.2. TMD direct contact configuration.

In spite of the important advances in the design of seawater-desalination and
wastewater-treatment systems through TMD modules, one of the primary drawbacks is still
the one associated to the high energy consumption to vaporizing the permeate. Elsayed et al.®
proposed a sequential process integration framework to extract excess heat from industrial
facilities and use it to drive TMD without taking into account the design for the associated
heat exchanger network. Proper extraction of heat should involve the simultaneous synthesis
of process heat-exchange networks (HENSs) and the TMD network as well as the related
capital costs. In this context, several approaches have been reported for the synthesis of
process HENs by transferring heat from the hot process streams to the cold process streams, '
furthermore, the sustainable development has been highlighted in the application of thermal
engineering.'? In this context, several methodologies for energy integration in the process

industry have been reported, including deterministic and stochastic optimization
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13 computer fluid dynamic models,** heuristic rules'® and thermo-hydraulic

approaches,
models.'® Moreover, these methodologies have been applied to several cases, involving
biogas production,!” batch processes,!® absorption refrigeration cycles,® eco-industrial
parks,? retrofitting existing processes,?* Kraft pulp mills,?? desalination,?® across different
plants,* involving multi-purpose heat transfer units,® considering optimal cleaning,?®
scheduling,?’ for retrofitting large scale processes,?® involving different costs?® and

temperature progression.*

For the specific case of TMD, Dotremont et al.3! proposed a desalination system as a
sustainable solution for the industry. Lee et al.®? presented a mathematical model that
integrates a membrane distillation system with a heat exchanger network. Qtaishat and
Banat® proposed an integrated TMD system to be run by solar energy. Elsayed et al.®
presented a systematic approach for integrating a TMD module with excess heat from
industrial processes. In this chapter, there was proposed a systematic sequential approach for
integrating processing facilities with TMD networks, in the first stage the targets for energy
integration in the processing facility were determined and in the second stage there is applied
an optimization model for designing the TMD module. However, in this chapter the heat
exchanger network was not designed, the capital costs for the heat transfer units were not
determined and the simultaneous optimization for the HEN and the TMD was not considered.

Furthermore, there was not proposed any superstructure.

Notwithstanding the value of the aforementioned approaches, they suffer from at least

one of the following limitations:

e No optimization of the design and operating variables of the TMD system
(e.g., membrane area, feed temperature).

e No simultaneous consideration of the combined economic functions of the
process and the TMD system.

e No simultaneous synthesis of the TMD network and the HEN (only HEN
utility targets were considered without network configuration).

e The capital costs have not been properly considered.

In this chapter, an optimization approach is proposed for the simultaneous energy

integration, HEN synthesis, and TMD system design. The proposed approach accounts for
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the simultaneous structural and operational optimization of the system through a new
superstructure that is modeled with a mixed-integer nonlinear programming (MINLP) model.
The objective function consists of the overall profit that accounts for the value obtained from
the sale of the permeate as well as the possible value obtained for wastewater treatment in
the same industry. The objective function also involves the total annualized costs associated
with the HEN and the TMD system. It should be noted that the proposal in this chapter is an
extension of the superstructure by Yee and Grossmann®* for HEN synthesis including the
TMD model proposed by Elsayed.?

2.2 Problem statement
The problem addressed in this chapter can be described as follows.
Given are the following:

e An industrial process with:
o A set of process hot stream (HS) and a set of process cold streams (CS) with
known inlet (supply) and outlet (target) temperatures as well as the heat to be
removed from/added to the hot/cold streams, respectively. The minimum

temperature difference for heat transfer between streams is designated as (

ATuin). Available for service is a set of cooling and heating utilities to satisfy
the energy demands that are not met through heat integration among the hot
and cold process streams.

o Specific demands for fresh water that are characterized in terms of required
flow rate and composition.

o Discharge of wastewater that is described in terms of flow rate, inlet
composition, and temperature, and desired treatment objective (e.g., outlet
composition).

e A source of saline water that may be desalinated to provide fresh water.
e A set of TMD modules that can be used for wastewater treatment and seawater
desalination. The number, size and operating conditions of the TMD network are to

be determined via optimization.
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The design problem consists of finding the optimal integrated system to satisfy the
energy and fresh water demands as well as the wastewater treatment requirements for the

process. Key design questions to be answered include:

o How should heat be integrated within the industrial process and with the TMD
network?

o What is the optimal configuration of the HEN for matching the hot and cold
streams? What are the sizes of the heat exchangers?

o How should the heat be provided to the TMD network? (e.g., how much heat
from external heating sources versus excess process heat).

o What is the optimal TMD-feed pre-heating temperature?

o What is the optimal design of the TMD network?

o How much of the fresh water supplied to the process should come from
external sources versus through TMD?

o What is the cost for the needed heat exchanger units?

In the next section, a structural representation and an optimization formulation will

be developed to address the aforementioned design challenges.
2.3 Design approach

Figure 2.3 shows the proposed superstructure for the optimal design of the integrated
TMD module with a process industry. First, the heat-exchange tasks for TMD system are
represented as hot and cold streams. It should be noted that the design of the TMD module
is to be simultaneously optimized along with the design of the HEN. Flows and temperatures
common to the TMD and the HEN are set as optimization variables. In the representation,
the hot process streams flow from left to right and the cold process streams flow from right
to left. The network is decomposed into stages. Within a stage, each hot stream is split into a
number of streams that may be matched with split cold streams. In the inner stages of the
superstructure, it is possible to have heat exchange between the process streams and TMD
feed. At the right and left extremes of the superstructure, the cooling and heating utilities are
placed. It is worth noting that the inner temperatures in the superstructure are optimization
variables and also the heat load and the existence of the heat transfer units are optimization

variables used for the structural optimization. The number of stages of the superstructure
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corresponds to the maximum of hot or cold streams involved (i.e., NOK). The simultaneous
optimization of the TMD and HEN allows for tradeoffs of tasks and costs and leads to the
optimization of the desired economic objective function. The following section presents the

mathematical formulation for the optimization problem associated with this superstructure.
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Figure 2.3. Proposed superstructure for energy integration between a TMD module

associated with a process industry.
2.3.1 Model for TMD system

The TMD model is taken from Elsayed et al.® The following are the key equations of
the model. For the details and background of this model, the reader is referred to Elsayed et

al.® The permeate flux passing through the membrane ( jw) is calculated using the following

equation:

jw = bw( \\rlvaflged Y wieed Xwteed — p\\//v?)F;rm ) (2.1)
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where X,eq iS the mole fraction of water in feed, p,-., is the vapor pressure in the feed

side and pvvvi‘)‘;rm is the vapor pressure in the permeate side of the membrane, these vapor
pressures are a function of the temperature and these are calculated by the Antoine equation
as follows:
16.44

P _exp| 231064~ 01044 @2)

t oeq —46.13

16.44

P —exp| 23.1964— 000 23)

tperm — 46.13

bW is a parameter for the molecular diffusion of water in the air,® and it depends on

the parameter BWB and the average temperature (t ) in the TMD module (

tm :(tbfeed +T

bperm

)/2) as follows:

b, =B, gt-*** (2.4)

where B, is a temperature independent base value used for evaluating the molecular

4.46x10° 7 r?
diffusion of water in the air and it is defined as B, 5 = , Where r is the pore
RP 76

radius, R is the universal gas constant, P_is the air pressure in the membrane pores, ¢ is the
pore tortuosity, ¢ is the thickness of the membrane. It should be noted that t_ is evaluated

for the temperatures t .., and T, .. because there is easier to have experimental data for

perm

these temperatures.

The activity coefficient is a function of the concentration. In the case of NaCl

removal, it can be calculated as follows:

Vateed =1 0.5Xq _10XriaC| (2.9)

where Xy,c, is the mole fraction of NaCl in the feed.
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The membrane area can be calculated by dividing the desired permeate flow rate (

WTMD) by the water flux:

perm

TMD
W

An _ r-)erm (26)
Ju

The heat transfer through the boundary layers on the two sides of the membrane is a

function of the temperature gradient between the bulk and the membrane temperatures for

the feed and the permeate as shown in Figure 2.4.

tbﬁged - Permeate side
Membrane boundary layer
tmjéed
mperm
Feed side {
boundary layer bperm

Figure 2.4. Temperature profile for the boundary layers and the membrane.®

The temperature polarization coefficient is defined as follows:

0= M (2.7)

tbfeed - tbperm

The vaporization of water (Ah,w) in the feed side of the membrane is calculated from

the correlation suggested by Elsayed et al.:®

Ah,, =3190-2.5009t . (2.8)
The conduction losses in the membrane (.4 ) can be calculated as follows:

K
Ocons = ?m (tmfeed o tmperm )

(2.9)
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where K is the thermal conductivity of the membrane® and & is the membrane thickness.

The heat lost to vaporize the liquid (anp) is a function of the total flux passed through

the membrane ( jW) and the enthalpy of water vaporization (Ah,,) and it is calculated as

follows:
Ovap = JuAN,, (2.10)
The heat loss due to conduction in the membrane (77c,,qucion ) 1S defined as follows:

K
St -t
_ S (mfeed mperm) (2.11)

JwAh\/w + K8m (tmfeed - tmperm )

77Conduction

The thermal efficiency for vaporization in TMD units (7,.,..,) IS defined as follows:

heatused in fluxvaporizaton

. Considering that the heat losses are 50% of the
total heat provided toTMD feed

77Therma| =

conduction losses, the overall thermal efficiency of TMD module is given by the following

relationship:®

Thhermal = 1-15- T1conduction (2.12)

The TMD feed flow rate (W ) is the sum the total flow rate of the raw water to be

treated (Wf;ae"; ) and the recycled flow rate (U ngz )- The energy balance for the entire TMD

unit is given as follows:

nThermaI \NfeecliD Cpfeed ( bfeed Tfied) ;z‘zAhvw (213)

The energy balance in the mixer is given as follows:
raw raw TMD TMD
vafeedcpfeedtmbrine + eredefeed feed — feed feed Cpfeed (2'14)

For the case of a highly rejecting membrane (i.e., permeate is virtually pure water),

the reject concentration (Y,;..) can be calculated through a source material balance for the
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whole system (Y ie = Vi /(L= &), where Vi is the concentration of impurities in raw

water, and ¢ is the water recovered for the TMD unit (&=w"" /W’aW) The mass

perm feed

concentration around the mixing point of the raw feed and the recycled stream (yi'") is

calculated as follows:

raw

TMD _ yfeed + berme (2 15)
yfeed 1+ 0

Then, the molar fraction of NaCl in the feed (X, ) is a function of the mass

concentration in the feed of TMD (y["), the atomic weight of the water and the atomic

weight of NaCl as follows:

(Vi /PMyr)

Xnacl = (2.16)
(Vi /PMyaer) + (L= Views /PM,, )
Finally, the mole fraction of the water in the feed is:
Xufeed = 1- Xnacl (2.17)

For a TMD module with laminar flows and comparable flows of the feed and the
sweeping liquid, the absolute value of temperature difference (deltat) between the bulk and

the membrane on each side of the membrane is assumed to be roughly the same:

tbfeed mfeed = dEItat (2- 18)

t =deltat (2.19)

mperm bperm

2.3.2 Model for heat integration

In the model formulation, HS, CS, SN represent the hot streams, cold streams and the
number of stages in the superstructure, respectively.3* The index i is used for hot streams, j
represents cold streams, k represents the stages in the superstructure and NOK is the cardinal
of the total number of stages. To model the proposed superstructure, the following

relationships are required.
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2.3.3 Total energy balance for process streams

The total energy for the hot stream 1 is equal to the sum of the energy exchanged with

any cold process stream | in any stage of the superstructure (i j « ) and the heat exchanged

with the cooling utilities (" ):

(t" -t ) fCp = D g +o Vi (2.20)

keSN jeCS

The total energy for any cold stream | is equal to the sum of the energy exchanged

with any hot stream 1 in any stage of the superstructure (i j« ) and the heat exchanged with

the heating utility (q;‘u ):

(t?UT -t ) fCpj=2. D G t+dy Vi (2.21)

keSN jeHS

2.3.4 Energy balance for each intermediate stages of the superstructure

To determine the intermediate temperatures of the superstructure, energy balances for

each stage k are required. This way, for hot streams:

(ty —te)fCp =D 0, Vivk (2.22)

jeCS

For cold streams:

(tj,k _tj,k+1) prJ = Z Qi « vj, vk (2.23)

ieHS
2.3.5 Balances for heating and cooling utilities

After heat exchanging between hot and cold process streams through the stages of the
superstructure, hot process streams must be cooled using cooling utility at the right end of

the superstructure:

(ti,NOK+1 _tiOUT) pri = qicu Vi (2.24)
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And the cold streams can be heated using heating utility at the left end of the
superstructure:
ouT h H
7 —t,)fCp,=q" V] (2.25)
2.3.6 Constraints for the feasibility of temperatures in the superstructure

There is required a set of constraints for the temperature of the process streams to

ensure a monotonic decrement from the left to the right-hand side of the superstructure:

t>t,., ViVvk (2.26)
taoka 2T Vi (2.27)
t2ta  ViVK (2.28)
T >t vj (2.29)

2.3.7 Assignment of temperatures

First, the inlet temperature for the hot process streams (i' corresponds to hot process
streams not associated to the TMD module) must be equal to the temperature at the first

border of the superstructure:

t'=t, Vi’ (2.30)

For the permeate stream, the inlet temperature to the superstructure is given as
follows:

t =tN (2.31)

mperm i=perm,1

Whereas the outlet temperature for the permeate side is equal to the temperature of

the last border of the superstructure for this stream:

Jout _ ¢out (2.32)

perm i=perm

For the brine, the inlet temperature to the superstructure is given as follows:

_ N
mbrine ~ “i=brine 1

t (2.33)
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And the outlet temperature for the brine is equal to the temperature at the last border

of the superstructure:
ouT
Tbbrine = 1:i:brine (234)

The inlet temperature for the cold process streams (j* corresponds to cold process
streams not associated to the TMD module) must be equal to the temperature at the first

border of the superstructure:
IN — Hd
U =1 noka V) (2.35)
The inlet temperature of the feed stream is given as follows:

(2.36)

S _ 4+IN
Tfeed - ti:feed

The outlet temperature of the feed stream is equal to the temperature at the first border
of the superstructure as follows:

= {OUT (2.37)

tbfeed T Yj=feedl
2.3.8 Assignment of flow rates

The inlet heat capacity flow rate for the hot process streams must be equal to the heat
capacity flow rate known for these streams and given from the process conditions:

fCp, =FCp;, i (2.38)

For the permeate side, the inlet heat capacity flow rate to the superstructure is given

from the conditions in the thermal membrane desalination unit as follows:
pri:perm = Wperm Cpperm (239)

For the rejected brine, the inlet heat capacity flow rate to the superstructure also

depends on the thermal membrane distillation units as follows:
pri:brine = Wf:eivf\il_ Wperm) Cpbrine (2.40)

The inlet heat capacity flow rate for the cold process streams given by the process

condition must be equal to the heat capacity flow rate at the first border of the superstructure:
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fCp; =FCp; v (2.41)

The inlet heat capacity flow rate of the feed stream is given as follows:
TMD

fCp j=feed — Wreed Cpfeed (2.42)
2.3.9 Existence of heat exchanger units

Binary variables are used to activate the existence for the heat transfer units of the
superstructure, and these are activated through big-M formulation as follows.

For the heat exchangers units between streams through the stages in the
superstructure:

G — Qi "z, <0 Vi, Vj,Vk (2.43)

ij ij

For the coolers that use cooling water:

gr -Q"z <0 Vi (2.44)
For the heaters that use heating utility:

g —QI"zM <0 vj (2.45)
2.3.10 Feasibilities for the temperature differences

If a heat exchanger exists, then the temperature differences for the hot and the cold
ends between the hot and the cold streams must be greater than a minimum value; on the
other hand, when a heat exchanger unit does not exist, these constraints are not required.

These constraints are formulated as big-M formulations as follows.

For the heat exchangers units between process streams in the stages of the

superstructure, the following mixed integer relationships are used:

dt, <t —t, +AT(1-z,,) ViVjVvk (2.46)
dti,j,k+1 < ti,k+l _tj,k+1 + ATul}AAX(l - Zi,j,k) Vi, Vj, vk (2.47)

For the coolers that use cooling water:
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dt <t —Tour TAT"™(1-2") Vi (2.48)
For the heaters using hot utility:
dt™ <Tour —t,, + AT (1-2") Vj (2.49)

Finally, to ensure a feasible heat exchange, the following constraints must be

included:

AT, <dt VI,V vk (2.50)
AT . <dt™ Vi (2.51)
AT, <dt!™  Vj (2.52)

2.3.11 Objective function

The objective function consists in maximizing the net profit, which is stated as

follows:

Max Profit =V A Al _TAC (2.53)

perm

Annual )
perm

The profit (Profit) is the sum of the revenue from the sale of the permeate (V

. | .
and the income from the wastewater treatment (an”al ) minus the total annual cost (TAC).

The income from the sales of the permeate (Vpﬁ'r‘,';“a') as fresh water is given as
follows:
Annual

Vperm = HY Wperm ) Vperm (2-54)

where Wy, is the flow rate for the permeate, Vperm is the value per kg of permeate and Hy

corresponds to the operating time per year.

. . Iy .
The income from the wastewater treatment of the process industry (Vo) is

obtained as follows:
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I
Vo= H WV, (2.55)
where W, is the wastewater flow rate and V,, is the income for wastewater treatment.

The total annual cost (TAC) is described as follows:

TAC =

IS Cel Zijut > Clz+ > C:,u z;'

ieHS jeCS keSN ieHS jeCs

fid) |
"EUHH,
Cexc [ J
+i€zHS jeZCS kEZSN ’ dt i + At ;s v
(dti,j,k)(dti,j,k+l) 1—21 +¢

0 (1 ; 1)
"\H, H
+ CCU 1 Ccu
iesz i o } (-I-I ouT ti,NOK +1) + (dticu ) 1/3
(Ti _ti,NOK+1)(dti ) 2 e

p
qm[ulj
"lH H
+2,Cf S
jeCs [(t,-,l _TjouT )(dt;‘” )[(tu 'TJ—OUT )+ (dt?u )J . (p}

+K.

2
+K_ AFC™P (2.56)
+H, AOC™®
+H, > cCUg™ +H, > CHUQg}"
ieHS jeCs

It should be noted that the previous relationships include the capital costs for the heat

transfer units, these costs are divided into fixed terms, for units between process streams (

C‘;ka ), for coolers (C°F“) and heaters (C:_“), and area dependent terms, for heating utilities (
C{"), cooling utilities (C*) and intermediate heat exchangers(CfTC), also the equation

includes the fouling heat transfer coefficient (H ), the capital cost (AFCTMD) and operating
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cost (AOCv) for the TMD module in addition to the cooling (CCU ) and heating costs (
CHU). The term q,,;, is the heat exchanged between process streams, ¢ is the heat

exchanged with the cooling utilities, q:.‘” is the heat exchanged with the heating utilities. The

logarithmic mean temperature differences in the objective function are estimated using

Chen’s approximation.
The capital cost (AFC™®) for the TMD unit is stated as follows:

AFC™P = CTVP A 4 CTVPyTMD (2.57)

nm

where CZMD is the unit capital cost of the membrane, A, is the membrane area, C:::'D is

the unit non-membrane capital cost.

The operating cost of the TMD module (excluding heating) ( AOC™P) is given by

the following relationship:

AOCT™P _ |:CTMD+ CTMD (1_ g) + Cg';",o'? (1+ U)] Wi (2.58)

Opl Op2

where CoY°, CGi7 and CGY are unit operating costs for the TMD unit.

2.4 Case study

The case study is based on the process for converting shale gas (156 MMSCF/d) to
methanol (5,000 tons/d) described by Ehlinger et al.*° The hot and cold stream data for the

methanol plant are given in Table 2.1.

Table 2.1. Hot and cold stream data for the gas-to-methanol process.*°

. Stream Number = Supply Temperature, K = Target Temperature, K | Heat Duty, kKW
Hot streams

1 1,544 313 -283,206

2 597 313 -51,008

3 513 423 -42,389

4 420 318 -37,093
Cold streams

1 299 473 7,614

2 313 573 45,129
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The problem is to integrate the thermal and water aspects of the methanol process
with a TMD network. The TMD network has a raw feed flow of 174.0 kg/s. The feed is
predominantly brackish water (162.0 kg/s), which is mixed with a small waste water stream
from a methanol plant (12.0 kg/s). The primary solute in the raw feed stream is NaCl (0.77

wt %). The feed has specific heat Cp,,,= 4.0 kl/kg K and temperature TfS =293 K. A water
recovery from the raw feed (& ) of 0.8 was considered (i.e., Woerm = 139.2 kg/s). The value

of the produced permeate is $8.00/m3. The TMD network also receives $5.00/m* for

wastewater treatment from the methanol plant.

The considered TMD module uses a polypropylene hollow-fiber membrane
MDO020CP2N (Manufactured by Microdyn) with a membrane thickness of 0.65 mm. The
TMD data and modeling equations are given by Elsayed et al.® The maximum allowable

temperature for heating the feed stream is 363 K.

Table 2.2. TMD unit operating costs.

Cost item Value Characteristic
Pretreatment 0.0190 $/m? of raw feed
Labor 0.0300 $/m? of raw feed
Brine disposal 0.0015 $/md of brine
Pumping 0.0560 $/m3 of total feed (raw feed and
recycled reject) to the TMD
Heating utilities 5.00 $/10° J heating utility
Cooling utilities 4.00 $/10° J cooling water

For the cost calculation, Al-Obaidani et al.*! estimated the cost of the membranes to
be $90/m?. Therefore, using a Lang factor of 5.0, a 10-year linear depreciation scheme with
no salvage value, and assuming that the membrane lifetime is 4 years, the unit fixed cost of

the membrane modules is estimated to be as follows: ¢[*°=58.8 $/(m? y). The unit non-

membrane capital cost (that includes the units involved in the TMD module; i.e. pumps,

pipes, instrumentation, electrical subsystems, and installation) is estimated as follows: C™°

=11,150 $/(kg/s y). Considering an annual operation of 8,000 h and according to the basis of
the data presented in Table 2.2, the unit operating costs are cggﬂlDzlAll $/(kglsy), cggﬂzD =43

$/(kg/s y) and cg?)"gﬂ’:l,613 $/(kg/s y). For the unit fixed capital costs for the heat exchanger
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units, the following unit costs were used CeFXJCk =5,500 $ly, cr :C';_” =150 $/y, and

C?T° :C‘i‘“ :C;‘“ =150 $/y-m*. It should be noticed that that for this case study the unit

capital costs have been annualized as previous reports, this way the coded model uses a value

for Krg of 1. Finally, the wused film heat transfer coefficients are

H, =H, =H,, =H,, =0.1KW/m’K.

2.5 Results and discussion

The problem was coded in the software GAMS,* where the solvers DICOPT,
CONOPT, and CPLEX were used to solve the associated mixed-integer nonlinear
programming, nonlinear programming and linear programming problems, respectively. For
solving this problem, a computer with an Intel® Core ™ i7-4700MQ processor at 2.40 GHz
and 8 GB of RAM was used. The problem statistics are shown in Table 2.3.

Three scenarios are analyzed. The first one (Scenario 1) considers that there is not
energy interaction between the TMD unit and the methanol plant. The second scenario
(Scenario 2) considers only the heat integration among the process streams within the
methanol plant (no heat integration with TMD). The third scenario (Scenario 3) involves the
heat integration between the methanol plant and the TMD unit. This also includes heat

integration within the methanol plant.

Table 2.3. Problem statistics.

Concept Value
Number of continuous variables 314
Number of binary variables 68
Number of constraints 39
CPU time (s) 5.94

First, the optimization problem for Scenario 1 was solved. The optimal solution is
shown in Figure 2.5. Table 2.4 shows the optimal operating conditions for the TMD module.
For this case, the feed preheating temperature for the TMD system is 359 K and the permeate
temperature after the TMD unit reaches 299 K. The temperature after the mixing of the raw
feed and the reject is 344 K. The membrane area needed to operate the TMD module is 19,950
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m?. Without heat integration, the needed heat-exchange area to the heating utilities is 10,470
m? with a transferred heating rate of 131,012 kW. The heat-exchange area for the cooling
utilities is 60,920 m? with a transferred cooling rate of 420,570 kW. Table 2.5 shows the

main economic results for three scenarios.

’ H U Stage 1 Stage 2 Stage 3 Stage 4

(@)
(=

O =283,210kW
AP =22,890m*
0% =51,008kW
A =10,964m’
0% = 42,389kW
A% —5362m?
0 =37,093kW
A =14,027m’

PRR

® OO0

O =6,869 kW
A% —7.674m*
Q" =7,614kW
A =580m*
O =45129kW
A =4.602m’

N

| S | sz || soped |
| | | |
| | | |
I I I I
| | | |
| | | |
| | | |
| | | |
A A A A
| | | |
| | | |
A A A A
| | | |
| | | |
A A A A
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
) ) | |
| | | |
| | | |
| | | |
| | | |
| | | |

— »——-»—————————b——‘—%— " (I g - —

wh

Q" =78,268kW
A¥ =5,087Tm’

Brine 13

TMD
brine
i TMD Module

t mbrine
bfeed Wraw T 5

TMD feed

feed

=

TMD
w

perm

fmpe,m Permeate

Figure 2.5. TMD module without heat integration with the methanol plant (Scenario 1).

The total annual cost for this solution without energy integration (Scenario 1) is MM
23.292/y. In should be noticed that for this case the capital cost for the coolers CU is the main
contribution to the total annual cost, which represents the 39.2%, the second contribution is
related to the cooling cost (22.9%), followed by the annual fixed cost for the TMD unit
(11.6%), the annual operating cost for the TMD unit represents the 10.5%, the annual heating
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cost is 9%, and finally the capital cost for the heaters (6.7%). It is worth noting that the TMD
heating cost represents 59.7% of the combined heating cost for the methanol plant and the
TMD system. On the other hand, the TMD cooling cost is 1.7% of the combined cost of
cooling for the methanol plant and the TMD system. The intermediate heat exchangers are
the units needed to integrate heat between the methanol plant and the TMD system.
Therefore, for Scenario 1, the area of the intermediate heat exchangers is zero. The total gross
profit is $MM 33.863/y, which is composed of 95% from the sales of permeate and 5% for
wastewater treatment from the methanol plant. The total annual profit for this solution

without energy integration is $MM 10.571/y.

Table 2.4. Key results for the three scenarios of the case study

Variable Unit (Scenario 1) (Scenario 2) (Scenario 3)
Membrane area m? 19,950 19,950 19,950
Raw feed flow kals 174 174 174
Flow rate of the permeate kals 139 139 139
el w0 am aws
paecwsen w0 s oo
Heaters area (HU) m? 10,470 5,287 0
Total heat exchanged (HU) kw 131,012 78,269 0
Coolers area (CU) m? 60,920 59,060 56,641
Total heat exchanged (CU) kw 420,570 367,826 289,553

Figure 2.6 shows the optimal configuration of the heat exchanger network
considering only the heat integration between the hot streams and the cold streams within the
methanol plant (Scenario 2), notice that hot streams and cold streams from the TMD unit

cannot be integrated because the temperatures for these streams do not satisfy the AT .. (344
K for the cold stream and 359 for the hot stream).
In this case of Scenario 2, considering only the heat integration in the methanol plant,

the annual cost is $MM 20.031/y. Key cost items include the annualized capital cost of the

coolers, annual cooling cost and the capital cost for intermediate heat exchangers which
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account for 44.2%, 18.5%, and 1.4%, respectively, of the total annualized cost. The annual

profit is $MM 13.832/y which is 1.3 times the annual profit for Scenario 1.

Figure 2.7 shows the optimal configuration of the heat exchanger network
considering the heat integration between the TMD unit and the methanol process (Scenario
3), it should be noticed that in this case heating utilities are not needed due to the energy
integration between the process streams and the streams associated with the TMD module in
addition to the simultaneous optimization for the temperatures and flow rates of the TMD
module. First, for this energetically integrated scenario, the TMD module presents the
configuration described in Table 2.4. It should be noticed that the main difference between

this case and the “no energy integration” case is the heating cost.
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Figure 2.6. Optimal HEN for Scenario 2.

For this case including energy integration, the total annual cost is SMM 17.808ly.

Key cost items include the annualized fixed cost of the coolers , the annual cooling cost and

the capital cost for intermediate heat exchanger, 47.7 %, 20.7 % and 2.8 %, respectively, of

the total annualized cost, notice that the annual heating and capital costs for heaters are zero.

The total heat in the cooling utilities is reduced by 31 % and the area for the coolers is reduced

by 7% from Scenario 1. Then, gross profit is $MM 33.863/y, which yields a total annual
profit of $MM 16.055/y which is 50% more of the annual profit for Scenario 1. Table 2.5

shows the comparison between the three analyzed scenarios.
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Figure 2.7. TMD module with heat integration with the methanol plant (Scenario 3).

Table 2.5. Economic results.

Concept Scenario 1 | Scenario 2 = Scenario 3
(SMM/y) (SMM/y) (SMM/y)
Annual fixed cost for TMD 2.691 2.691 2.691
Annual operating cost of TMD 2.453 2.453 2.453
Annual heating cost for TMD 1.252 1.252 0
Annual cooling cost for TMD 0.088 0.088 0.088
Annual heating cost for Methanol plant 0.845 0 0
Annual cooling cost for Methanol plant 2.254 3.610 3.589
Annualized capital cost for heat exchangers HU 1571 0.793 0
Annualized capital cost for heat exchangers CU 9.138 8.860 8.496
Annualized capital cost for intermediate heat exchangers 0 0.283 0.491
Annual cooling cost 5.342 3.698 3.677
Annual heating cost 2.097 1.252 0
Total annual cost 23.292 20.031 17.808
Gross revenue for TMD (value of permeate) 32.143 32.143 32.143
Gross revenue for waste treatment 1.720 1.720 1.720
Total annual profit 10.571 13.832 16.055

2.6 Conclusions

This chapter has presented a mathematical programing model for the optimal thermal
integration between a TMD network and a processing facility. The configuration of the heat-
exchange network is optimized simultaneously with the design of the TMD network. The
optimization approach also accounts for the synergistic effects of reducing energy
requirements for the TMD network and the processing plant and enabling cost-effective
treatment of wastewater and saline water. Three scenarios have been studied in this chapter:
no heat integration, heat integration within the process, and thermal coupling between the
process and the TMD network. The results show that substantial benefits can accrue as a
result of the coupling between the process and the TMD network through the synergistic
effects of thermal coupling and water integration. Additionally, the results have shown that
the capital costs for heat exchangers (heaters, coolers and intermediate exchangers) represent
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a significant contribution, which must be taken into account to obtain the optimal solution,

which was not considered by previously reported approaches.
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CHAPTER III

Synthesis of Optimal Thermal Membrane

Distillation Networks

Thermal membrane distillation (TMD) is an emerging separation method which
involves simultaneous heat and mass transfer through a hydrophobic semi-permeable
membrane. Traditionally, studies of this technology have focused on the performance of
individual modules. Because of purity and recovery requirements, multiple TMD modules
may be used in various configurations including series, parallel, and combinations.
Furthermore, there may be a need to reroute streams from one module to another or to recycle
a stream to the same unit. The objective of this chapter is to develop a systematic approach
to synthesize an optimal TMD network. A structural representation is developed to embed
potential configurations of interest. A mathematical formulation is developed to transform
the design problem into an optimization task that seeks to minimize the cost of the system.
Two case studies are presented to illustrate the applicability of the developed approach and

its merit over conventional design scenarios.
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3.1 Introduction

Thermal membrane distillation (TMD) is emerging as a promising technology that
can achieve high levels of separation. TMD has similarities to both membrane separation and
distillation. Separation is based on the difference in vapor-liquid equilibrium and preferential
permeation through a membrane. The driving force is the difference in the partial vapor
pressure across a microporous hydrophobic membrane.'? The feed is preheated to a
temperature below boiling point. Then, the vapor diffuses through the membrane and is
condensed and collected as permeate.

TMD offers several benefits over other existing desalination technologies including
very high theoretical rejection of ions, macro molecules, colloids, cells, and other non-
volatiles, low-level heating and moderate operating temperature and pressure, compact size,
ability to handle concentrated feeds and it is relatively simple to increase capacity by adding
TMD modules.3* Membrane distillation systems may be classified into four configurations,

a brief description can be found in literature.*®

Many studies have shown the applicability of the TMD technology to produce
ultrapure water and to remove non-volatile solutes in aqueous solutions such as salts, sugar,
fruit juices and blood.®8 Furthermore, TMD has been shown to work well in water-treatment
applications such as desalination and water purification.®? Elsayed et al. (2014) developed
an approach for modeling TMD units and thermal coupling with industrial facilities, which

has the potential to decrease the unit cost of desalination from 7.56 $/m?* to 1.05 $/m?3.1

It is worth noting that although TMD units offer high separation levels, there are
several applications where a single stage is not sufficient to reach the desired purity levels.
In such cases, permeate staging through layers of TMD units in series may be required.
Furthermore, if the desired recovery of permeate is not achieved in one stage, reject (brine or
retentate) staging may be required. Also, when brine discharge is limited or when levels
approaching zero-liquid discharge (ZLD) are needed, there may be a need for reject staging.
When the high-concentration reject is fed to a TMD unit, the concentration of permeate may
be too high. This, in turn, requires further permeate staging. All of these issues call for the

need to design networks of TMD units involving configurations in series and parallel. This
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issue has not been addressed in the literature. The current work is aimed at synthesizing

networks of TMD units.

While there has been no prior work on the synthesis of integrated TMD networks,
several papers have been published in the area of synthesizing other types of membrane
networks. El-Halwagi introduced a technique for synthesizing reverse osmosis networks
(RON's) that account for network configuration and integration of multiple types of units.**
Srinivas and El-Halwagi addressed the problem of synthesizing pervaporation networks
using mixed-integer programming techniques.'® Crabtree et al. developed an optimization
procedure for synthesizing gas-permeation networks.!” Zhu et al. proposed a multi-period
approach to the design and scheduling of flexible RONs.*® See et al. presented an
optimization model for reverse osmosis (RO) desalination where the effect of the network
configuration on the optimal cleaning schedule and total cost of a membrane desalination
plant was considered.’® An optimal design strategy was proposed by Qi and Henson for
membrane networks for separating multicomponent gas mixtures.?’ Maskan et al. presented
a model using individual reverse osmosis units to optimal configuration network
configurations.?! Kookos presented an approach for optimizing the selection of membrane
material along with the structure of the membrane network.?? Marriott and Sorensen
introduced a design procedure using genetic algorithms for membrane systems such as
pervaporation.?® Uppaluri et al. proposed a robust stochastic technique using a simulated
annealing procedure for minimizing the annualized cost of gas permeation networks.?*
Karuppiah et al. presented an optimization approach for synthesizing water treatment systems
accounting for RO units,?® whereas Abejon et al. considering RO units for ultra-purification
of chemicals.?® Alnouri and Linke proposed a systematic process synthesis and optimization
approach that takes into consideration multiple water quality parameters in synthesizing RO
desalination networks.?’?8 Du et al. proposes a multi-objective optimization approach for
synthesizing RO networks for seawater desalination.?® Almansoori and Saif presented an
optimal integrated RO system and a pressure retarded osmosis (PRO) for seawater
desalination and power generation.*° Saif et al. presented an approach for the optimal design
of RO networks considering variations in the stream properties.3! Dahdah and Mitsos

introduced a methodology to identify improved thermal-based desalination structures, the

Ramon Gonzalez-Bravo




Optimal Design of Desalination Systems Thermally Coupled |

model considers either a multi-effect distillation system (MED) or a stage in a multi-stage

flash system (MSF) to determine the best configuration.*?

As discussed earlier, several applications require the use of multiple TMD modules
that may be arranged in series, parallel, or a combination. In addition to the configuration of
the TMD units, the use of heaters and coolers throughout the network is an important design
variable. In order to enhance the permeation flux, the feed to each TMD may be heated to
some optimal temperature. The vapor permeate has to be condensed. Therefore, the
placement and duties of heaters, coolers, and heat exchangers (integrating heat transfer) must
be considered. Furthermore, because of the relatively low water recover per pass of TMD, it
may be necessary to increase the feed flow rate to each stage through recycling the reject
stream. The extent and allocation of reject recycle are optimization variables. These issues
contribute to the complexity of synthesizing an optimal TMD networks (TMDN). A TMDN
is composed of multiple TMD modules, pumps, heaters, condensers, mixers, and splitters.
This chapter first describes the problem of synthesizing a system of TMD modules and then
presents a systematic procedure for designing an optimal TMDN based on a new

superstructure and a mathematical programming formulation.
3.2 Problem statement

The synthesis of a TMDN can be stated as follows: Given a feed flow rate Qr and
feed concentration Ck, it is desired to synthesize a TMDN to obtain a permeate stream (e.g.,
clean water) with targeted flow rate and purity at minimum cost. The TMDN consists of
several interconnected TMD modules, pumps, heaters, and condensers, whose structure,
interconnection, configuration, sizes, and operating conditions which must be optimized. The
total annual cost includes the capital costs for the units (fixed and variable costs) as well as
the operating cost minus the revenues obtained from the sale of the permeate and/or the

concentrated retentate.

The TMDN synthesis problem involves addressing several design challenges. The
first issue is the need to consider many configurations of the system. Some common
configurations for TMDN are in series, parallel and combined arrangements. Figures 3.1
and 3.2 illustrate examples of potential configurations for TMDN. The series arrangement

(see Figure 3.1a) is the one typically used when the desired extent of separation exceeds the
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maximum ability of one stage. TMD modules are arranged in parallel (Figure 3.1b) when
the flow rate of the feed to the network exceeds the capacity of an individual module. The
tapered arrangement (Figure 3.2) of TMD units (sometimes referred to as the “Christmas
tree” arrangement) is a hybrid of the series and parallel configurations to address the need

for permeate recovery and purity as well as constraints on liquid discharge.

WA = Feed stream W™ = Permeatestream W™ = Concemtratesiream O, = Heat consimed

Figure 3.1. Schematic representation of TMD modules in (a) series arrangement and (b)

parallel arrangement.

W5 = Feed stream

W™ Concentrare sircam

@, = Heatconsumed

W™ = Permeare stream

Figure 3.2. Tapered TMDN configuration.
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In addition to the design challenges associated with the selection of the system

configuration, there are several other design decisions that must be included:
e The number of modules to be used.
e The total membrane area for the network.
e The configuration for the modules (e.g., in series, parallel, combination).
e The optimal values of heating and cooling duties.
e The extent and allocation of reject recycle.

e The optimal values of operating variables for each module (temperature and

concentration).

The aforementioned challenges call for the development of a systematic procedure
and a mathematical formulation that can address these design tasks and provide optimal

solutions to the synthesis of the TMDN problem. This is presented in the next section.

Permeate-Sweeping Liguid

fequane —p Permeate
" Storage

= e
s—— 1
¥ I.‘a;i'

Concentrate

Recycle

1Y
= ll'_}

_llE

Feed Pre-Heating

Feed

Figure 3.3. TMD scheme with reject recycle and permeate sweeping liquid.
3.3 Design approach

A source-sink approach presented by El-Halwagi et al. was employed to represent the
network configuration.3® A source is a process stream that is rich in the constituent(s) that
has to be removed in the separation task. For this case, we propose a building block consisting
of a TMD module (see Figure 3.3). The TMD module offers advantages of simplicity of

construction, operation, and maintenance as well as consistent performance. In the TMD
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module, the feed water is preheated. Enough heat should be provided to induce the
evaporation at a moderate temperature. The heat to be supplied and the temperature of the
stream fed to the TMD unit are optimization variables. The water vapor travels through the
membrane and is condensed on the permeate side using a recirculating permeate-sweeping
liquid which is colder than the feed. The size of each element is an optimization variable
(including a zero size, which indicates that the element does not exist). Each TMD unit
produces two sources (permeate and reject). Either one or both may be rerouted back to the

network to be assigned to new sinks.

Figure 3.4 shows the proposed superstructure for designing an integrated TMDN.
The feed may be split into several fractions assigned to the TMD units. In turn, each unit
produces two sources (permeate and reject) that may be recycled or fed to another unit. The
problem consists of determining the optimum network configuration, unit sizes, stream
allocation, and operating conditions. In formulating the program, the following assumptions

were used:

e Separation performance of the thermal membrane distillation modules is a
function of temperature. This is due to the fact that the flux of permeate is a

function of temperature.
e Temperature at a module is independent of that at other modules.
e Specific heat of the mixture does not vary with the temperature.
e Only asingle component is considered in the total feed concentration.

This section presents the proposed optimization model for designing the TMDN
based on the superstructure shown in Figure 3.4. The indexes used in this model are the
following: i represents the number of TMD units connected in a parallel arrangement, k
indicates the number of units connected in series, and i' is used to indicate a subsequent line

of TMD modules. For better understanding of the model the super indexes are also defined:
feed is the raw feed stream from initial or previous stage , TMD represents the streams that
feed the TMD unit, conc is the stream that leaves the TMD unit before the recycle divisor,
recycle is a recycle process stream, r€j is the rejected stream from TMD process which is

sent to another stage and perm s the permeate stream.
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N 2 L7 s a B = R
Jed i Jeed  in Jeed i
Wi Wix ik Vie lid

Figure 3.4. The proposed superstructure for synthesizing an integrated TMDN.
3.3.1 Mass balance, salt balance and energy balance in the recycle mixers

A feed stream (e.g., seawater) is transported directly from the origin (e.g., sea) to the

storage units. The main process starts with a stream mixer for which the mass balance in this

feed recycle

unit is the sum of the feed flow rate (w; ™ ) plus the recycle stream (w; > ) to give the feed

flow rate to the TMD unit (w ™).
WP =wit +we Viel,Vk e K (3.1)

Then, the solute balance for the recycle mixer is given as follows:
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WT::ADZIT::AD — |fied Z|fied + wricyCIeZ|r?1 Viel ,Vk cK (32)

Where zT'\’ID is the concentration of the stream (w. T'\"D) to be fed into the TMD unit, zified

feed

is the concentration of the raw feed (w; ™) and zreJ is the concentration in the recycled

recycle )

stream from the concentrate (W,

The energy balance in the mixer can be stated as follows:

WP CpIP (1) = w'™™! Cpf™ (t" ) + W™ Cp' (), Viel,vkeK (3:3)

where the temperature ti',"kix is the result of the temperatures from the mixed streams V\/,‘ceked

and w's>* and t", and t, «_are the temperatures of the raw feed and the recycled stream,

respectively.
3.3.2 Energy balance in the heaters

The mixed stream is pre-heated using heating utilities, the energy balance in the heater

can be described by the following equation:
WITII:/ID TMD (tTMD m|><) QHeatlng, Vl c | ,Vk c K (34)

TMD

The total water flow rate (w, "~ ) is heated from a temperature t{fx to the operating

temperature in the TMD unit (tTMD) where Q™™ is the heat required to reach the TMD
operating temperature.

3.3.3 Mass balance and salt balance for TMD units

For the process, the amount of feed assigned to the TMD unit (w; ;" ) is equal to the

permeate (V\/if)kerm) plus the rejected stream (w}).

TMD __
Wik

=wWEm W, Viel,vkeK (3.5)

ik ?

In the case of desalination, the salinity of seawater or brackish water depends on the

region and affects the amount of the obtained permeate at the end of the treatment stages (

perm
Wik ).

Ramon Gonzalez-Bravo




Optimal Design of Desalination Systems Thermally Coupled |

TMD ,,TM
ik W,

z ik

D _ _perm perm rej rej H
=Zp W +Z WY, Viel,Vke K (3.6)

3.3.4 Mass balance around the recycle splitters

recycle

The stream that leaves the TMD unit (Wir’ﬁj) is divided into two streams: W,

that is returned to the main process and Wiclinc that can be sent to another TMD unit:
WY =wiYr +we,  Viel,VkeK (3.7)

recycle

Notice that because of splitting, w;,”*“and w;}™ have the same concentration (z;"

), temperature (/) and specific heat capacity (Cp!3 ) as the original stream Wirj(j :

ik
3.3.5 Mass balance for splitters
The concentrated water obtained from each TMD unit from each stage k (w;™) is

segregated to be sent to the next stage through the flows f ;. :

W = Z fo Viel,VkeK, k=NOK (3.8)

Notice that previous relationship is not valid for the last stage of the superstructure
because this concentrated water from the last stage is not used. In this case, NOK is the total

number of stages. Also, f,., has the same concentration (z7 ), temperature () and

i,i'tk
specific heat capacity (Cp;3 ) as the original streamw/}™.
3.3.6 Mass balance, solute (or pollutant) balance and energy balance for mixers

The sum of the concentrated water from the stage k from any TMD uniti (f,,, ) can

be fed to the TMD units of the next stage (W5, ):

S fc=ws,  Vitel,VkeK, k=NOK (3.9)

The previous relationship is not valid for the last stage because the last concentrated
water is not fed to any other TMD unit.
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The concentration in the mixer (zfeed) is a function of the concentration of the reject

rej

from the preceding stage from any unit i (z;,

22{‘3 fie=2z%0 WS, Vi'el',VkekK, k=NOK (3.10)

To determine the temperature of the stream entering the TMD unit for stages other

than the first, an energy balance is used for the mixer before any TMD unit. This way, the

sum of the heat inlet from the streams from the previous stage (Z i Cp{ijl(t,rﬁ‘ 1)) is equal
i

to the heat inlet to the TMD unit (w9, Cpfd, (t}.,,)) for each TMD unit i* in any stage K,

k+1 i'k+1

and this is stated as follows:

Zf” CPI () =W Cpie, (t,,),  Vi'el',Vk e K, k= NOK (3.11)

where Cp!, and Cp[%’ are the heat capacities for streams of the previous stage and the one

for the streams entering the TMD unit i’ of the stage k, respectively. It should be noted that
previous balance is not valid for the first stage because the inlet temperature is known for the

feed of the network (e.g., seawater).
3.3.7 Design equations for each TMD unit

For modeling the required TMD units (see Figure 3.4), the amount of permeated
water is strongly influenced by the energy provided to the unit. In this context, the heating
for each TMD unit is provided by external utilities and this is equal to the feed flow rate (

w ") times the heat capacity of this stream (cp/¥>) and the temperature difference (
tiv® —tv*). Only a fraction of this added heat is used in vaporizing the permeate. The fraction

is given by the efficiency factor (7, ). Hence, the heat balance for the TMD unit is given by:
n,thea“"g "e”“Ah,W Viel,vkeK (3.12)

Where wf™ is the permeate flow rate and Ah,, is the latent heat of vaporization.

Experimental data may be used to measure the thermal efficiency. Alternatively, semi-

empirical expressions may be used. For instance, Elsayed et al. proposed the following
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expression for certain TMD modules (a polypropylene hollow-fiber membrane MD020CP2N

manufactured by Microdyn):*3

1'5'&(tmfeedik_tm ermik)
M =1 ¢ i Viel,vkeK (3.13)

jWi,kAhVWi,k + o (tmfeedi‘k _tmpermivk)

Where, km,k is the thermal conductivity of the membrane, & is the membrane thickness,

j, 1s the permeate flux passing through the membrane, t is the temperature at the

mfeed;

membrane on the feed side and tperm is the temperature at the membrane on the permeate

side. An example of an expression for calculating the thermal conductivity of a certain
membrane is the correlation given by Elsayed et al.*3

Ky, =1.7x107t, —4.0x10°  Viel,vkeK (3.14)

3.3.8 Flux modeling equations

The TMD unit is described using the modeling equations given by Elsayed et al.

(2014).1® Permeate flux passing through the membrane ( Ju, ) is calculated using the

following expression:

jWi,k = bvak ( p\\ll\;gedivk 7/wfeedivk XWfEEdi,k - p\\llvszrmivk )’ Viel 'VK eK (315)

vap

wieed, is the vapor pressure in the feed

Where X, 1S the mole fraction of water in feed, p
side and p'* is the vapor pressure in the permeate side of the membrane, these vapor
wpermy,

pressures are a function of the temperature and these are calculated by Antoine’s equation as

follows:

P! —exp 231064 201644 | i) kek (3.16)
e, —46.13

P . =exp 23_1964_ﬂ . Viel,vkeK (3.17)
mperm, — 46.13
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b, is a parameter for the molecular diffusion of water in the air, and it can be

ik

calculated by multiplying the membrane permeability (B ) by the average temperature:3*
b, =B,et™,  Viel vkeK (3.18)

t, 1stheaverage temperature in the TMD module determined as follows:

TMD perm
— ti,k +ti k

e 5 Viel,vkeK (3.19)

Ywieea,, 18 the activity coefficient that is a function of the concentration. In the case
of NaCl removal, it can be calculated as follows:
Vi, =1- 05Xy, ~10%e, . Viel,vkeK (3.20)

Where x is the mole fraction of NaCl in the feed.

NaCl;

Then, the molar fraction of NaCl in the feed (x ) is a function of the mass

NaCl;

concentration in the feed of the TMD unit (z[}'®), the molecular weight of the water and the

atomic weight of NaCl, and can be calculated with the next equation:

Xuact, <[ (21 PMy ) +(1- 201 /PM,, ) | =(202° [PM ) Vil vkeK (3.21)
Finally, the mole fraction of the water in the feed is given as follows:

Xuteos,, =1~ Xpay, Vi€l VkeK (3.22)

3.3.9 Membrane area and temperature profile

The membrane area can be calculated by dividing the permeate water flow rate (

wi™) by the water flux:
A, =—*—, Viel,vkeK (3.23)

The temperature profile in the membrane can be calculated through the use of the
temperature polarization coefficient given by the next equation:
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t -t
6 _ _Mmfeedi) mperm Viel VkeK (3.24)

K TMD perm '’
ti k ti k

Where @, is the temperature polarization coefficient and t''° is the temperature of

the feed in the bulk in the feed side, t __is the temperature of the feed at the membrane,
tie™ is the temperature of permeate in the bulk, trnperm, Is the temperature of permeate at the

membrane, as shown in Figure 3.5.

L i P — Permeate side
Iy | boundary

layer

Feed side
boundary
layer

Figure 3.5. Temperature profile for the boundary layers at the membrane.3®

The temperature polarization coefficient (g, ) may be evaluated from experimental

data. Alternatively, correlations may be used for certain membranes. For instance, Elsayed
et al. showed a linear behavior as a function of the temperature according to the next

expression:*3

6, =1.104-0.00086-t"°  Viel,vkeK (3.25)

The temperature for the reject stream (t7) ) is an average between the temperature in

the bulk (") and the temperature at the membrane boundary layer (t,,, ), as shows in
the next expression:

ot
o= T viel,vkeK (3.26)

2
The vaporization of water ( Ahvw_k) in the feed side is calculated from the next

correlation; 13
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Ah,, =3190-2.5009t Viel,vkeK (3.27)

mfeed;

3.3.10 Logical relationships

Logical relationships are required to determine if a potential unit from the
superstructure is required in the optimal solution. This depends on the amount of water that
is recovered, the final concentration of permeate, and the impact on the total cost (capital and
operating). Therefore, binary variables are used to indicate the existence or absence of such
units (i.e., the binary variable associated with a given TMD unit is one when the unit exists,

otherwise it is zero, y,, =Unitexistance,{0,1}). This is modeled through the following

relationship:
Wmin Yik < Vvif’ied < \Wmex . Yiks Viel,Vk e K (3_28)

Where W™ and W™" are upper and lower limits for the flow rate of the feed that

can be used in a TMD unit. When the inlet flow rate to the unit i in the stage k (vviffd ) is
greater than zero then the associated binary variable ( 'y, ,) must be one. On the other hand,
when the binary variable Y;  is zero (i.e., the associated TMD unit does not exist), the treated

flow rate (w3 ) must be zero.

3.3.11 Total feed water

The total feed (or total raw water) “TRW * fed to the TMDN is the sum of the feed

streams entering stage 1 in any unit i. Therefore,
TRW = Zwifie" (3.29)
Hence, the maximum and minimum amount of water that can be supplied to the entire
system is stated as follows:
TRW™ <TRW < TRW™* (3.30)
3.3.12 Total permeated water
The total permeated water (TPW ) is equal to the sum of the permeated water from

all units i of any stage k (w/¢™):
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TPW =) > wh™ (3.31)
ik

3.3.13 Restriction for the maximum amount of water

The maximum and minimum amount of permeate are bounded as follows:
TPW™ <TPW < TPW™ (3.32)

Where TPW™ and TPW™* are the lower and upper limits for the demanded clean

permeate.
3.3.14 Restriction of the concentration in the reject (or brine)

The maximum concentration allowable in the reject must meet the following

constraint:
2 <z™ -y, Viel,VkeK (3.33)
z™ is multiplied by the binary variable Y; because this constraint only applies

when the unit exists.
3.3.15 Total heat consumed

The total heat consumed in the network ( THeat ) accounts for the heat consumed in

each stage of the superstructure for each TMD unit (Q/*™) as follows:
THeat =) > Q/¢™ (3.34)
ik

3.3.16 Total membrane area

The total membrane area needed in the desalination units (TMA) is the sum of the

areas in each stage in the superstructure for each TMD unit (A, ) as follows:
™MA=T S A, (539
ik ‘

Where the maximum area in the TMD units is bounded by the maximum available

size of a TMD unit as follows:

A, <A Viel,VkeK (3.36)
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3.3.17 Initial data

The concentration in the first stage of the superstructure (zifjed ) is the concentration

of the water to be treated. This is a known value for any TMD unit in stage 1. For instance,

in the case of the raw feed being seawater, the constraint is given by:

Zi’fleed - Zseawater VI c | (337)

Also, the temperature in the first stage of the raw feed water (ti‘ﬁ) is a known value

and this is valid for any TMD unit in stage 1, ti"”l depends on the treated feed. For instance,

in the case when the feed is at ambient temperature, the constraint is given by:
th=T" Viel (3.38)
3.3.18 Objective function

The total annual cost for the TMDN takes into account the fixed cost for the TMD

units as a function of the membrane area (C["®) for TMD modules and as a function of the

flow rate of the stream to be fed (C['®) for non-membrane elements, the installation costs

of the TMD unit (C™P), and the operating cost for the TMD units (C'MP; cT™P; cMP),

inst Opl ? Op2 ! Op3

TMD

The exponent g, is a factor used to account for the economy of scale. The terms Cost™"
and Cost®™ are the unit cots for heating and cooling utilities, respectively. Additionally,
k. is the factor used to annualize the investment and H, is a factor used to account the

operating time per year. It is worth noting that the fixed charge for the involved units is only

considered when the units exist through the use of the binary variables (y, ). Thus, the total

annual cost is stated as follows:

X (e ) (ernea, ) (e ] |

TAC =\ + HYZ;[CI}"\)AlD' Yie + Cg’;\JAZID'(l_E.ti,k )Wifiw + CTMD'WRAD:I (339)

Op3

+H y Z Z I:COSt Heating _ Qily-|keating :|
ik
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Where the fraction of recovery (&, ) can be obtained by dividing the permeate water

flow rate (w/;"™) by the feed water flow rate at each stage:

perm
_ Wik

éi,k _W Vie |,Vk eK (340)

ik
The annual gross profit (AGP) can be calculated as the annual permeate value ( APV

) minus the total annual cost, according to the following equation:
AGP = APV —-TAC (3.41)

Table 3.1. Data for the examples presented.*3

Parameter Units Value
100 (for Case
max _ . - . . 2 Study 1) and
Am = Maximum permissible area in TMD unit m 30 for Case
Study 2
B,.g = Temperature mdepe.n.dent base value for the kg/(m?-s-Pa-K13%) 7 5108
permeability
C.P = fixed cost of the membrane-related units $/m? 58.5
C.3'® = fixed cost of the non-membrane units $/(kgls) 1,115
0,
C.MP = Installation cost of the TMD module $/m2 25% of the
inst purchase cost
ng”l" = Operational cost related to the TMD module $ 1,411
Cg’;"zD = Operational cost related to the reject processing $ 43
ng”f = Operational cost related to the feed treatment $ 1,613
max
Z = Maximum permissible concentration W% 0.5
MP = Exponent for area cost of the modules -- 1.0
&i « = Fractional recovery of permeate in TMD unit - 0.8
O = Membrane thickness mm 0.00065

3.4 Case studies

Two case studies are presented to show the applicability of the proposed approach for
designing TMDN, the first one corresponds to a seawater desalination process whereas the
second one corresponds to treating wastewater from the syrup manufacturing process. Table

3.1 shows key information for the two case studies.'® The optimization formulation was
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developed based on the aforementioned mathematical problem. The problem was coded
using the software GAMS.®” Where the solver DICOPT were used to solve the associated
mixed-integer nonlinear programing. To solve the problem, a computer with an Intel® Core
TM 17-4700MQ processor at 2.40GHz and 8 GB of RAM was used. The problem and
solution statistics are shown in Table 3.2.

Table 3.2. Problem statistics.

Item Value
Number of continuous variables 1,030
Number of binary variables 25
Number of constraints 964
CPU time (s) 5.56

3.4.1 Case Study 1. Seawater desalination process

Worldwide fresh water demand is rising, largely driven by the increase in the
population and living standards, seawater and brackish water desalination have become an
alternative for new water supply in coastal areas, especially in areas with stressed and
overdrawn fresh water resources.

The proposed optimization model described in section 3 was used to synthesize a
TMDN for brackish water desalination on the coast of Saudi Arabia. The feed has 0.1%
(1,000 ppm) dissolved NaCl and an initial flow rate of 3456 kg/h. The size of each module
is considered with a maximum membrane area of 100 m?module. The objective function
consists of maximizing the annual gross profit obtained from the sales of permeate minus the
total annualized cost of the system. The problem data are given in Table 3.3. 1338

The optimal solution obtained for the case study is presented as the solution for the
first scenario. In addition, nine additional configurations were analyzed to show the

advantages of the proposed approach.
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Table 3.3. Data for Case Study 1

General data: Desalination®3
Concept Unit Value
Heating cost $/10° J heating utility 5.00
Cooling cost $/10°J cooling water at 293 K 4.00
Pumping $/m3 0.056
Labor $/m3 0.030
Cost of permeate $/m3 8.00
Initial flow rate kg/h 3,456
Initial temperature K 300
Initial concentration % weight 0.1
Annual operation h 8,000
Membrane specifications33®
Membrane thickness mm 0.65
Membrane cost $/m? 90
Maximum membrane area m2 100
per module
Membrane life time year 4
138 Kg/h
2.5 % solids
T=359K
AM = 18.68 m*
=363 0% ot
T=293 K
Feed 1,2
i " Sk

T=359 K T=359K

AM =92.38 m*

2764 Kg/h
0 % solids

Feed 1,1 =283k

3456 Kg/h
0.1 % solids
T=300K

126,257 Ke/h
. 0.5 % solids
T=349K

Figure 3.6. Optimal TMDN for Case Studyl.

The optimal solution (first scenario) is shown in Figure 3.6. It involves two units in
series. A total recovery of 95.90% of water as permeate was obtained. The feed temperature
for the first unit (1,1) is 300 K and the feed temperature for the second unit (1,2) is 359 K.
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The first unit has a membrane area of 92.4 m? which represents 83.2% of the total required
area of membrane and produces a permeate flow rate of 2,764 kg/h which is 83.4% of the
total permeate of the TMDN. The total permeate is 3,316 kg/h, which yields an annual sales
revenue of $212,340/y. The total annual cost is $170,347/y and the annual gross profit for
the optimal solution is $41,993/y. Unit cost for an optimal solution is 6.3 $/m?, which is
relatively high, however, Elsayed et al. (2014) have been reduced unit cost substantially by
coupling with industrial facilities. Table 3.4 shows the main economic results for the optimal
configuration and for other analyzed scenarios.

Table 3.4. Optimal results for Case Study 1 (Scenario 1) and comparison with 11 other

scenarios.
Scenario
Concept Unit Optimal 2 3 4 5 6 7 8 9
Total membrane area m2 111.06 92.38 92.38 92.37 115.09 111.03 111.02 111.02 115.05
Number of TMD units -- 2 1 2 3 3 3 4 4 6
Thermal efficiency - 0.900 0.902 0.902 0.902 0.890 0.900 0.900 0.900 0.880
Total permeate kg/h 3,316 2,764 2,764 2,763 3,426 3,316 3,315 3,316 3,425
Total feed water kg/h 3,456 3,456 3,456 3,456 3,456 3,456 3,456 3,456 3,456
Total recovery % 95.90 80.00 79.97 79.94 98.00 96.00 95.92 96.40 98.60
Total heating cost $ly 37,633 31,355 31,360 31,344 38,875 37,632 37,616 37,632 38,864
Total annual cost $ly 170,347 136,644 142,330 i 146,742 i 180,665 : 173,780 : 178,192 i 180,398 195,126
Permeate value $ly 212,340 176,950 176,948 176,948 219,400 212,275 212,275 212,275 219,335
Annual profit $ly 41,993 40,306 34,617 30,205 38,735 38,495 34,083 31,877 24,209
Unit cost $/m3 6.3 6.1 6.4 6.6 6.6 6.5 6.7 6.8 7.1

To show the merits of the optimal solution (Scenario 1), 9 other scenarios are
synthesized, analyzed, and compared with the optimal solution. These scenarios are shown

by Figures 3.7-3.11. Also, the results of these scenarios are shown in Table 3.4.

Figure 3.7a shows the scenario 2 considering only one TMD unit, for this case, the
total heating cost is $31,355/y, the total permeate is 2,764 Kg/h which has an annual value
of $176,950/y. The annual gross profit for this case is $40,306/y which is 4% less than the
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optimal solution. Figure 3.7b presents scenario 3 considering two TMD units in a parallel
arrangement. The total heating cost is $31,360/y and the total permeate is 2,764 Kg/h with
an annual value of $176,948/y. The total annual cost for this scenario is $142,330/y and the
annual gross profit is $34,617/y which is 17.6% less than the optimal solution. Scenario 4
(see Figure 3.7c) shows three TMD units ordered in a parallel arrangement, this change
increases the total annual costs up to $146,742/y, which leaves an annual gross profit of
$30,205/y that is 28.1% less than the optimal solution.

Scenario 5 presents three units in a series arrangement as shown in Figure 3.8a, for
this case, the total annual cost is $180,665/y leaving an annual gross profit $38,735/y (7.76%
less than the optimal solution). Notice that the total annual cost increases even though the
recovery of permeate is higher, this is because of the cost associated with the installation and
operation of the three TMD units in a series arrangement. Figure 3.8b presents a hybrid
configuration between two TMD units in a parallel arrangement and one unit in a series
arrangement, the total heating cost is $37,632/y and the total permeate is 3,316 Kg/h with an
annual value of $212,275/y. The total annual cost for this scenario is $173,780/y and the
annual gross profit is $38,495/y which is 8.3% less than the optimal solution.

Scenario 7 is presented as a hybrid arrangement of three units in parallel and one unit
in series that receives the concentrated from the previous stages (see Figure 3.9). The total
annual costs are $178,192/y, which leaves an annual gross profit of $34,083/y that represents
18.8% less than the optimal solution. In scenario 8 two modules in a parallel arrangement
and two units in series arrangement are used (see Figure 3.10), having a total annual cost of
$180,398/y, where the annual gross profit is $31,877/y which is 24.1% less than the optimal
solution.

Finally, scenario 9 presents three TMD units in a parallel arrangement in the first
stage, two units in a parallel arrangement in the second stage connected in series arrangement
with the units of the previous stage and one unit in the third stage that receives the concentrate
of the units of the previous stage as shown in Figure 3.11. For this scenario, the total heating
cost is $38,864/y and the total permeate is 3,425 kg/h with an annual value of $219,335/y.
The total annual cost for this scenario is $195,126/y and the annual gross profit is $24,209/y

which is 42.4% less than the optimal solution.
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Figure 3.10. TMDN for solution of Scenario 8 of Case Study 1.

Ramon Gonzélez-Bravo E




Optimal Design of Desalination Systems Thermally Coupled |

27 Kg/h
12.5 % solids
T=359K

5,684 Kg/h

AM =403 m"

Feed 1,3
138 Kg/h
2.5 % solids
T= 355K

12.3 % solids
T= 352K 8 Kg/h

69 Kg/h
2.5 % solids

T=359K Al

AM =832 m’

276 Kg/h
0% solids
T= 203K
Feed 1,2

345 Kgfh
0.5 % solids
T=359K

Frad 2,2
345 Kg/h
0.5 % solids

Mixer TeASB N
14,440 Kg/h 1,480 Kg/h

2.5% solids 2.5 % solids

T= 39K T=349K 230 Kgih
0.5 % solids
T=359 K

230 Kg/h
0.5 % solids
Te 359K

41,402 Kg/h 41,402 Kgh

w/ AM=3079 m" /
g 821 Keg/h £ 921 Kg/h

921 Kg/h
0% solids
T=300%

0% solids 0% solids

o, T=300 K :::::é;h T= 300 K
o

0.1 % solids
42,554 Kg/h T=300 K
0.5 % solids

T=350K

Feed 1,1
1,152 Kg/h
0.1% sofids

T= 300K

Feed 2,1
1,152 Kg/h
0.1 % solids

T=300K

42,554 Kg/h
0.5 % solids
Feed T=350K
3,456 Kg/h
0.1 % solids
T=300K

Figure 3.11. TMDN for solution of Scenario 9 for Case Study 1.

3.4.2 Case Study 2: Treating wastewater from the syrup concentration process

TMD technology can be employed in the dextrose syrup manufacturing process for
the partial concentration of dextrose syrup. Laboratory tests indicate that water can be
removed from the solution up to the extent of 55 % removal. This translates to syrup of 11
% concentration. Also, permeate was found to contain only trace quantities of sugars which
allow additional usage of permeate. Since the specifications of commercial sugar syrup
dictate a dextrose concentration of about 66 %, conventional evaporation is used for the rest
of the concentration task. The flow sheet for the syrup production process proposed by Silayo
et al. is shown in Figure 3.12a.*° The objective of this case study is to consider the use of a
TMDN for the proposed production process of syrup concentration in conjunction with the
evaporator-condenser scheme. A TMDN was synthesized with stream S7 of the system as
the feed to the network. The hybrid separation network for the concentration of syrup is

shown in Figure 3.12b. This hybrid separation scheme leads to significant savings in energy
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costs. The feed has 5% (50,000 ppm) of dextrose and an initial flow rate of 648 kg/h. The
size of each module is considered a maximum membrane area of 30 m?/module. The problem
data are given in Table 3.5.1338

Table 3.5. Data for Case Study 2.

General data: Syrup concentration®3
Concept Unit Value
Heating cost $/10° J heating utility 5.00
Cooling cost $/10° J cooling water at 293 K 4.00
Pumping $/m3 0.056
Labor $/m3 0.030
Cost of permeate $/m3 8.00
Feed flow rate ka/h 648
Initial temperature K 300
Initial concentration % weight 5
Annual operation h 8,000
Membrane specifications®33®
Membrane thickness mm 0.65
Maximum membrane temperature K 363
Membrane cost $/m? 90
Maximum membrane area per m? 30
module
Membrane life time year 4

The optimal solution for this Case Study 2 for the syrup concentration process is

represented as Scenario 1. For comparison, two additional scenarios are presented.

a Wet
cake
S5

Vacuum

filter Water
S9
e Evaporator
Stirrer Heating or cooling SYTUp »
medium 7))
Three-stage . .
Reactor < Concentrated
syrup

Deionizer 7

Heating medium
b Pre-concentrated syrup

Figure 3.12. (a) Dextrose syrup production process® and (b) hybrid TMD-evaporation
system for the concentration of dextrose syrup.
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The optimal solution for the Case Study 2 represented as Scenario 1 is shown in
Figure 3.13. For this case, the thermal efficiency is 0.874, the optimal TMD temperature is
363 K, the total recovered permeate is 79% and the feed temperature is 300 K. Notice that in
the optimal solution there is no requirement for serial staging because the concentration
increases at the end of the first stage at a level higher than the maximum allowable into the
membrane. The membrane area for Scenario 1 is 22.542 m?, the total heating cost is $6,064/y
and the permeate flow rate is 518 kg/h, which has a value for permeate of $33,178/y. The
total annual cost is $30,589/y and the annual gross profit for the optimal solution is $2,589/y.
Table 3.6 shows the main economic results for the optimal configuration and also for the

two other scenarios represented by Figure 3.14.

Table 3.6. Results for syrup concentration.

Scenario
Concept Unit 1 2 3
Total membrane area m? 22542 i 22.542 i 22.56
Number of TMD units -- 1 2 3
Thermal efficiency -- 0879 i 0.874 : 0.873
Total permeate kg/h 518 518 518
Total feed water kag/h 648 648 648
Total heating cost Sy 6,064 : 6,064 : 6,063
Total annual cost Sy 30,589 { 35,000 i 39,411
Permeate value Sy 33,178 i 33,178 i 33,178
Annual profit Sy 2,589 : -1,822 : -6,233
Unit cost $/md 7.3 8.4 9.5

Scenarios two (see Figure 3.14a) and three (see Figure 3.14b) have analogous results
to scenario one, but there are differences in configuration and in the total costs. In scenario 2
is presented a two TMD units ordered in a parallel arrangement, with a total annual cost of
$35,000/y, which leaves economic losses of $1,822/y. On the other hand, in scenario 3 is
presented three TMD units in a parallel arrangement, increasing the total annual cost to
$39,411/y and economic losses of $6,233/y.
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Figure 3.13. TMDN for optimal solution of Scenario 1 of Case Study 2.
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Figure 3.14. TMDN for Case Study 2: (a) Scenario 2 and (b) Scenario 3.
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3.5 Conclusions

This chapter has presented an optimization approach for synthesizing a TMDN. A
superstructure has been developed to embed network configurations of interest. This
superstructure allows various arrangements of TMD modules, pumps, heaters, and
condensers. It also accounts for stream recycle and assignment. An optimization formulation
has been developed. The proposed model incorporates modeling equations as well as
technical and design constraints. The model has been formulated as a mixed-integer nonlinear
programming model. The proposed optimization model was applied to two case studies,
where the optimal network structure, as well as the operating conditions were determined.
The obtained results show that the proposed model yields better results than other
configurations. As seen in the results TMD process has been characterized by high unit costs,
however, strategies have been applied to the thermal coupling of TMD and processing
facilities, this provides a synergistic effect by reducing costs of heating and cooling for the
TMD. The on-going and future research should focus on the integration with various
desalination processes in order to satisfy various water qualities that reduce the cost of
desalination, also it is essential to incorporate clean energy technologies which will have a
significant benefit in the desalination cost.
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CHAPTER IV

Optimal Design of Water Desalination Systems

Involving Waste Heat Recovery

Water desalination appears as an attractive alternative to provide fresh water in
several parts of the world. However, this process is very expensive due to the high-energy
consumption, and as consequence, significant pollution is produced due to the burning of
fossil fuels that yield huge emissions of CO». Furthermore, most of the desalination processes
yield a lot of waste heat at low temperature, which can be recovered. Therefore, this chapter
presents an optimization approach for designing water desalination systems involving heat
integration and waste heat recovery to reduce the desalination cost, energy consumption and
overall greenhouse gas emissions. The proposed approach accounts for the optimal selection
of the existing and emerging desalination technologies, based on the heating and cooling
requirements and incorporating waste heat recovery systems. The integration of the proposed
systems provides power and thermal energy to the desalination task. Also, the proposed
approach includes the optimal selection of fossil fuels, biofuels and solar energy as energy
sources. The proposed approach was applied to a case study, and the results show that the
system that involves the multiple-effect distillation and thermal membrane distillation shows
the best economic and environmental benefits involving water sales, power production, and

energy savings.
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4.1 Introduction

Despite the effort to improve the desalination technologies, seawater desalination still
IS an energy-intensive process, and it requires high amounts of fossil fuels, which contribute
to the global warming.> While some countries have high reserves of oil and gas, others
depend on fossil fuel imports to satisfy their energy demands. In addition, the continuous
increment in the fossil fuel prices and the environmental restrictions limit the use of this
technology.? Even so, water desalination still is the best option to satisfy water demands in
several water stressed areas around the world. Nevertheless, it is required to propose
integrated energy desalination schemes, where the economic, environmental and social

objectives are considered.

Many efforts have been developed to improve the water and energy efficiencies in
the seawater desalination schemes. In this context, Abduljawad and Ezzeghni developed an
optimization approach for multi-stage flash (MSF) desalination systems, they found that the
seawater feed temperature has an important effect on the performance of the plant.®
Khoshgoftar-Manesh et al. proposed an optimization procedure for coupling multi-effect
distillation (MED) and reverse osmosis (RO), where a site utility system was integrated and
heat and power were produced to run the desalination system, the results showed a series of
Pareto solutions for cost of water versus gain output ratio (GOR).* Altaee and Zaragoza
presented a mathematical model for integrating MSF and forward osmosis (FO) desalination
systems, where the concentrated of the MSF unit is sent to the FO unit to improve the process
efficiency.® laquaniello et al. introduced an economic analysis for the integrated MED and
RO powered with concentrating solar energy and involving thermal storage, the results
showed economic benefits where the lifetime plays an important role.® Al-Weshahi et al.
presented a parametric study for recovering residual heat from an MSF desalination plant
through an organic Rankine cycle (ORC), the results showed attractive solutions.” Dahdah
and Mitsos proposed a multi-objective optimization model for the simultaneous synthesis of
MED and MSF, where the model accounted for both stand-alone or dual purpose desalination
(water and power); then this model was extended adding vapor compression (VC)

desalination yielding further thermodynamic and economic advantages.?
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Other strategies include heat integration and heat exchanger network (HEN)
synthesis, % these strategies have been applied to the desalination field. Lu et al. published
a process integration strategy to reduce the desalination cost, the proposed approach includes
low-grade heat integration through HEN synthesis involving thermal membrane distillation
(TMD) desalination.’® Zhou et al. developed a comprehensive mathematical model involving
FO and heat recovery, where the results showed the availability to introduce this system in
the water treatment scheme.® Gabriel et al. presented an optimization procedure involving
low heat recovery, in which the proposed model includes water desalination (MED-RO) to
produce water, and a turbine network to produce power, the proposed scheme shows
important economic benefits related to the water and energy nexus.!’” Zhang et al. presented

a framework of low-grade heat integration applied to energy intensive processes.®

It should be noticed that the previous works have not considered the existing and
emerging desalination process (either thermal or non-thermal) in the same integrated
optimization model. Also, the reported approaches have not accounted for the simultaneous
optimization for the energy integration with the design and operation of the desalination
system. Furthermore, the possibility to incorporate recovered waste heat has not been
involved, in which the integration of waste heat recovery systems (i.e., steam Rankine cycle
(SRC), absorption refrigeration cycle (AR), ORC and HEN) allows satisfying electrical and
thermal requirements of the desalination scheme. It is worth noting that the above-mentioned
options may Yyield attractive solutions (economically and environmentally) for seawater
desalination because of the possible reduction of cost and greenhouse gas emissions.
Therefore, in this chapter is presented an optimization method for energy integration and
waste heat recovery in the desalination field. The proposed method includes MSF, MED and
RO desalination systems, as well as the emerging processes of VC desalination and thermal
membrane distillation (TMD).

4.2 Problem statement

The proposed approach includes three main optimization stages (see Figure 4.1). The
first stage (Figure 4.1a) considers the optimal selection of the desalination technologies (i.e.,
multi-stage flash distillation (MSF), multiple-effect distillation (MED), vapor-compression

desalination (VC), thermal membrane distillation (TMD) and reverse osmosis(RO)) based
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on the energy requirements of the proposed desalination systems. The second stage (Figure
4.1b) involves the integration of waste heat recovery systems through heat exchanger
networks, this integration includes a steam Rankine cycle, an organic Rankine cycle, and an
absorption refrigeration cycle for waste heat recovery to provide power and thermal energy
to the desalination system (either thermal or non-thermal). Finally, a multi-objective analysis

is performed accounting for environmental, economic and social objectives (Figure 4.1c).

Optimal selection of the Multi-objective
desalination scheme (a) HEN, SRC, ORC and AR evaluation of the optimal
Cycle (b) solution (¢)

Figure 4.1. Schematic representation of the proposed approach.

The implemented optimization approach can be described as follows. First (see
Figure 4.1a), there is given the water demand to be satisfied (TFL) as well as the available
water desalination systems, which include a set of hot process streams to be cooled (HS) and
a set of cold process streams to be heated (CS). Each hot and cold process stream has specific
heat capacity and temperatures known with a stream flowrate unknown. Also, there is a set
of hot utilities (HU) and a set of cold utilities (CU) with known temperatures. The objective
IS to determine the heat exchange network that minimizes the total annual cost of the
desalination task, including MSF, MED, VC, TMD and RO systems. In addition, some design
challenges associated with the selection of the system configuration and other design

decisions must be included, which are highlighted as follows:

. The optimal water desalination scheme

. The number of required units and its capacity

. The optimal values for flowrates, heating and cooling duties in each desalination
system
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. The hot and cold utilities required

. The stream matches and the number of units

. The heat load in each heat exchanger

. The network configuration with flowrates and temperatures for all the streams

Then (see Figure 4.1b), the identified hot and cold streams of the desalination task
are energetically integrated through heat exchanger networks (HEN) coupling to steam
Rankine cycle (SRC), organic Rankine cycle (ORC) and Absorption Refrigeration (AR)
cycle (see Figure 4.2), where the system can provide power and thermal energy to the
desalination task. The model for the HEN synthesis was taken from Lira-Barragan et al.,
where there is proposed that the hot and cold utilities can be satisfied by the SR, OR and AR
Cycles, also the residual energy from hot streams and ORC can be used to run an AR cycle.
The model considers that the energy requirements can be provided by solar energy, fossil

fuels or biofuels.®
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Figure 4.2. Heat integration involving HEN, SRC, ORC, ARC and Desalination.
4.3 Design approach

The model formulation for the optimal selection of the desalination technologies
(stage 1) is based on the proposed superstructure shown in Figure 4.3. The model considers
that the thermal desalination system (MED, MSD, VC and TMD) can give or receive heat
from the residual streams of the other desalination systems. In the case of RO, which is not
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a thermal-base desalination system, the feed may be used as a cooling utility, this because
the RO unit can operate at a maximum temperature of 40 °C, also the recovered water
increases in the RO unit when the feed water temperature increases.? The model considers
that the heating or cooling requirements can be satisfied by utilities. In the model formulation,
HS, CS, HU and CU represent hot streams, cold streams, hot utilities and cold utilities,
respectively. The index i is used for hot streams, j represents cold streams, n is used to identify
hot utilities, n for cold utilities, k is the temperature intervals and | is the desalination systems.
This way, the expanded transshipment model by Papoulias and Grossmann was considered

21,22

to determine the targets for the energy integration.

TFL
»>
//,94 X3
‘\\\\\\\\\
I 9 \‘ oy
ETRW
™

Figure 4.3. Proposed superstructure for designing integrated desalination processes.
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4.3.1 Energy balance for hot and cold process streams

The available heat in the hot process stream i at any temperature interval k is equal to
the sum of energy exchanged with any cold process stream j and the heat exchanged with the
cold utility plus the residual heat of hot stream i at interval k, minus the residual heat of hot

streams from previous temperature interval k:

qi,k qujk+ ank |k 11 v|€HS,k€K (41)
jeCs neCU

and

o = £, Cpy (TM™-T*™)  VieHS;keK (42)

where fi is the total flowrate of the hot process stream, Cpi is the heat capacity of the hot
process stream, Tix™" and T "t are the inlet and outlet temperatures of the hot process
streams in interval k. The guidelines for partitioning the temperature intervals are based on
the works by Papoulias and Grossmann.?1:22

The hot utility m required in the interval k is equal to the sum of the heat exchanged
with the cold streams, plus the residual heat of hot streams m in the temperature interval k,

minus the residual heat of hot streams from the previous temperature interval k:

= A+ T YmeHUkeK (4.3)

jeCs

The heat required by cold streams j in any temperature interval k is equal to the sum

of the energy exchanged with any hot process stream i and the heat exchanged with the hot

utility:

Q5 =D G+ D dime  VieCSikeK (4.4)
ieHS meHU

Where:

qjk—kaCp (T"””t Tou“"t) VjeCS;keK (4.5)
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fj is the total flowrate of the cold process stream, Cpj is the heat capacity of the cold process
stream, Tjx ™" and T " are the inlet and outlet temperatures of the cold process streams

in the interval k.

The total heat load from hot utilities (THLmx) in any temperature interval k is equal
to the sum of the heat exchanged with the cold streams:

THL,, = Z ol vme HU:k e K (4.6)
jeCs

Where:

THL,, = f, Cp,, (T -T2%™)  VmeHU;k eK 4.7)

fm is the total flowrate of the hot utility, Cpm is the heat capacity of the hot utility, Tmx™™ and
Tm UM are the inlet and outlet temperatures of the hot utility in the interval k.

The total heat required by cold utilities (THRm) is equal to the sum of the heat

available in the cold process streams:

THR, =Y 0 VneCU;keK (4.8)
ieHS

Where;

THR,, = f,Cp,(T\"-T%™)  VneCU;keK (4.9)

fo is the total flowrate of the cold utility, Cpn is the heat capacity of the cold utility, Tn ™™
and Tn " are the inlet and outlet temperatures of the cold utility in the interval k.

The total utility cost (TUC) involves the factor used to account for the operation time
per year (Hy), the heating cost (CUCST), cooling cost (HUCST), the total heat exchanged
between cooling utilities (THRnk) and the total heat exchanged between heating utilities
(THLm), as follows:

TUC =H, [ZZCUCST THR,, + YD HUCST THLM} (4.10)
n ok m K
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4.3.2 Constraints for the feasibility of heat exchange in the superstructure

.=0 VieHS (4.11)
r,=0 VieHS;VkekK (4.12)
r..=0 VvmeHU (4.13)
r«=0 VmeHU;VkeK (4.14)

4.3.3 Mass, component and economic balances in the desalination systems

The mass and component balances in desalination systems were stated individually
for each desalination system in the next sections. Where the streams were divided as cold

(blue lines) and hot streams (red lines), where | represents the desalination system.
4.3.4 Model for the MSF system

The MSF feed flow rate (fmsrc1) 1S @ sum between the concentrated brine (fusrni) and
the fresh water produced (fwsenz2), where fusena and fusenz are calculated based on the fresh
water recovery fraction of the MSF desalination system. The salinity of seawater can be
calculated based on the mass balance of the MSF, in which Xwmsrc: is the concentration of the
feed seawater, Xwsrn2 is the concentration of the fresh water at the end of the process and
Xwmsrhz is the concentration of the rejected brine. The MSF desalination system has another
cold stream that leaves stage 1, which is heated and fed to the stage 1. In this case, the cold
stream c2 (fusrc2) has an equal flow than the cold stream c:1 (fmsec1) that is fed to the entire

system.

MSFcl — fMSFhl + f

MSFh1 — (1 QMSF) fMSFcl

f
f
| = MSF| fem, = O™ fypeees
f
f

MSFh2

(4.15)

=f X + f X

MSFcl MSFCl

= f

MSFh1*MSFh1 MSFh2 MSFh 2

MSFc2 — "MSFcl
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The cost of the MSF desalination system (MSFUC) is based on a fixed cost (MSFFC)
multiplied by a binary variable that indicates the existence of the desalination unit (z1) plus

a variable cost (MSFVC) that depends on the production (fusen2) capacity of the unit:

MSFUC =K, {MSFFC 2,+[ Fruseno MSFvc]”’} (4.16)

The electric power consumption in the MSF unit is equal to an electricity consumption

factor multiplied by the water production rate.
EPCMSF = «™" - f ) (4.17)

4.3.5 Model for the MED system

The amount of seawater fed to the MED process (fvepct) is equal to the desalinated
water (fveon2) plus the rejected brine (fweopni), where fuepn2 and fvepn2 are calculated based
on the water recovery fraction of the MED process. The concentration in each stream of the
MED system can be calculated based on the mass balance of the MED. Additionally, the
MED process feed stream must be heated at the first stage, this stream has been defined as

fwenc2 and it has a flow rate equal to the feed stream (fmepci).

MEDcl — = fMEDhl + fMEDhZ

MEDh1 (1 QMED) fMEDCl

f
f
| = MED| f,e0n, = 0™ fienn (4.18)
f
f

+ f

MEDc1 MEDCl - fMEDhlxMEDhl MEDh2 XMEDhZ

MEDc2 ~— fMEDCl

The cost of the MED unit (MEDUC) is based on a unit fixed cost (MEDFC)
multiplied by a binary variable for the existence of the desalination unit (z1) plus a variable
cost (MEDCV) that depends on the produced water (fmepn2):

MEDUC =K, {MEDFC 2,+[ Fueons MEDVC]ﬁ} (4.19)

The electric power consumption in the MED unit is equal to an electricity

consumption factor multiplied by the water production rate.

EPCMED =" f, o (4.20)
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4.3.6 Model for the VC system

The total water fed to the VC module (fvcei) is equal to the sum of the fresh water
obtained (fvcn2) plus the rejected stream (fvcni), where fucn and fvcnz are calculated based on
the water recovery fraction of the VC process. The salt content in each stream of the VC

system can be calculated using the mass balance of the VC module.

fVCcl = fVChl + fVChZ

fVChl = (1_ QVC) fVCcl

| =VC
fucna = 6"° fyen (4.21)

i fuca Xvea = fveniXven + Fucne Xvenz ]

The cost of the VC unit (VCUC) is based on a fixed cost (VCFC) multiplied by a
binary variable for the existence of the desalination unit (z1), plus a variable cost (VCVC)
that depends on the water production (fvcn2):

VCUC =K, {VCFC- 2, +[ f,0o VCVC]’ } (4.22)

The electric power consumption in the VC unit is equal to an electricity consumption

factor multiplied by the water production rate (fvch2):
EPCVC =« - f g, (4.23)

4.3.7 Model for the TMD unit

The total water fed to the TMD module (frmpct) is the sum of the two streams, fresh
water (frmpon2) and brine (frmpn1), where frmpn1 and frvpon: are calculated through the water
recovery fraction of the TMD module. The concentration in each stream of the TMD module
is calculated using the mass balance in the TMD module. Additionally, the TMD module has
a recycle stream that needs to be heated (frmpcz), this stream is a portion of the recycled brine

(frmona).
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fTMDcl = fTMDhl + fTMDhZ
frmon = (@— QTMD) frmper
I =TMD fTMDhZ o™ fTMDcl (4.24)
frmper Xrmoer = Frmont Xrvon + Frvonz Xrvon2
i fTMDcZ ¢TMD fTMDhl ]

The cost of the TMD module (TMDUC) depends on a fixed cost (TMDFC) multiplied
by a binary variable for the existence of the desalination unit (z1), plus a variable cost

(TMDVC) that depends on the water production (frmpn2):

TMDUC =K, {TMDFC 2, +[ fruone TMDVCY } (4.25)

The electric power consumption in the TMD unit is equal to an electricity

consumption factor multiplied by the water production rate (frmpn2).
EPCTMD =x™" - {0 (4.26)

4.3.8 Model for the RO unit

The total water fed to the RO process (froc1) is divided in two streams, the brine (fron1)
and the fresh water (fronz), where fron1 and fronz are calculated based on the water recovery
fraction of the TMD module. The concentration in each stream of the RO process can be

calculated using the mass balance in the RO unit.

roct = Trom + f

f ROh2
| = RO from = (1_9RO) froct
o f _ QRO f (427)
ROh2 — ROC1
fROcl Xroet = TronXron T Tronz Xron2 i

The cost of RO unit (ROUC) depends on a fixed cost (ROFC) multiplied by a binary
variable for the existence of the desalination unit (z1), plus a variable cost (ROVC) that

depends on the water production (fron2):

ROUC =K, {ROFC 2, +[ Fron ROVC]ﬂ} (4.28)
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The electric power consumption in the RO unit is equal to an electricity consumption

factor times the water production rate (fronz):
EPCRO =« f_,, (4.29)

4.3.9 Total mass and cost balances of the desalination network

The total seawater fed to the desalination network is equal to the sum of the stream

fed to each existing desalination system, which is stated as follows:

TSW = fMSFcl + fMEDCl + fVC(:1 + fTMDcl + fROCl (430)

The total fresh water produced in the desalination network is equal to the sum of the

water produced in each existing desalination system, as follows:

TFW = fMSFhZ + fMEDhZ + fVChZ + fTMDhZ + fROhZ (431)

The maximum and minimum limits for the amount of fresh water required are stated

as follows:

TFW™ <TFW < TFW™ (4.32)

Where TFW™" and TFW™ are the lower and upper limits for the demanded clean water.
Then, the sales of water are calculated according to the next equation:

WaterSales = wC-TFW (4.33)

where wC is the unit water cost.

The total rejected water is equal to the sum of the brine stream in each existing

desalination system:

TRW = fMSFhl + fMEDh1+ f + f +f

VChl

RORL (4.34)

TMDh1

The total electric consumption of the desalination system is equal to the sum of the

electric consumption of each desalination system as follows:

EDesTotal = EPCMSF + EPCMED + EPCVC + EPCTMD + EPCRO (4.35)
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4.3.10 Logical relationships

Logical relationships are required to determine if a potential unit from the
superstructure is required in the optimal solution, and these depend on the amount of fed
water. Therefore, there are required binary variables to indicate the existence of such units
(i.e., the binary variable associated with a given desalination unit is one when the unit exists,
otherwise is zero, zi=Unit existence, {0,1}). This is modeled through the following

relationships:

fog W™z Vel (4.36)
fog <W™z Vel (4.37)
foa W™z Vel (4.38)
foog W™z  Vlel (4.39)
fon SW™7z  Vlel (4.40)

Where W™ is the maximum fed water to the desalination process. To explain previous
relationships, when the inlet flow rate to the desalination unit | is greater than zero, then the
associated binary variable (z1) must be one. On the other hand, when the binary variable z;

is zero (i.e., the associated desalination unit does not exist), the fed flow rate must be zero.

Logical relationships are required to determine the existence of a match between hot

(1) and cold (j) streams. This is modeled through the following relationships:

> G« SQHCMAX, y,;, VieHS;VjeCS (4.41)
keK
D> G SQHWMAX, y,,  VieHS;VneCU (4.42)
keK
D Uik SQSCMAX; 'y, VjeCS;VmeHU (4.43)

keK

Where QHCMAXi j is the maximum allowed heat exchange between i and j, QHWMAXi is
the maximum allowed heat exchange between i and n, QSCMAXm is the maximum allowed

heat exchange between j and m.

4.3.11 Optimization for the desalination system
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The optimal selection of the desalination scheme (Figure 4.1a) is solved based on the
equations 1 to 43 and taking as an objective function the total annual cost for the heat
integrated desalination network (equation 44). This equation involves the cost of the selected
desalination systems, MFS (MSFUC), MED (MEDUC), VC (VCUC), TMD (TMDUC) and
RO (ROUC), the total electricity consumption cost (ETotal), as well as the cost of cooling
and heating utilities (TUC):

TAC= TUC+MSFUC +MEDUC +VCUC

4.44
+TMDUC + ROUC +H,,- ECST-[EDeSTOtaI] (4.44)

The objective function seeks to minimize the TAC showed in the previous equation,
and at the same time, it is needed to minimize the number of units in the heat integration

network (SUNITS) as well as the number of units in the desalination network (SDESAL) as

follows:
SUNITS =) > Vii+ D D Yin+ 2, O Vim (4.45)
ieHS jeCS ieHS neCU jeCS meHU
SDESAL =Yz, (4.46)
|

4.3.12 HEN integration

The synthesis of the HEN involving SRC, ORC, and ARC (Figure 4.1b) was
performed using the formulation proposed by Lira-Barragan et al., this formulation was
applied to the results obtained in the first stage.'® This formulation includes some important
equations that are described in the following section. The equations to model the SRC include

an energy balance for external energy sources, which is stated as follows:

QExternaI — tSolar + ZQbB’iofuels + Z Qrissilfuels' Vi e T (447)
beB feF
where Q¥“™ is the energy provided to the SRC system, Q¥ is the energy from the solar

collector, Q2" is the energy from biofuels and Q[7*"** is the energy from fossil fuels.

bt

The power produced by the SRC system (Power™) is equal to the total energy from

external sources (=) multiplied by the thermal efficiency factor of the SRC cycle ( )

as follows:
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Powersrc — QExternaI‘usrc (448)

Then, the heat that cannot be transformed into power (Q°-™*) is sent to the ORC
system to produce electricity (Q°°-™), to the AR system to produce refrigeration (Q*-"") or

can be sent to the HEN as a hot utility (desalination) (q}*), according to the next equation:

|
erc_mps _ Qar_mps +Qorc_mps + Z quS (449)

jeCs

The total energy balance for the SRC system establishes that the total energy from
external energy sources is equal to the produced electricity (Power®®) plus the energy sent to

other subsystems (Q**-™) and the transferred heat to cooling water (Q¥*-*").

QExternaI — Power®™® +erc_mps +erc_cw (450)

Since the availability of biofuels depends on the seasonality throughout the year, the
following constraint must be included in the model:

QbB;OfUEIS < Heatinggower AV&”ET?X, Vb e B’t cT (451)

where Heating?™" is the heating power for biofuels and Avail}?* is the maximum availability
of biofuels over the time period t.

The equations to model de ORC system include the energy balance where the ORC
can receive heat from the SRC system (Q°°-"*) and the energy that can be received from HS
(g7s*)- Then, the power produced in the ORC system (Power*) is obtained considering the

efficiency factor of the ORC unit () as follows:

Powerorc — (Qorc_mps + z zq%l Iuorc (452)

ieHS keK
Then, the remaining residual energy (at the condenser of the ORC system) can be

used by the CS (q9%?) or can be transferred to cold water (Q**-™) as follows:

Qorc_mps + Z z qio’Lcl — Powerorc + Z ij)rle +Q0rc_cw (453)

ieHS keST jeCS keK

The AR system is modeled according to the next equation:
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> g

icHS — _arl ar _mps 4.54
Copar zquk +Q ( )

where the cooling load below the ambient temperature required by the HS (q7}?) is supplied

by the excess of heat from the HS (q7") as well as the energy from the SRC system (Q*-™*

). The AR system is modeled based on a COP (coefficient of performance), this value
depends on the AR system and it is a factor that can describe the energy conversion from the

provided heat and the obtained cooling.

The solar collector is modeled according to the next equations:
QP < QM-S paYr - teT (4.55)
where QU"'-*"" js the useful solar energy and A*™ is the optimal solar collector area.

The economic objective is stated as follows:
Max Profit =WaterSales + RSP +TCR -CaC - FiC -OC - ESC - TAC (4.56)

where the revenues coming from selling power (RSP) include the power generated by the
SRC and the ORC, minus the power consumed by the desalination system, Ga™
corresponds to the gains for selling power, it is determined using the power price (Sup™*")

minus the power production cost (PPCost ) as follows:

RSP = H, Ga™"* | Power® + Power®® — EDesTotal 4.57
Y

Ga""*" = SuP™"*'- PPCost

The tax credit reduction (TCR) includes the tax credits for solar energy, biofuels, and

fossil fuels, where R®®, RE°U and R™e represent the unit tax credits, respectively:

TRC = HY |:RSoIar ZQtSolar + RBiofueIs ZZQtE’Bifofuels +R Fossilfuels z Z QtF’:?ssilfuels:| (458)

teT teT beB teT feF

cacC is the capital cost for the AR cycle and the capital cost for the heat exchanger units. FiC

represents the fixed cost for all the heat exchanger units required in the optimal solution. oc
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corresponds to the operating costs associated with the use of cooling water by the HS, the
AR system and the ORC system.*®

The energy source cost (ESC) includes the cost of the consumption of fossil fuels and

biofuels, as well as the capital and operating costs for the solar collector:

ESC = HY |:Z (Cfossilfuels Z Qrissilfuels) + Z [Csiofuels Z Q::itofuels j:|

feF teT beB teT

(4.59)

Solar Solar
+H, C,™ +k.C

cap

where C{"* and CF"* are the unit costs of fossil fuels and biofuels, 3 is the operating

costand C2* is the capital cost for the solar collector.

The environmental objective is carried out through the overall quantification of the
greenhouse gas emissions (GHGE), because the fossil fuels and biofuels release carbon
dioxide when they are burned (the indexes b and f represent different types of biofuels and
fossil fuels):

Min NGHGEOveraII :ZZ[GHGEI:ossiI fF(,)tss“:|+ZZ|:GHGEEiOfueI I[I):’;)ssil:l (460)

teT feB teT beB

The social objective is aimed to account for the maximization of a number of jobs
that can be created by the implementation of the project, where the social function consists
in maximizing the number of jobs created by the production of fossil fuels, biofuels, and solar
collector:

Max NJOBS " = 3" %[ NJOB{™" Q[ |

teT feB

n ZZI:NJOBEiofueI kiiofuel:' (461)

teT beB

n Z I: NJOBSoIar tSolar :|

teT

where NJOB ! NJOBy2°™¢l and NJOBS represent the number of jobs generated per kJ

provided by fossil fuels, biofuels and the solar collector, respectively.

4.4 Case study
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In this chapter, the problem of overexploitation of water in the region of Costa de
Hermosillo (CH) in the state of Sonora in Mexico was selected as a case study. The CH is
one of the most over-exploited aquifers of Mexico, the volume of water extracted is used
mainly for crops with high water consumption.?® The volume of water is mainly used for
agricultural purposes in the irrigation district “051 Costa de Hermosillo” (ID051), the ID051
has an annual water extraction of 461 hm?, it has an estimated natural recharge between 250-
320 hm? per year, and an annual seawater recharge of 98.4 hm?, which has caused serious
salt pollution of the water.?* The energy sector in this region also represents a challenge,
because it is located near to the Sonoran Desert, where the energy consumption increases in
the warmer months due to the use of cooling systems. On the other hand, the radiation levels
throughout the year are extremely high, they could be used for the production of heating
utilities through the use of solar collectors. This region receives high direct normal irradiation
(DNI) values (around 3,000 kWh/m?).

4.5 Results and discussion

This section presents the results for the heat integration of the desalination processes,
an optimal solution is presented as the first scenario and other sets of configurations are
analyzed to shown the applicability of the model incorporating different desalination

technologies.

The problem was coded in the software GAMS,* where the solvers DICOPT,
CONOPT, and CPLEX were used to solve the associated mixed-integer nonlinear
programming, nonlinear programming, and linear programming problems, respectively. For
solving this problem, a computer with an Intel® Core ™ i17-4700MQ processor at 2.40 GHz
and 32 GB of RAM was used. The model has 1,174 continuous variables, 266 binary
variables, 1,131 constraints and it was solved in 6.34 seconds.
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Figure 4.4. Total annual profit for the analyzed configurations.

Figure 4.4 shows the total annual profit for the analyzed configurations, where five
configurations are highlighted, these configurations include the TMD desalination system,
the integrated MSF-TMD, VC-TMD, TMD-RO and MED-TMD desalination processes,

these five configurations have the best annual profit and the results are explained as follows.
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Figure 4.5. Optimal solution for the case study.
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Figure 4.5 shows the optimal solution for the case study, which presents two
thermally coupled units of MED and TMD, this is because the MED/TMD system shows the
best annual profit based on the results showed in Figure 4.4. The success of this configuration
Is mainly caused by the water recovery of the TMD system, this is because the TMD module
has a brine recirculation that increases the amount of water on the permeate side, also this
stream has a high quantity of heat that can be recovered, which generates a reduction of fuel
consumption and the increase of the net annual profit. The optimal configuration shown in
Figure 4.5 includes the SRC system to provide heating to the desalination system as well as
the AR cycle to provide cooling utility, in this case, the SRC operates using natural gas and
produces 4.3967x10° kW of power, also it provides thermal energy to the AR cycle
(1.5015x10° kW) as well as the desalination process (6.6528x10° kW). In this case, the AR
cycle operates with the H>O-LiBr system at -5°C. Figure 4.5 also includes the heat loads for
heaters and coolers, Table 4.1 shows the area of heaters and coolers for the optimal solution.
In energy integration, the stream temperatures play an important role, because this energy
can be used in the HEN and/or ARC. Moreover, the percentage of recovery of each
technology is higher. The success of this configurations is because the use of recovery
systems can reduce the energy costs as well as the levels of carbon dioxide. Table 4.2 shows

additional data for the water desalination scheme.

Table 4.1. Area and heat load for heaters and coolers

Heater Area (m?)  Heat load (kW)
H1 548 21,465
H2 200 14,330
H3 724 93,405
H4 1541 536,080

Cooler
C1l 104 14,145
C2 85 4,860
C3 508 27,540
C4 3777 58,560
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Table 4.2. Additional data for the desalination system for the optimal solution.

STREAM 1> Im Tour X f x10°
CO CO m®
HPS Concentrated | MEDH1 40 25 0.055 6.7941
MED FreshW  MEDH2: 35 25 0.000 3.5000
Feed MEDC1: 20 35 0.036 10.2941
cPs Add Stream | MEDC2 68 78
HPS Concentrated : TMDH1 85 25 0.112 3.2941
™™D FreshW  TMDH2: 85 25 0.000 7.0000
cPS Feed TMDC1: 20 85 0.036 10.2941
Add Stream  TMDC2: 79 89

In this case, the MED/TMD configuration has a gross profit of 180.393 MM$ly,
which is mainly contributed by 84.44% by the power sales, 14.55% by the water sales and
0.01% by the tax credit reduction. The total annual cost is 69.577 MM$/y, which is
constituted mainly by 88.60% by the energy source cost, 7.09% by the desalination cost, also,
the total annual cost includes the electricity cost of the desalination unit, the capital cost for
the heat exchangers, the fixed cost for the heat exchangers and the operating costs. The results
yield a total annual profit of 110.816 MMS$/y. In this case, the fuel consumption remains
constant through the year and the energy requirements were fulfilled using natural gas, the

use of biofuels is negligible due to their high cost and low heating value.

Table 4.3 shows the economic results for the optimal solution and the other analyzed
scenarios. In this case, each additional scenario is closer to the optimal solution, this is mainly
caused by the integration of the TMD unit in each configuration. The TMD seems the best
option to be thermally integrated due to the temperature levels used to run this technology
and the amount of residual heat in the recirculated stream. In all the cases, the water sales are
26.25 MM$ly. The performance of the TMD unit reaches a total annual profit of 110.169
MM$/y, which is 0.5% lower than the profit of the optimal solution. The energy source cost
is 61.689 MM$/y plus 1.050 MM$/y of the electricity used by the desalination system. The
system MSF/TMD has an annual profit of 110.184 MM#$/y, which is slightly better than the
TMD single unit configuration. The VC/TMD and TMD/RO configurations have annual
profits of 110.067 and 109.784 MM$/y, respectively.
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Table 4.3. Economic results of the case study.

Desalination Technology
Concept MED/ MSF/
TMD TMD TMD VC/TMD | TMD/RO
Water sales (MM$/y) 26.250 26.250 26.250 26.250 26.250
Desalination unit cost (MM$/y) 4.933 3.538 5.506 4,748 5.507
Electricity desalination cost (MM$/y) 1.138 1.050 1.225 2.100 1.400
Power sales (MM$/y) 154,133 © 154,176 | 153.051 @ 154.176 153.981
Tax credit reduction (MM$/y) 0.010 0.010 0.010 0.010 0.010
Capital cost for exchanger units
(MMS$/y) 0.664 1.559 0.620 0.840 0.636
Fixed cost for exchangers (MM$/y) 0.033 0.029 0.033 0.033 0.029
Operating costs (MM$/y) 0.008 1.556 0.200 0.000 0.035
Energy source cost (MM$/y) 61.643 61.689 60.489 61.689 61.481
Fixed cost for desalination (MM$/y) 1.159 0.845 1.054 0.959 1.369
Overall greenhouse gas emissions for
e fystem 106 o COealy) 8,767 8774 8603 = 8774 8,744
Number of jobs created 11235 1123.8 1115.6 1120.8 11174
TAC (MM$y) 69.577 70.267 69.127 70.369 70.457
Total annual profit (MM$/y) 110.816 @ 110.169 @ 110.184 @ 110.067 109.784

Additionally, a multi-objective analysis was implemented to propose the best
configuration accounting for the environmental impact. In this sense, this analysis involves
the reduction of fossil fuel consumption by the increase of the use of biofuels and the possible
installation of a solar collector to provide the needed energy. In this case, the Pareto graph
involves the maximization of the profit in each analyzed configuration as well as the
minimization of the greenhouse gas emissions. Figure 4.6 shows the results of the multi-

objective analysis for each configuration.
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Figure 4.6. Pareto curve for the case study.

In this case, there are identified several solutions where the economic and
environmental objectives are compensated. First, point A represents the optimal solution
where configuration reached the maximum profit. In this case, the MED/TMD configuration
has the best profit over the other proposed configurations, with a total annual profit of
110.816 MM$/y and an overall GHGE of 8,767 M ton COeq/y. Point B1 represents a
suboptimal solution, where 7,000 M ton COzeq/y are generated, in this case, the integrated
MED/TMD, MSF/TMD, VC/TMD and TMD/RO have almost the same behavior, and the
MSF/TMD has the best annual profit of 94.853 MM$/y. Also, Point B1 represents the
solution where 7,000x10° ton CO2eq/y are generated for a single TMD unit configuration, in
this case, the total annual profit is 68.589 MM#$/y. The points C and D are additional solutions
where the overall GHGE are minimized. An interesting behavior is at the point A, where the
integrated MSF/TMD configuration reaches better results than the optimal solution, points
E1 and E2 show the solutions where GHGE are 2,500 and 3,000 M ton CO.eq/y, respectively.
In these points E1 and E2, the GHGE are lower than the other points; however, the annual

profit is negative.
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Figure 4.7. Fuel consumption profile through the year for the optimal solution in point E1.

Figure 4.7 shows the fuel consumption profile through the year for the optimal
solution of E1 point, where an increase of biofuel consumption and solar technology is
observed to reduce the GHGE. Figure 4.6 also shows the benefit of the heat integration
between the desalination systems instead to use one unit separately. Figure 4.8 shows the
profile of the generated jobs, where two mainly points are identified, point A represents the
minimum jobs that match with the maximum profit; point B represents the maximum for jobs
that matches with the minimum GHGE. Additional solutions are presented, where the
number of jobs varies according to the amount of GHGE and the total annual profit.

4.6 Conclusions

This work has presented a multi-objective optimization formulation for designing
integrated desalination systems involving solar collectors, absorption refrigeration cycles,
and organic Rankine cycles. The proposed method seeks to identify the best configuration to
satisfy water and energy demands accounting for thermal and non-thermal desalination
technologies. The obtained results have shown interesting benefits since the economic,
environmental and social points of view. The thermal membrane distillation system seems to
be the best configuration to be integrated thermally, this behavior has been shown in previous
works; however, the coupling with common desalination systems as MSF and MED appears
to improve the performance of the system. Moreover, much of the success of these

configurations is because of the integration of the involved waste heat recovery systems. The
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optimal economic solution accounts for the use of natural gas as a primary energy source,
this is because its high-energy heating value and cost in comparison with biofuels or solar
energy. However, it should be noticed that biofuels and solar energy may help to improve
the environmental impact through the reduction of the CO> emissions and the proposed

approach allows determining compensated solutions between the economic and
environmental objectives.
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Figure 4.8. Pareto analysis involving the number of generated jobs.
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CHAPTER V

Multi-Objective Optimization of Dual-Purpose
Power Plants and Water Distribution

Networks

This chapter presents a multi-objective optimization approach for synthesizing water
distribution networks involving dual-purpose power plants. The proposed model accounts
for environmental, economic and social objectives by accounting for greenhouse gas
emissions, jobs, and net profit. The model considers water and energy demands for domestic,
agricultural and industrial users. Energy is provided through several alternatives including
fossil fuels (i.e. natural gas and oil), biofuels (i.e. biomass, biogas, biodiesel, and bioethanol)
and solar energy. Water demands are satisfied by fresh water from dams, lakes, rivers,
aquifers and artificial storage tanks. The proposed model is applied to a case study from the
Mexican State of Sonora. The results show the viability of the dual-purpose power-water
plants, the merits of incorporating solar energy into the system, and the economic,
environmental, and social benefits of applying the proposed approach. The optimal solution
yields a total annual profit of $MM 1545.9, it generates an overall GHGE of 1.37x107 ton
CO2 eg/y and 19,781 jobs.
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5.1 Introduction

Water scarcity is one of the main problems around the world. By the year 2030, a
global water deficit of 40% is expected due to population growth, migration, urbanization,
and industrialization.? Furthermore, climate change and variability are likely to have a
negative impact on fresh water resources. The problem has been experienced most severely
in the driest areas of the planet. To address the water shortage problems, several strategies
have been proposed.® These options include extraction of water from aquifers, inter-state
transportation of water and constructions of dams and artificial lakes. Other strategies include
the installation of seawater and brackish water desalination plants as well as dual-purpose
power plants where water and electricity are simultaneously generated. Currently, more than
86 million m® per day of fresh water streams are produced using desalination technologies.*
® The International Desalination Association (IDA) reports that there are around 18,000
desalination plants worldwide with most of the installed desalination plants using reverse
osmosis (RO) and multi-stage flash (MSF) desalination techniques. It is worth noting that the
majority of these plants are coupled with dual-purpose power plants producing
simultaneously water and electricity.® Coproduction of water and power is a common practice
especially in the Middle East and North African (MENA) countries where the lack of fresh
water has prompted the installation of large-scale dual-purpose power plants.*® The
simultaneous production of water and energy has significant benefits in terms of
sustainability, Raluy et al. (2004) reported that a dual-purpose power plant can reduce the
overall environmental impact by 75% compared with thermal desalination technologies.’
More opportunities are possible and the technological innovation is essential in developing
new energy-efficient technologies to produce water and energy by reducing the cost and the

environmental impact.®

Fossil fuels play and important role in power plants, where natural gas and coal
remain to be the main sources of energy to produce water and electricity; however, because
the used fossil fuels in power plants are responsible for over 65% of the estimated carbon
dioxide (CO2) emissions,>° renewable energy can play an important role in desalination and
power generation by reducing the CO. emissions that contribute to the global warming and
fossil resource depletion.!! The use and development of renewable energy technologies may

provide new pathways for sustainable water and energy production to meet future
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demands.*?%® Several countries (such as Qatar, Egypt, Saudi Arabia, UAE, and Jordan) are
developing large solar-powered plants to provide electricity and water.'®” Solar energy and
biofuels represent great potential alternatives to provide heat. Nonetheless, the use of biofuels
and solar technologies should be subjected to techno-economic assessment.

Recently, some approaches have been reported for the proper use of water in
industrial parks® and refineries.'® Some others have been proposed to enhance the efficiency
of power production and desalination involving renewable energy. Gutierrez-Arriaga et al.
developed a multi-objective optimization procedure for designing integrated steam power
plants, where economic and environmental objectives were considered.?° lanquaniello et al.
presented an economic analysis for water desalination (involving MSF and RO) powered by
solar energy, this model accounts for energy consumption and greenhouse gas emissions
(GHGE), the results showed that the price of water in such systems is close to the price of
water produced through conventional fossil-based desalination systems.?! Ligreina and
Qoaider presented a simulation of a concentrating solar power (CSP) in southern Spain, the
results showed that the proposed power plant can work better in dry regions.? This work was
later extended by including an optimization procedure.?® Fthenakis et al. presented an
analysis of RO desalination powered by solar energy (PV), the analysis was performed using
small (6,550 m®/day) and a large (190,000 m®/day) capacities, the results showed that the PV/-
RO power plants have the potential to replace 19 million m? of diesel fuel per year along with
the corresponding reduction in CO, emissions.?* Sankar et al. presented an analysis of
integrated solar power and desalination plants, where concentrated solar power plants and
biomass can be used, the results showed several savings in internal energy consumption and
investment cost.?® Gorjian and Ghobadian presented a comprehensive analysis for the
potential installation of a water desalination plant powered by solar energy with reduction in
CO; emissions due to the integration of solar energy.?® Abdelhady et al. developed an
optimization approach for the cost-effective conservation of energy and reduction of GHG
emissions, the model was applied to an industrial process coupled with cogeneration systems
including fossil fuels and solar energy.?’ Palenzuela et al. presented a techno-economic
analysis of several seawater desalination systems with concentrated solar power plants

applied to the MENA region.?®?° Diaf et al. proposed a techno-economic analysis for solar
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desalination plants based on a multiple tray desalination unit running with solar energy to

satisfy small scale water demands.°

In addition to the importance of integrating energy and water in developing
sustainable development strategies, it is also important to address the water distribution
issues through a macroscopic approach. Liu et al. introduced a mixed-integer linear
programming (MILP) problem for the management, production, distribution and storage of
reclaimed and desalinated water accounting for the location and capacity of the new
desalination plant, pipelines, pumping stations, wastewater treatment and reclaimed water
plants.3! Athilan et al. developed a mathematical model to design macroscopic water
networks, the model accounted for water sources (Seawater, underground water, and
desalination plants) and water demands, which allows identifying the location and capacity
of new plants. This work was extended later to include monthly demand fluctuations, water
storage, and wastewater treatment.>*® Napoles-Rivera et al. introduced a mathematical
programing formulation for designing water distribution networks considering economic and
sustainability aspects, this model includes sources (dams, springs and deep wells) and
domestic and agricultural users. Later, this model was extended to include alternative water
sources (harvested rainwater), seasonal availability (natural sources), population growth
(water demands) and industrial water demands.>** Alnouri et al. presented an energy
management approach involving water desalination and power generation where a
deterministic MILP problem was used to identify the optimal allocation of desalination
plants, capacities, technologies, and energy sources, this model also took into account the
variation of water and electricity demands, the results showed significant cost reductions.
Gonzalez-Bravo et al. proposed a single objective optimization for the synthesis of water
distribution network involving power-desalination plants, the model was applied in a water-
stressed region accounting for the water in lakes, dams, aquifers, rivers, as well as the water
in existing storage tanks, in this case the authors did not take into account the possibility to
integrate multiple fuels as well as the possibility to integrate solar energy to supply the power-
desalination plant, since Sonoran desert regions is one of the most solar irradiation areas

around the world.%’

While previous research activities have tackled the problems of design dual-purpose

power-water desalination plants and water-management networks separately, there is a need
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to address both problems simultaneously and to introduce the use of renewable energy while

considering multiple design objectives. This chapter presents a multi-objective optimization

model to determine the optimal water distribution network involving dual-purpose power

plants powered by renewable energy. The proposed multi-objective optimization model

simultaneously addresses economic, environmental, and social objectives.

5.2 Problem statement

The problem statement is descried as follows: Given a macroscopic water distribution

problem with:

Water and electricity demands for domestic users which have seasonal variations
through the year.

Water and electricity demands for industrial users which remain constant through the
year.

Water and electricity demands for agricultural users which depend on the cropping
season with seasonal variations through the year.

The water demands can be satisfied by the existing dams, aquifers, and rivers of each
region, the availability of water depends on the natural recharge, precipitation, and
extractions.

The electricity demands can be satisfied by the existing power plants of the region.
The water and energy demands can be satisfied by the installation of new dual-
purpose power plants.

Overexploited resources (dams, aquifers, and rivers) can be recharged by the water
produced in dual-purpose power plants.

Existing and new storage tanks in the considered regions are also part of the
distribution model.

The energy requirements for the dual-purpose power plants can be satisfied using
fossil fuels (i.e. natural gas and oil), biofuels (i.e. biomass, biogas, biodiesel, and
bioethanol) and solar energy.

The use of fossil fuels and biofuels is subject to the maximum availability in each

time period.
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The main problem consists in finding the optimal water distribution network
accounting for economic, environmental and social objectives. The model seeks to satisfy
energy and water demands accounting for the net annual profit, as well as the overall
greenhouse gas emissions (GHGE). Figure 5.1 is a schematic representation of the proposed

superstructure embedding the potential configurations of the design alternatives.

Domestic
central
station

water

r = Domestic
User

\ ‘.
: M q i
water 4 | .

n = Existing power plant

Natural
recharge

Agricultural
central station

X =Dam <

g = Agricultural

; User
Natural J=Deep well
recharge >
. =
i = Aquifer = L

=3

Industrial central
station

Natural Natural
recharg recharge

O = Industrial

X= Over-exploited i= Overexploited User
Dam Aquifer
——— Water distribution --=-------- » Energy distribution
p = Existing storage tanks g = New storage tanks

Figure 5.1. Proposed superstructure for water distribution integrated to
dual-purpose power plants.
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5.3 Mathematical model

The water distribution network can be described by tracking mass, energy, and
economic aspects. The mathematical model is based on the superstructure shown in Figure
5.1. The water and electricity demands are tracked for domestic users ( I ), industrial users (

0) and agricultural users (g ), the water demands can be satisfied by the water volume

content in the existing aquifers of the region (i) by extracting water from the existing deep

wells in each region ( j ) and by the existing water in the dams of the region ( x). In this case,
the model considers the location of existing storage tanks (p) as well as the possible
installation of new storage tanks (). The electricity can be generated in the existing power

plants of the region (n) as well as the possible installation of new dual purpose plants (u).
The energy requirements of the dual purpose power plant can be fully satisfied using fossil

fuels ( f ), biofuels (b ) and/or solar energy. The model is divided in time periods (t) (i.e.,

months). The proposed model includes linear, nonlinear and logical relationships.
5.3.1 Model for water distribution

The change in the total water volume of an aquifer over a certain time period (W,, -W,, ,
) is equal to the sum of the of water received from existing storage tanks (siﬁq), new storage
tanks (s(':if“), existing power desalination plants (BnE,;f’fs)’ new power desalination plants (
B".%), the recharge from agricultural crops (Fiig“) and the natural recharge (Rf{“)1 minus the

u,it

water that is sent to deep wells (aﬁ‘fvjft):

_ E.aq N,aq E,des N ,des
-W, 1_Zsp,i,t +qu,i,t +ZBn,i,t +ZBUII
p

(5.1)
+F¥ +RY - Za,”, Vi,el,VteT,t#1

The water in deep wells (a{fvjft) is extracted by the distribution stations including

domestic stations (dd"m) industrial stations (d:% ) and agricultural stations (d'nd ):

D.al —Zdi"]”: +yde +Zd;”‘,’t, VjelvteT (5.2)
i g
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Then, the total water in each central station (h,,) is equal to the sum of the water

received from existing power desalination plants (VE,M)' new power desalination plants (VgN,u,t

), deep wells (d_ , ), and dams (w_,,).

For domestic stations:

W =D Vi + 2 v+ 2 + 2 Wi, VreRvteT (3)
n u i X

For industrial stations:

hid = STVER LSy S g S VoeO,vteT (5.4)
n u j X

For agricultural stations:

het = ZVQEﬁ%' + ngl’f?r + Zd it ZWS?;; : VgeG,vteT (5.9)
n u j X

The water demands (domdem) can be satisfied by the volume of water in central

station (h, ), plus the water in existing storage tanks (s;m) and new storage tanks (sé“‘m).

For domestic users:

domdem,, =h%" + > st 4+ s, VreR,vteT (5.6)
p q

For industrial users:

inddem,, =hY + > s5 + > s, VoeO,vteT (5.7)
p q

For agricultural users:

agrdem,, =h2¥ +) sTo0 N e VgeG,vteT (5.8)

p q

A percentage of the used water for agriculture ( pca) seeps into the ground, thus it

may recharge the aquifer (F ") as follows:

F3 =) pca*agrdem,;, Viel,vteT (5.9)
%0
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The total water volume in a dam in a certain time period (M,,-M, ;) is equal to the

sum of the water received from existing power desalination plants (Grf'xff'), new power

desalination plants (Gu'“"xri') and the water naturally recharged (re), minus the water sent to

ot

- - d - - - 1 d - - .
domestic stations (w;}}), industrial stations (w;},) and agricultural stations (Wg’gxfyt).

u,x,t

_ Erel N,rel dam
M xt M xt-1 — ZGn,x,t + ZG + Rx,t
u

- (5.10)
=D W = D W = D> W Vx,e X,VteT,t=1
r g o]

The total water volume in existing storage tanks in a certain time period (S‘ft -SEH)
is equal to the sum of the water received from existing power desalination plants (DnEbEf“’) and
new power desalination plants (Du“fhis‘°), minus the water sent to domestic stations (s;ﬁfm),

industrial stations (s,oE';”td ), agricultural stations (ng';gtf) and the water sent to aquifers (sg'iatq):

SE’t -9 EH - Z Dﬁ;ff“’ + Z Du'ff“’ - Zsiﬁfm VpeP,VteT,t=1

i y (5.11)
E, E.ind E,
_ng,;,gtr _zso,;:t _zsp,ia,tq
g 0 i

The total water volume in new storage tanks in a certain time period (S(;“t -SN,) s
equal to the sum of the water received from existing power desalination plants ( DnE(}me) and
new power desalination plants (DUNQTS“J), minus the water sent to domestic stations (s,c:“r"i"m ),

industrial stations (s;“;;‘d ), agricultural stations (sé“aafr) and the water sent to aquifers (s"*):

q,it
Sqe = Sawa =2 Drar” + 2 D™ = D e VqeQvteT t=1
" u ' (5.12)
N,agr N,ind N,a
) ngmg B Z Soat Z Sq,mq
g 0 i

The amount of seawater extracted from the sea by the existing power desalination

plants (sw;"€) is equal to the sum of water sent to the existing storage tanks (DnE’pESto

e ), new

storage tanks (D[;'\*°), domestic stations (y=<n), industrial stations (v;,"’) and agricultural
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stations (ng]’;g’), also the water sent to recharge aquifers (Bf.ifi“)’ the water sent to recharge

dams (ger ) and the water sent to the sea as reject (e ):

n,pt naqt rnt g.nt

,ind E, des E,rel E,rej
+ZV0 anlt an Xt bn,t

Wln E(l ﬂ) ZDEEsto ZDE N sto +ZVE,dom +ZVE,agr vn e N,Vt cT
g (5.13)

The amount of seawater extracted from the sea by the new power desalination plants

(sw.™) is equal to the sum of water sent to the existing storage tanks (DuNbEf“’), new storage
tanks (Du“fé’j s©), domestic stations (vN dom) industrial stations (,».~) and agricultural stations

(VN,a?r), also the water sent to recharge aquifers (gn.«=), the water sent to recharge dams (g

) and the water sent to the sea as reject (i ):

u,p.t u,q,t ru;t g,ut

N,ind N ,des N,rel N, rej
+Zvo,u,t +ZBU it ZGU X,t bu,t
o}

WmN(l ;B) ZDN ,Esto ZDN Nsto+ZvN,dom+ZvN,agr VUEU,VIET
g

(5.14)

The rejected brine can be calculated by multiplying the total seawater by a factor ( 8

) which represents the ratio of brine to seawater flows:

Erej — in,N
o™ =b* Swi, YueU,vteT (5.15)

N,rej _ in,N
b =B*SWT, YueU,VteT (5.16)
5.3.2 Model for power production
The total produced power (TENergy, ) is the sum of the energy generated in existing (

Eproductlon ) and new (Eproductlon .) power desalination plants:

TEnergy, = »_ Eproduction]), + Z Eproduction’,, vteT (5.17)

This value is subject to the electricity demands in industrial zones (E,"'), domestic

users (E/") and agricultural regions (E%"):
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gt ot

TEnergy, = > E/"+ ) EX¥ + > EY vteT (5.18)
r g 0

The energy produced in new power desalination plants is a function of their capacity.
This function is represented through multiplying the capacity of the new power desalination

plant (SWU‘Q*N) times a factor (GEP) that represents the energy usage per unit flowrate of

incoming seawater:
EProduction], = SW," - GEP, YueU,VteT (5.19)

5.3.3 Existence of new storage tanks
The existence, location and size of new storage tanks in each region is modeled

through binary variables (yg*), if the binary variable is equal to one, then the tank is needed,
If the binary variable is equal to zero, the tank is not needed, the existence is subject to the

maximum capacity of the tank (@) and the minimum capacity of the tank (O7™):
Y- @M < S <y . @™ (5.20)

The associated installation cost (InstCost;;) is a function of a fixed cost of the tank (
Z,), the unit variable cost (Z,), and a factor used to annualize the inversion (k. ). In addition,

S;"ax represents the maximum capacity for storage tanks:
InstCost®® = k. [zl. v +2, ()" } vqeQ (5.21)

Where S™* is greater than the existing water in the storage tank (SN ) in any time period t
q qt

Sqt <S¢ qeQ,teT (5.22)

at =
Where the storage cost can be calculated by the next equation:

StorageCost = H, Y InstCost;* (5.23)
q
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5.3.4 Existence of new power desalination plants
The existence, location, and capacity of the new power desalination plants are

modeled through binary variables (y™*). If the binary variable is equal to one, then the

power-desalination plant is needed, if the binary variable is equal to zero, the power

desalination plant is not needed, also the power-desalination plant has a maximum capacity

. : des,mi
(®P**™>) and a minimum capacity (@E ey

d des,mi d des,
yup es @E es,min SWumaX < yup es @E es,max (524)

The installation cost ( InstCOSt/*) is a function of the unit costs (z, and z,), the

maximum seawater capacity (SW,™) and a factor used to annualize the inversion (k.)- The
operating cost (OpCostu‘ffeS) is a function of a unit operating cost (z,), the total water

extracted from the sea (SWU"’;'N ), the recovery factor (1- ) and a factor used to account for

the operational time per year (H, ):
InstCost ™ = k. [23- Yo + 2, (W™ )] vu el (5.25)

OpCost™ =H, [ Z,(1- B)SW,}" | YueU,vteT (5.26)
Where SW,™ is greater than any possible water in a power-desalination plant (squ ) during
any time period t .

SW,N <SW,™ ueUteT (5.27)

The operating cost is a function of the total water extracted from the sea (SWniy't"E

multiplying by the total recovery (1- ) and the operating unit cost (z,):
OpCosty™ =H, [ Z,(1- B)SW,;* | vneN,VteT (5.28)

H, is a factor used to account for the operational time per year.

The installation cost for new power-desalination plants can be calculated as follows:
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NPDinstcost = > InstCost (5.29)

The operating cost for new power desalination plants can be calculated using the next

expression:

NPDopcost = > > OpCost (5.30)
u t

On the other hand, the total operating cost for existing power-desalination plants can

be calculated using the following expression:

nt

TEPDopcost = > > TOpCost£** (5.31)
n t

E,des
nt

where the total operating cost for the existing power-desalination plant (TOpCost ™) also

includes the cost of the fuel consumption.

The total energy requirements (TER],) of the new power desalination plants is a

function of the total seawater fed. This function has a linear behavior and depends on the

capacity of the new power desalination plants (SWJ”:*N ) multiplied by a factor (FCF):
TER}, = SW,}" - FCF, YueU,VteT (5.32)

where TER}, is equal to the energy obtained by the combustion of fossil fuels (Q/%}

fut /2

biofuels (Q*"*'") and the energy obtained by the solar collector (Q:3*") during any period t.

u,t

TER)= Y QU + Y QU +Q™,  VueU,vteT (5:33)

feF beB

The total energy cost (TEC" ) is obtained by the next equation, where FFC, and BFC,

are the prices of fossil fuels and biofuels, respectively.

NPDenergycost = H, ZZ{Z (FFC,-Qf% )+ (BFC, Qo )} (5.34)

t feF beB

Ramon Gonzalez-Bravo



Optimal Design of Desalination Systems Thermally Coupled |

The amount of heat to be produced is subject to the availability of biofuels (AVFY

) and fossil fuels (AVB.™) multiplied by its corresponding heating power factor, HPF, for

fossil fuels, and HPB, for biofuels, according to the next relationships.

For fossil fuels:

D> Q! <HPF-AVF™  vfeF VteT (5.35)
For biofuels:
> Qi <HPB,-AVB[™  VbeB,vteT (5.36)

5.3.5 Existence of solar collector

The existence, area, and cost of the solar collector are modeled using binary variables
(W), If the binary variable is equal to one, then the solar collector is needed, if the binary
variable is equal to zero, the solar collector is not needed, this is activated according to the

maximum ( ATot™) and minimum collecting area (ATot™):
WP ATOt™ < AREAP™ ™ < W . ATot™ (5.37)

The capital cost for the solar collector (SCCost™®*) is a function of the unit costs (

z™ and z2#r), the maximum effective solar collector area ( AREA®*"™), an area factor ()

and a factor to annualize the inversion (k_). The operating cost (OpCost®™®™ ) is a function of

u,t

a unit operating factor (z2*'), the area of the solar collector in each period ( A'*") and a factor

to account for the operational time per year (H, ):

u

SCCOSthIar _ kF |:Z:olar . Wsolar + Z;olar (AREAj‘.olar,max )aj| vueU (5.38)

SOCostyy™ =H, [ Z5"- A" | VYueU,VteT (5.39)

where AREA®>™ js greater than the existing area of the solar collector ( A°®") in any time
A g g t y

period t .
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A < AREA* ™ wueU,teT

(5.40)

u,t

The heating provided by the solar collector (Q**") is obtained multiplying the useful
collected energy (UCE™ ) by the effective area of the solar collector ( A%"):

solar

ij)tlar — UCEjilar - AY (541)

The total cost for the solar collector can be calculated using the next expression:

SolarCost = > SCCost;** + > > SOCost % (5.42)
" TR
5.3.6 Pumping and piping costs
The water distribution can be calculated using the following equation:
_ Y DPCL -y +% > DPC2,, -y °" +> > DPC3,, - ysy" |
+ rZAPClg : yg’agr + irZAPC 254 y;ﬁ;”‘gr + quzr:APC K y;“(']'agr
+gZIPC10 Sy +DZQZ|PC2M- yoo +i§gzlpc3qyo cya
+ ZOZ DPC4, ;- y;{;’°mp+iZAPc T 122 IPC4, - yoi"
+ iiopcsnx Ly 4+ QZJZAPCSW S +ZJZ IPC5,, - yoi™
Piping cost =k| + ZrZ;Pmm LyEEE 4 Zgz I;PC 2, Yo + ZOZ XDPC 6, yr-o"
+ nZIZDPC T,y +uZIZAPC 640 Yon +anZ APCT,, -y
+rzuz IPC6,, - V5™ + ZQ:ZH: IPC7,, - Yo" + Z‘?ZUEPClmq Y
+Zﬂ“0;|5npc2n,p LYoeE 4 Z; NPCL,, - You +nzu:q; NPC2,, - Yoy = 549
+Y D GPCL, -y ™+ > GPC2,, - yoy™ + ZZAQP]” Lyt
- + ZZSPClp,iU- yxjfi’aq +Y > SPC2,;- Iy;,NiJ’a‘*
n P ¢ i i
The piping cost factors are determined by the next equation:
PipingCostFactor =k _LD" (5.44)
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where L is the pipe length, D™ is the pipe diameter, km and m are pipe cost parameters that

depend on the pipe material. Because the diameter of the pipes, the distance from the storage
points to final users and height are fixed, then the flow rate determines the piping cost. The
existence of the pipe is determined by the binary variable and it is used to activate the pipe
cost accounting for the maximum capacity used over all time periods. Maximum values to

determine piping cost are described in the supplementary material.

The pumping cost can be calculated using the next expression:

ZZ h" PPD1,, + zp:zr“ztls;ﬁfm PPD2,, + ;ZZSQ;’;“ PPD3,
+ zg‘; he PPAL, + ;;Zs;;?{ PPA2,, + Zq:gz SioYPPA3,
¥ zozt“h;?f PPIL,, + Zolzpzt:s;g(‘f PPI2,  + Zq“ZO:Zt:SCTJ,T" PPI3,,,
+ L L YU PPD4 Y YT A PPAY, + L YT A PRI,
YD D WEPPD5 > Y Y WS PPAS, + > > Y Wiy PPI5
Pumpingcost=H, | + z’zxzt BL°PPCL,, + iii B\ PPC2,,, + iiivﬁn‘f{’m PPDS,
+ Zn:zllzt:vﬂ’u‘ffm PPD7,, + UZIZIZVQE?{ PPAG,, + anZthg‘j‘g[ PPAT, .
LS SRS, ¢ S TR, + S Y 0L L,
T T T
+ZZP:Z DS PPE2,, + Z;Z Dyt PPN, + ZZDZZ D,""°PPN2, . (5.45)
+Y. ) Y G PPGL  + .Y Y Gl PPG2,, + ZZZ a™ PAQY,;,
o YYD s FU’Plepy:t YYD s PPIS 2(:,“ |
- Ta T T4

The pumping cost factors are determined by the Darcy-Weisbach equation:®

1 ¢ L(#of hours)($/kwh) (5.46)
0.0000576 D° n

PumpingCostFactor =

Where f is the friction factor, L is the pipe length, D is the pipe inner diameter and 77

is the combined pump and motor efficiency. The friction factor is based on the pipe

roughness, pipe diameter, and the Reynolds number.
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5.3.7 Tax credit reduction
This equation represents the revenues obtained by the reduction in the GHGE as tax
credits, this amount is obtained taking into account the GHGE obtained by the combustion

of fossil fuels (i.e. natural gas and oil)
TRC = H, [ (TR - Feo, ) Ruw | (5.47)

where TFZS" is the amount of total GHGE when only fossil fuels are used to power the dual
purpose power plant and F., is the amount of GHGE when fossil fuels, biofuels or solar

technology is used. R, is the tax credit for CO2 emissions.

The amount of GHGE are calculated as follows:
FCOZ — ZZZI:GHGEffOSS" . ;?S?i|]+ZZZ[GHGE§iOfueI . ll))yi;)f;]eljl (549)
f u t b u t

5.3.8 Objective function

The proposed multi-objective optimization model involves three important aspects.
The first one consists in maximizing the gross annual profit, as an economic function. The
second one is the minimization of the overall GHGE, as environmental objective. Finally,
the third one is the quantification of the jobs generated by the project, as a social objective.

OF = Max Annual Profit; Min OGHGE; Quantifying ONJobs (5.50)

The economic objective function consists in maximizing the gross annual profit, the
function includes water sales, energy sales, and tax credit reduction, minus the total annual

cost.
Annual Profit =Water Sales + EnergySales + TCR —TAC (5.51)

Where the annual water sales include the water sold to domestic, industrial and agricultural

users, and it can be calculated through the next relationship:
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Zh"”“ +Y Y s ZquNrd;’”‘JWDC
pr q
(5.52)
Water Sales=H, >’| + Zhagr + ZZSQE ot ZZSQ‘J‘?’]WAC
t q
+ Zh'“" +ZZSOE;”{‘ +ZZ:SQ“'J’J‘:‘1]WICt
L q o |
The energy sales can be calculated using the next equation:
Energy Sales = H Z[Z E*"-DEC,+ ZEa@" - AEC, + ZE'“" IEC } (5.53)

The total annual cost (TAC) includes the installation ( NPDinstcost), operating (

NPDopcost ) and energy consumption cost ( NPDenergycost ) for new power-desalination

plants, as well as the total operating costs for existing power-desalination plants (

TEPDopcost), the equation also includes the storage cost ( StorageCost), piping cost (
Piping Cost ), pumping cost ( Pumping Cost) and solar collector cost ( SolarCost ).

TAC = NPDinstcost + NPDopcost + NPDenergycost + EPDopcost

5.54
+ Storage Cost + Piping Cost+ Pumping Cost + SolarCost (5:54)

The environmental objective function (OGHGE) seeks to minimize the overall

greenhouse gas emissions, as an indirect environmental impact assessment. The equation

takes into account the GHGE for fossil fuels (GHGE,”™") and biofuels (cHgcE" ), the

emissions for the solar collector is assumed to be zero, according to the next equation:
MinOGHGE =" > 3| GHGE ™" -Q/% |
f u t

_,_ZZZ[GHGEEiomel . tl))l[(])ftlEl]
b u t

(5.55)

The quantification of jobs (ONJOBS ) is determined indirectly through the amount of
energy used (see Lira-Barragan et al.®®) based on the JEDI model (Jobs and Economic
Development Impact), in which the number of jobs can be obtained per kWh produced by

Ramon Gonzalez-Bravo




Optimal Design of Desalination Systems Thermally Coupled |

fossil fuels (NJOB™"), biofuels ( NJOBY ') and solar energy (NJOB**"), this objective can

be obtained as follows:
ONJOBS =33 37 NJOB™ -Q/Y |
u t
+20 2 [ NJoB; - Qr | (5.56)
b+ “ZtZI: NJOBSOIar . jSlar]
u t

5.4 Case study

As a case study is addressed the water scarcity problem in Hermosillo Sonora, Mexico
(Figure 5.2). This problem has been described by Gonzalez-Bravo et al.>” The city of
Hermosillo is located in the Sonoran Desert region where the low rainfall and the increasing
demand have led to a shortage of water from lakes, rivers, and aquifers. The most critical
situation occurred during 2012 when the Sonoran State Government proposed the
construction of an aqueduct that would bring water from EI Novillo dam to the inhabitants
of the Hermosillo city. Nonetheless, there was insufficient supply from EL Novillo dam
because of the water use for agricultural and drinking needs of the inhabitants of the Valle
de Yaqui region. This caused conflicts between the people of Hermosillo city and the Valle
de Yaqui tribe. The government decided to rule in favor of the inhabitants of the Valle de

Yaqui region. Consequently, there is a water shortage in the Hermosillo region.

Figure 5.2 shows a map of the region to be analyzed in the case study. Water demands
for domestic and industrial users from Hermosillo city, Obregon city, and Guaymas city are
taken into account. The agricultural users involve the irrigation districts 018, 041, 051 and
084. The considered water bodies include the Sonoran River, Yaqui River, and Matape River,
also the volume of water content in the “El Novillo” dam, “Alvaro Obregon” dam, “Ignacio
R. A.” dam, “Abelardo L. R. dam” and “El Molinito dam”. The study includes the aquifers
of the region, “Costa de Hermosillo”, “Guaymas” and “Valle de Yaqui”. It should be noted
that the “Abelardo L. R.” and “El Molinito”” dams are drained and the “Costa de Hermosillo”,
“Guaymas” and “Valle de Yaqui” aquifers are overexploited. Additional information has

been presented by Gonzalez-Bravo et al.’
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Figure 5.2. Overview of the addressed case study.

The Hermosillo region is near to the Sonoran desert and this represents an attractive
location for solar collectors, due to high direct normal irradiation (DNI) values (around 3,000
kWh/m?) as can be seen in Figure 5.3.%° Figure 5.4 shows the total energy received by the
solar collector and the useful energy in each month based on a solar collector efficiency of
50%.%! It should be noted in Figure 5.4 that the highest DNI is always around noon, reaching
its extreme between May and August. The solar collector was modeled according to the data
reported by Ligreina and Qoaider.? For this case, the dual-purpose power plant was modeled
using the data reported by a similar facility operated by the Qatar Electricity and Water
Company (QEWC).*2 The QEWC is the second largest company producing power and water
desalination in the Middle East and North Africa (MENA region). This company generates
electricity by 5,432 megawatts and produces 258 million gallons of water per day. The fuels
and biofuels taken into account are presented in Table 5.1, which contains its heating power,
overall GHGE, cost and number of jobs created by each fuel, whereas Table 5.2 shows the
maximum availability in each month for biofuels, this availability depends on the seasonality
as well as the production of agricultural waste.3* For the specific case, in Mexico there is
no restriction for the availability of fossil fuels to the operation of the dual purpose power

plant.
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Table 5.1. Data for fossil fuels and biofuels.384

Flel Cost Heating Power | Overall GHGE @ Number of jobs
$/MM kJ (kJ/kg) (ton CO2eq/kJ) (Jobs/kJ)
Fossil
Qil 26.195 45,200 8.05408 x10® | 1.81677 x10%
Natural gas 2.554 54,000 7.90892 x10® | 5.25431 x10%
Biofuels
Biomass 1.980 17,200 2.44307 x108 6.6964 x10°8
Biogas 7.215 52,000 2.68216 x10°® 5.25431 x107
Biodiesel 30.920 40,200 5.13283 x10°® 2.46582 x10°°
Bioethanol 13.915 29,600 5.8436 x10°8 2.87453 x10°°

Table 5.2. Maximum availability of fuels and biofuels (kg/month).3843

Fuel/Month Jan Feb Apr May Jun Jul Aug Sep Oct Nov Dec

Biomass 10,000 10,000 40,000 50,000 70,000 150,000 100,000 50,000 40,000 40,000 30,000 20,000

Biogas 5,000 5,000 6,000 6,500 6,500 10,000 10,000 10,000 8,000 7,000 6,000 5,000

Biodiesel 5,000 5,500 6,000 7,000 10,000 10,000 10,000 10,000 9,000 8,000 7,000 6,000

Bioethanol 10,000 11,000 12,000 12,000 15,000 15,000 15,000 15,000 14,000 13,000 11,000 10,000

5.5 Results and discussion

The proposed model was coded in the software GAMS. The solvers DICOPT in
conjunction with CONOPT and CPLEX were used to solve it.** The model consists of 9,714
equations, 10,058 continuous variables, and 720 binary variables. The model considers three
main objectives: Profit, OGHGE, and NJOBS. The model was solved using the constraint
method to obtain the Pareto curve taking into account only two objectives (Profit vs OGHGE)
because these objectives are to be reconciled. Meanwhile, ONJOBS are evaluated for each

point on the Pareto curve.

The results are presented through a Pareto curve (see Figure 5.6) where the points A,
B, C, D, and E can be identified. Point A represents the optimal results maximizing the Profit,
in this case, a total of 1.45 ton CO, x10'/y are released, and a total of 10,307 jobs are

generated. In this case, the optimal configuration for water and electricity distribution is
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presented in Figure 5.5. As it was expected, the results are similar to the results presented in
Gonzalez-Bravo et al.,*” in which the dual-purpose power plant is installed in the Hermosillo
beach at time period 1, the total amount of water produced in the dual purpose power plant
is injected to the “Costa de Hermosillo” aquifer (402x10° m®/y), the aquifer also receives
water from agricultural users (4.2x10° m®/y) and from natural recharge (250x10° m®y).
Where the agricultural users extract 416.7x10® m3/y of water from the aquifer annually. The
water for domestic users is taken from the “Costa de Hermosillo” aquifer (23.95x10° m®/y),
“El Molinito” dam (1.93x10° m%/y) and from the “Abelardo L. R.” dam (68.2x10° m®/y). The
water for industrial users is taken from the “El Molinito” dam (41.4x10% m®/y). In the case
of the Guaymas region, the “Guaymas” aquifer receives water from natural recharge (78x10°
m3/y) and for agricultural users (7.4x10° m®/y). The agricultural users extract water from the
“Ignacio L. A.” dam (0.784x10® m3/y). The domestic demands are supplied with water from
the “Guaymas” aquifer (18.2x10% m®/y) and from water produced in the Guaymas Il power
plant (9.6x10* m®y). While industrial demands are supplied with water from the aquifer
(6.9x10° m®/y). The agricultural users from the irrigation district 041 (2,106.2x10* m®/y) and
irrigation district 018 (235x10* m®/y) in Obregon are supplied by water from the “Alvaro
Obregon” dam. Also, domestic users (50.12x10% m®/y) and industrial users (20.7x10* m®/y)
are supplied with water from the “Alvaro Obregon” dam and “El Novillo” dam. Points B, C,
D, and E have similar results in the water distribution network. In point A, the new dual-
purpose power desalination plant has a maximum capacity of 4,880 MW and 1.4x10° m® per
day. In this case, the sales of water reach 1,552 MM$/y and the sales of energy are 1346.3
MM$/y. The total annual cost of the plant is 1,237.4 MM$/y, which accounts for the cost of
fuels (467.4 MM8$/y), the operational cost of a new power desalination plant (592 MMS$),
piping (1.1 MM$/y) and pumping costs (65.7 MM#$/y), and other operational costs of the
existing power plants (80 MM#$/y).

The economic results are shown in Figure 5.6. Point A has an annual net profit of
1,660.9 MM$/y, for this point, the CO2 emissions are 1.45x10" ton CO; eq/y and 10,307 jobs
are generated. Point B has an annual net profit of 1,627.9 MM#$/y, annual CO2 emissions of
1.44x10" ton CO2 eqg/y and 10,902 jobs are generated. Point C has a total annual net profit of
1600.8 MM$/y, Point C also has 1.42 x107 ton CO2 eq/y and 13,449 jobs are generated. Point
D has an annual profit of 1573.5 MM$/y, 1.40 x10’ ton CO2 eqg/y of CO, emissions and
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16,309 jobs are generated. Point E has an annual net profit of 1545.9 MM#$/y, it represents
6% less than the optimal solution of point A, this reduction is mainly due to the fixed cost of
the solar collector, which has virtually the same annualized cost as the installation cost of the
dual purpose power plant. In point E, there is a reduction of CO, emissions of 7.98x10° ton
CO:2 eqgly due to the installation of the solar collector. In this case, 19,781 jobs are generated.
The capacity of the dual purpose power plant for points B to E has the same capacity of the
point A (4,880 MW) however there are small differences in the fuel consumption. Figure
5.7 shows the annual fuel consumption for each point on the Pareto curve. The total energy
requirement in point A is totally fulfilled using natural gas, in this scenario no renewable
energy (biofuels or solar energy) was consumed. On the other hand, points B to E also include
energy from both biomass and solar. However, the use of biofuels is still very limited for this
region due to limited availability of biomass while the use of solar energy is restricted in this

case by the capital cost and land requirements.
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Figure 5.5. Optimal solution for point A.
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Figure 5.6. Pareto curve for the case study.

In terms of acceptability, the construction of this project would satisfy energy and
water requirements of 784,342 inhabitants and 117,360 hectares of crops in the Hermosillo
region, the water, and energy requirements of 409.310 inhabitants and 255.672 hectares of
crops in the Obregon region, and 149.299 inhabitants and 20.042 hectares of crops in the
Guaymas region. The project would also boost the development of 200 relevant companies
throughout the region.* Is important to analyze the effect of the TCR due to the GHGE, in
this case, tax credits of 5$/ton of CO- eq., 10%/ton of CO- eq., 20%/ton of CO; eq. and 30$/ton
of CO2 eq. where evaluated. Table 5.3 shows the effect over the total annual profit
accounting for the TCR, in general, the total annual profit is increased when the TRC is
raised, however, in this case, the variation of the profit is only important when the tax credits

are over 20$/ton of CO2 eq. and the overall GHGE are greater than 5x10° ton of CO: eq.
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Table 5.3. Sensitivity analysis for different values of the tax credit.

Total Annual Profit
Without  $5/tonof  $10/tonof  $20/ ton of $30/ ton of
Scenario  TCR  CO2equiv. CO2equiv @ CO2equiv CO2 equiv
A 1660.9 1660.9 1660.9 1660.9 1660.9
B 1627.9 1628.4 1628.9 1629.9 1631.4
C 1600.8 1602.3 1603.8 1606.8 1611.3
D 1573.5 1576 1578.5 1583.5 1591
E 1545.9 1549.9 1553.9 1561.9 1573.9
100% p—
99%
98% .
97%
96% .
95%
94% .
93%
92%
91%
A B C D E

B Natural gas M Biomass Solar energy

Figure 5.7. Fuel consumption for each Pareto point.
5.6 Conclusions

This chapter has presented a multi-objective mathematical programming model for
the optimal design of water distribution networks involving dual-purpose power plants and
renewable energy. The considered objectives are the maximization of the net annual profit
and the minimization of the overall greenhouse gas emissions while tracking the overall
number of new jobs. The optimal water distribution network and the existence of new dual-
purpose power plants are determined using binary variables, and the energy requirements are
satisfied using fossil fuels, biofuels, and solar energy. The optimal solution is subject to the
water and electricity demands of domestic, agricultural and industrial users. A systematic
solution approach for this multi-objective optimization model has been presented. The

Ramon Gonzalez-Bravo Ia



Optimal Design of Desalination Systems Thermally Coupled |

approach involves the solution of the multi-objective optimization formulation and the

construction of a Pareto curve to show the trade-offs of the involved objectives.

The water scarcity problem in the Sonoran Desert in the north-west of Mexico has
been considered as a case study. The results show important economic benefits due to the
installation of the new dual-purpose power plant Additionally, the integration of renewable
energy (biofuels and solar energy) can be an attractive option to satisfy water and energy in
water-stressed areas with high solar radiations, however biofuels availability, cost as well as
restrictions of land requirements for solar technology still as a disadvantage to compete
against fossil fuels. The tradeoffs have been presented and analyzed for the various solution
scenarios. Future works must have to take into account strict fluctuation of prices and

availability of fossil fuels in a stochastic optimization problem.
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CHAPTER VI

Defining Priorities in the Design of Power and

Water Distribution Networks

This chapter presents an approach for designing power and water distribution
networks involving the sizing, geographic location, as well as the economic, environmental
and social impacts, and taking into account the multiplicity of criteria for the stakeholders
involved in the development of operational policies and new facilities. In this chapter is
presented a method for defining solutions concerning to the design of power and water
distribution networks based on a multi-stakeholder environment. A multi-objective
optimization model, considering economic, environmental and social factors, is used for
illustrating how the different criteria, about priorities of the stakeholders, affect the design of
the system and how to propose a solution for achieving a tradeoff between the multiple
stakeholders. The proposed method was applied to an electric and water stressed scheme in
the north of Mexico, the results show that the minimization of the dissatisfaction of the
involved systems can provide an optimal solution that meets the objectives of all

stakeholders.
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6.1 Introduction

Energy and water are very important resources for the development of the modern
society. The growth of the urban areas, agricultural crops, and industrial facilities has
increased the use of both resources.! The distribution problems have increased significantly
because of the availability of water and the current scheme of water and power distribution
(centralized distribution).? The development of liberalized electricity and water markets
impels the design of new strategies,® taking into account economic, environmental and social
aspects.* In the case of water, the first problem is the allocation of water resources. The
natural sources of fresh water are limited and the access is restricted by factors such as
political issues,® transportation cost, treatment,® lack of adequate pricing policy on water
supply,” exploitation limits,® policies based on rationalization of resources® and scarcity.°
Due to these factors, the current water distribution systems have to consider the external
consumption. Usually, water is transported from a source in remote areas. This way, the
problems involved in the design of water distribution networks have different dimensions.
The economic dimension of water distribution networks has been addressed considering
aspects as cost of treatment intended for human consumption®! or for sanitary use,*? cost of
pipelines,®* maintenance of the network,'* pumping,® efficiency in energy consumption,®
cost of utilities’” and cost of extraction.'® The environmental dimension has considered the
life cycle assessment analysis,® emissions generated by the system?® and reducing water
losses.?! The social dimension has focused on improving the behavior of the final user,?? final
usage?? and conflicts in the distribution between different communities and users.?*

The design of power distribution networks has similar problems to the water
distribution networks. The economic dimension of the design has considered sizing the
system,?® reducing energy losses in distributed generation,?® and transmission based on
centralized generation,?” increasing the generation efficiency,?® maximizing the profit,?°
improving the fuel consumption® and the maintenance of the transportation lines.3! The
environmental dimension has focused on the emissions, life cycle assessment3 and water
consumption.3* The social impact involves the response of the system to the behavior of the
end user® and the economic benefit to local communities.®® The study of power distribution
networks has been applied by many authors, in which the prices of electricity consumption
and the future growth have an important role in the decisions making, these strategies have
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been applied in the electricity sector in Italy,®” Hong Kong,® Japan,*® Denmark* and
Hungary.*

Other strategies have been introduced to analyze the use of desalination systems to
provide fresh water in water-stressed areas.*? In this context, macroscopic water networks
have been incorporated to involve seawater, groundwater and desalination plants in the
system.*® Furthermore, other approaches considered the monthly fluctuating demands in
designing macroscopic water networks.** Nowadays, the integration of renewable energy
based on existing desalination technologies is very important,*® involving small and large
power capacities*® and also to reduce the CO, emissions.*’ It should be noticed that the
integration of desalination and power production is a good option to reduce the desalination
cost.*® Power-desalination schemes have been widely used in cities of the middle east, in
which the production of water and electricity have the advantage of reducing the
environmental impact and energy consumption.*® The integration of power-desalination
systems in the synthesis of water distribution networks represents an attractive option to
satisfy water demands in arid regions.>

Due to the high impact of these projects is important to assess the effect of each part,
which implies that the optimal solution must satisfy each stakeholder. These multiple
objectives in the design of water and energy distribution networks have increased the
complexity of the design process. The decision-makers have different criteria about the
objectives. Most of the investors have preferences for the economic benefits,>! the
communities and government have focused on the environmental impact and social benefits
of the new systems.>? Sometimes, these actors show different interest levels about the design
objectives according to with local or personal priorities and perspectives about the project.
These different criteria have led to conflicts between the different stakeholders. A
compensated solution or a multi-objective analysis is not enough in these cases. When the
problem implicates an interesting conflict between all the stakeholders involved, the analysis
considering the Pareto optimal solutions, using the own criteria of the designer based on a
multi-objective approach, could be not enough for sensitizing to the actors about the effects
of their priorities in the final configuration of the system. Then, it is not possible to provide
an effective framework for discussing solution paths to the conflict and to propose a

compromise solution that could reach the satisfaction between all the part-takers. Therefore,
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a tool that can show the impact of the priorities stablished by the stakeholders in the design
can help to solve the conflicts or show different impacts in the design caused by the different
levels and preferences in the priorities and it can lead to a dialogue between the part-takers
in the final decision about the system.>

In this chapter is presented a method for designing water and energy distribution
networks considering the multi-stakeholder environment. Economic, environmental and
social objectives are considered for defining the priorities of the stakeholders. The proposed
solution approach takes into account different levels or weights in the preferences about the
objectives of the stakeholders. Finally, an approach for trading-off the different criteria is
introduce as well as the levels of dissatisfaction of the stakeholders with this configuration

in the design of the system.
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Figure 6.1. Proposed superstructure for water and power distribution networks.

6.2 Mathematical model

The mathematical formulation for synthesizing power and water distribution
networks is based on the superstructure shown in Figure 6.1. In this figure, there are defined
the water and electricity demands for domestic users (r), industrial users (0) and

agricultural users (g ), in which the water demands can be supplied by the existing water in

the aquifers (i), by extracting water from the existing deep wells in each region ( j ) and also
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the water in dams ( x ). Here, there is considered the location of existing storage tanks ( p)
as well as the installation of new storage tanks ( p), if it is necessary, in which the storage

tanks, represent the artificial storage for water either new or existing On the other hand, the
energy demand is satisfied by the electricity produced in the existing power plants (n) as

well as the possible installation of new power-desalination plants (u), where the fuel
requirements of the dual-purpose power plant can be fully satisfied using fossil fuels ( ),

biofuels (b ) and/or solar energy.

The proposed mathematical model includes accumulation balances in aquifers, mass
balances in deep wells, equations to account the water demand for domestic, industrial and
agricultural users, as well as accumulation balances in dams, new and existing storage tanks,
also the mass balances of the existing and new power and desalination plants. The electricity
production is performed using energy balances of the existing and new power and
desalination plants, these equations account for the energy demands of domestic, industrial
and agricultural users. The formulation includes binary variables to determine the existence
of new storage tanks as well as the existence of new power and desalination plants, where
the operations include fixed and variable costs, the formulation also includes pumping and
piping costs.

6.2.1 Objective functions

In this case, it is needed a multi-objective optimization problem, this formulation
includes the maximization of the gross annual profit (economic objective) and the
maximization of the jobs generated by the project (social objective), also the formulation

accounts for the minimization of the overall green house gas emissions (GHGE) as

environmental objective.

OF = Max AnnualProfit; Min OGHGE; Max ONJobs (6.1)

The multi-stakeholder decision problem implies the priorities of investors (

AnnualProfit ), environmental damage (OGHGE ) and the social acceptability (ONJobs ).

Where the economic objective includes the maximization of water sales, power sales, tax
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credit reduction at the minimum total annual cost of the power and water distribution

network, according to the next equation:
Annual Profit =Water Sales + PowerSales + TCR — TAC (6.2)

where, the water sales involves the water consumed by the domestic, industrial, and

agricultural users:

S+ ST T jwoc
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(6.3)

+

The power sales are defined as the electricity consumed by domestic, industrial and

agricultural users:

gt

PowerSales = H, Z{Z E'"-DEC, + Y EX -AEC, +) EJY - IECt} (6.4)
t r g [}

The total annual cost (TAC ) accounts for the installation ( NPDinstcost ), operating (

NPDopcost ) and energy consumption costs ( NPDenergycost) for new power-desalination
plants, the equation also includes the total operating costs for existing power-desalination
plants (TEPDopcost ), Storage cost ( StorageCost ), pPiping cost ( Piping Cost ), pumping cost (
Pumping Cost ) and solar collector cost (SolarCost ).

TAC = NPDinstcost + NPDopcost + NPDenergycost + EPDopcost

6.5
+ Storage Cost + Piping Cost+ Pumping Cost + SolarCost (63)

The social objective seeks to maximize the generation of external jobs (ONJobs),

where the number of jobs can be determined according to the kilowatt hour produced by

fossil fuels (NJOB/™"), biofuels (NJOB™*'), and solar energy (NJOB®*'):
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ONJOBS =" >"[ NJOB,"-Q[% |
fou t
+ ZZZ[ NJOBSiofuel . giftfueljl 66)
b u t
+ZZ[NJOBSOIM _Qusilar:l
u t

where the amount of heat produced depends on the monthly availability of fossil fuels (

AVB.") and biofuels (AVF™*) multiplied by their heating power value, HPF, for fossil

fuels, and HPB, for biofuels:
Q" <HPF,-AVF*  vf eF,VteT (6.7)

Q™ <HPB,-AVB[™  VheB,VteT (6.8)

solar
ut

The energy obtained by the solar collector (Q%*) is equal to the usefully collected

energy (UCESY™ ) multiplied by the effective area of the solar collector ( Sfi'e‘r):

QY™ =UCES™ - A%,  VueU,vteT (6.9)

u,

The environmental objective function accounts for the overall GHGE, as an indirect

measure of environmental impact, this function involves the GHGE emitted by fossil fuels (

GHGE™") and biofuels (GHGE™"'), and the emissions for the solar collector are assumed

as zero.

fut

+ZZZ[GHGESiOfueI . Elsftjel:l
b u t

MinOGHGE = ZZZ[GHGEJOSS“ . fossil]
S (6.10)

6.2.2 Multi-stakeholder decision-making model

The multi-objective solution must be selected from the Pareto set, in this sense, the

multi-stakeholder strategy uses the coordinates of the utopia point (UP ), this point represents

the lower bounds (LB ) of the proposed objective functions ( AnnualProfit"®; OGHGE"®;

ONJOBS'®); on the other hand, the upper bounds (UB) (AnnualProfit”®; OGHGE"Y®;
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ONJOBS"®) represent the Nadir solution ( NS). In this case, these objectives are opposites,
then by scaling the objective functions using the UP and NS, the following equations to

solve the optimization problem are obtained:

Economic objective function:

AnnualProfit”® - AnnualProfit

- 6.11
¢ AnnualProfit”® — AnnualProfit"® (6.11)
Social objective function:
uB
~ ONJOBS ONJOBS (6.12)

¥ = ONJOBS™ _ONJOBS™®

Environmental objective function:

OGHGE — OGHGE"®
7= — - (6.13)
OGHGE"® ~OGHGE

Is important to notice that the compromise solution is to reduce the absolute distance
between the proposed points and the objective functions (UB and LB points), the main idea
is to obtain an optimal value satisfying all parts, and this solution must be a Pareto optimal

solution. Then, the compromise solution (CS ) is stated as follows:
min CS=p+y+71 (6.14)

The objective function values have been scaled; then, their values lie in the interval

[0.1]

0<p<1 (6.15)
0<y<1 (6.16)
0<r<1 (6.17)

By assigning weights to the CS function and taking into account k number of
stakeholders, where each stakeholder has an individual solution (FS,) that represents a

different configuration of the system according to the weight assigned to the different
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objectives. These weights represent the levels of preference of the stakeholder over the
objective functions. In this way, it is possible to formulate different solutions according to

the individual priorities of the stakeholders:

FS, = W@, + Wy, +W"z,,  VkeK
(6.18)

Then average solution ( AF ) to account the weighting of all stakeholders is given by:

(6.19)

Finally, the compensated solution of the problem seeks to minimize the average of

the dissatisfactions and the main objective function is stated as follows:
min|CS — FS| (6.20)

This solution represents a point in the Pareto curve that is compensative with the
priorities of all the stakeholders. It is expected that the final configuration of the system
prioritizes the objectives with a significant weight in the preferences of the established set of

stakeholders.
6.3 Case study

The case study involves one of the most critical situations of power and water supply
in the north part of Mexico, in the zone near to the Sonoran Desert. This region has one of
the highest electricity consumption of the country; this is because there are severe weather
changes because of the proximity to the Sonoran Desert. Also, there is an unequal distribution
of water resources, which has generated a competition between the domestic sector and the
agricultural sector, the main reason has been the lack of rain and prolonged drought and
strong population growth in the region. This has generated a strong overexploitation of
groundwater and surface water, which has led to problems among the inhabitants of the driest
regions by the dispute of this resource. Figure 6.2 shows an overview of the analyzed
problem. Figure 6.3 shows the description of the involved domestic, industrial and

agricultural users presented in the case study, as well as the involved natural sources, existing
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power plants and the possible location of new power desalination plants. A deep description
of the problem was described by Gonzalez-Bravo et al.*

Sonoran ,
Desert”™

Figure 6.2. Location for the case study.

Water and energy consumers Natural sources

Domestic users Existing Dams
DHS = Hermosillo, Sonora ALR = Abelardo L. R.

DOS = Obregon, Sonora EMD = El Molinito
DGS =Guaymas, Sonora END = El Novillo

AOD = Alvaro Obregén
Industrial users TAR = Ignacio R. A.
IHR = Hermosillo. Sonora
I0B = Obregon, Sonora
DERTCarTs Soren ﬁ Existing Power Plants:

_ PLPP = Puerto Libertad Power Plant
Agricultural users G2PP = Guaymas 11 Power Plant
DRO51 = Irrigation district 51

DRO84 = Irrigation district 84 :
DRO18 = Irrigation district 18 ﬁ Location of new Power Plants

Gt s e e P CHPP = Costa de Hermosillo Power Plant
AL e e VYPP = Valle de Yaqui Power Plant

Figure 6.3. Description of the involved users and sources for the case study.
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This problem involves the water and electricity demands for three cities, Hermosillo,
Guaymas and Obregon in the Mexican state of Sonora. Figure 6.4 shows the electricity
demands for domestic, agricultural and industrial users of the involved cities. Domestic
demands have variations through the year with peaks in the hottest months, while industrial
and agricultural demands remain constant through the year. Figure 6.5 shows the water
demands for domestic, agricultural and industrial users, in this case, the consumption of water
decreases in the hottest months due to the low rainfall, also the consumption of agricultural
users depends on the crop as well as the irrigation season though the year. It is worth to notice
that in this region there is an irregular distribution of water resources,> agriculture spends
93% of total available water, while 5% corresponds to the domestic sector, 1% to the

industrial sector and 1% to the livestock sector and others.>®

In this case, the energy requirements for power and water production (power-
desalination plant) can be supplied by the fossil fuels, biofuels, and solar energy. The data
for fossil fuels and biofuels are shown in Table 6.1, which shows the heating power, overall
GHGE, unit costs and the number of jobs generated by each fuel.>® The generated data are
determined indirectly for the production of fossil fuels, biofuels and the operation of the solar
collector using the JEDI model (jobs and economic development impact) for quantifying the
number of jobs generated per kilojoule produced by each energy source.®>” Table 6.2 shows
the maximum availability in each month for biofuels,® which depends on of the availability
of biomass in the region. On the other hand, the Sonoran Desert is an attractive location for
solar technology, it has high direct normal irradiation (DNI) values as shown in Figure 6.6.%°
Figure 6.6 also shows monthly useful collected energy based on a solar collector efficiency
of 55%, in which there are maximum peaks of DNI between May and August. The power-
desalination plant is modeled using data obtained from the Qatar Electricity and Water
Company report,%° this company generates 5,432 megawatts and produces 258 million

gallons of water per day.

The addressed problem involves three points of view. First, the society requires
meeting the demands for water and energy, on the other hand, the environment has been
affected by overexploitation of water resources due to the extreme conditions of the region.
Finally, the investors prefer to get the economic benefit, no matter the society demands and
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the environmental depletion. These conditions lead to the development of different criteria
with different levels, or weights, of importance over the objective functions that are showed
in Table 6.3.
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Figure 6.4. Electricity demands of the case study.
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Figure 6.5. Water demands for the case study.
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Figure 6.6. Useful collected energy for the case study.>®

Table 6.1. Data for fossil fuels and biofuels.>”>8

Cost Heating Power | Overall GHGE | Number of jobs
Fuel S/MM kI (kJ/Kg) (ton CO2eq/kJ) (Jobs/kJ)
Fossil
Oil 26.195 45,200 8.05408 x10® 1.81677 x10'1!
Coal 1.741 35,000 2.21357 x10°8 1.06281 x101*
Natural gas 2.554 54,000 7.90892 x10°® 5.25431 x10%!
Biofuels
Biomass 1.980 17,200 2.44307 x10°® 6.6964 x108
Biogas 7.215 52,000 2.68216 x10°8 5.25431 x10”7
Biodiesel 30.920 40,200 5.13283 x10°® 2.46582 x10°®
Bioethanol 13.915 29,600 5.8436 x10® 2.87453 x10°®

Table 6.2. Maximum availability of fuels and biofuels (kg/month).>’

Fuel/Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Biomass 10,000 | 10,000 @ 40,000 = 50,000 @ 70,000 . 150,000 ; 100,000 : 50,000 & 40,000 @ 40,000 & 30,000 | 20,000
Biogas 5000 | 5000 | 6000 | 6500 | 6500 | 10,000 @ 10,000 | 10,000 ; 8000 ; 7,000 ; 6000 | 5000
Biodiesel 5000 | 5500 | 6000 | 7,000 | 10,000 : 10,000 | 10,000 | 10,000 ; 9,000 ; 8000 ; 7,000 | 6,000

Bioethanol | 10,000 | 11,000 | 12,000 | 12,000 ; 15000 ; 15000 . 15000 . 15000 ; 14,000 | 13,000 . 11,000 ; 10,000
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6.4 Results and discussion

The proposed model was coded in the software GAMS and it was solved using the
solver BARON.%! The model consists of 9,724 equations, 10,062 continuous variables, and
720 binary variables, where the average CPU time was 13,116 s in a computer with an i7
Intel core processor at 3.20 GHz and 32 GB of RAM. The model was solved using the multi-
stakeholder theory to find the solution that minimizes the dissatisfaction of the involved
objective functions. The model involves opposite goals, the economic objective function
seeks to maximize the total annual profit, as well as the social objective function which seeks
to maximize the number of jobs generated by the project, and on the other hand, the

environmental objective function seeks to minimize the overall GHGE.

The electric and water demands for domestic, industrial and agricultural users were
met based on the proposed model, taking into consideration the information provided in the
case study. Twenty stakeholders with different criteria about the priorities in the design
objectives were considered and the results are shown in Figure 6.7, and the results for each
stakeholder are presented in Table 6.3. These criteria reflect the main levels of preference
and priorities over the objective functions of the stakeholders involved in the decisions about
the design of the system presented. As most of the multi-objective problems, it is possible to
show different Pareto optimal solutions exploring the generated Pareto surface, but the main
interest is to provide the discussion framework for defining the effects of the priorities, see
equation (18), and to propose a compromise solution that reduces the levels of dissatisfaction
between all the different stakeholders, in this way is possible to reduce the levels of conflict
in the final configuration of the system, see equation (20). The number of stakeholders is
defined by the total of decision-makers involved in the conflict and the final decision about
the definitive. It means that it is possible to consider just a single actor who defines the
priorities of the system or a defined number of criteria. In this case, the twenty stakeholders

considered reflecting the main levels of preference over the objective functions.

Figure 6.7 shows the Utopia point (UP), which represents the desired values of the
considered objective functions. This UP is located on 46,050 jobs generated by the project,
which represents the maximum number of the jobs generated by the project, and also
represents the 100% of satisfaction of the social objective. The net profit at the UP is 1660.93
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MM$/y, which represents the maximum economic benefit of the project and overall, and
represents the 100% of satisfaction of the economic objective, in this point (UP), the GHGE
of 1.3551 x10’ ton CO; eq/y are obtained, which are the minimum value of GHGE emitted
to the environment, and this point represents the 100% satisfaction of environmental

objective.
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Figure 6.7. Solution for different sets of stakeholders.

It should be noted that the UP is infeasible because is outside of the feasible region,
however, it is very important to locate this point because it helps us to obtain the feasible
solution which minimizes the dissatisfaction of all stakeholders. The Nadir solution (NS)
represents the undesired values of the considered objective functions, it is located on 10,307
jobs, a net profit of 424.27 MM$/y and 1.4544x107 ton CO2 eq/y, these three points represent
the total dissatisfaction of the involved stakeholders. The compromise solution is denoted as
CS and it is located on 28,146 jobs, a total net profit of 1610.936 MM$/y and 1.3609 x10’
ton COz eqly, this point represent the solution which minimizes the overall dissatisfaction of
all stakeholders. Also, it is important to note that almost all the solutions obtained by the

proposed stakeholders are around the optimal economic value and the minimum overall
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GHGE. In which the profit decreases at the same time that the solar field is installed and the

use of biofuels are increased. This means that the number of jobs generated by the project is

the variable that is more sensitive to the slight changes in each configuration, this is also

supported by the values (CS-FS) obtained in Table 6.3, where the dissatisfactions of the

involved goals increase according to the weight assigned to the social objective. In this case,

the social objective is the less favored by the construction of the project.

Table 6.3. Solutions for water and energy distribution network problem.

eco amb  ,s0c . OF eco OF amb OF soc CS CS-FS
Stakeholders| W W W (MMS$/y)  (ton CO,eqly)  (jobs)  value Dissatisfaction
0 1 1 1 166093  1.3559 x10’ 28,495 = 0.509 --
1 1 0 0 1,660.93 1.4544 x10’ 10,307 0 0.000747
2 0 1 0 456.20 1.3551 x107 33,046 0 0.010889
3 0 0 1 424.27 1.3559 x10’ 46,050 0 0.503714
4 0.33 0.33 0.33 146093 1.3963 x10’ 23,041  0.169 0.170069
5 05 05 0 | 1,660.93  1.4039 x10’ 19,046  0.084 0.005818
6 0 05 05 1,302.27 1.3759 x10’ 31,069 0.256 0.257302
7 0.5 0 05 166093 1.4137 x10’ 18,0565 0.179 0.252231
8 0.7 03 0 | 1,600.93  1.3869 x10’ 22,081  0.054 0.003790
9 03 0.7 0 154093  1.3729 x10’ 23,384  0.074 0.007846
10 0 0.3 07 130027 1.3863 x10’ 29,056 @ 0.321 0.355867
11 0.7 0 0.3 1,660.93 1.3762 x10’ 25,055 0.107 0.151637
12 0.3 0 0.7  1,490.93 1.3641 x10’ 28,046 @ 0.251 0.352824
13 015 0.7 0.5 1,187.56 1.3664E+07 28,046 @ 0.595 0.083291
14 0.7 015 0.15 1,569.23 1.3741E+07 28,632  0.076 0.077713
15 0.15 0.15 0.7 @ 102532  1.3865E+07 33,286  0.283 0.354345
16 02 02 0.6 1,20354 1.3841E+07 33,145 0.262 0.304556
17 02 06 02 152036  1.3776E+07 28,632  0.112 0.107426
18 06 02 0.2 1,660.00 1.3825E+07 28,632  0.102 0.103369
19 035 035 0.3 1570.00 1.3896E+07 27,046  0.155 0.155187
20 08 01 01 166021 @ 1.4143E+07 23,511 | 0.051 0.052058
Utopia point 1,660.93 @ 1.3551 x10’ 46,050 UP
Nadir solution 424.27 1.4544 x107 10,307 NS
Compromise solution 1,610.01  1.3609 x10’ 28,146 CS

Is important to note that the social objective (number of jobs) has a high sensitiveness

in each configuration, Figure 6.8 shows the variation of net profit accounting for the fuel

prices. Nowadays, fuel prices have high fluctuations during the year, which may affect the

net profit of the year, principally natural gas prices.
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Figure 6.8. Variation of net profit accounting for fuel prices.

Figure 6.9 shows the power and water distribution network for the optimal economic
solution (OF eco). This solution represents the 100% of satisfaction to the investors. The
figure represents the synthesized power and water network at minimum cost, where there is
obtained a net annual profit of 1660.93 MM#$/y, with 10,307 jobs generated by the project,
and 1.4544 x10" ton CO- eqg/y. In this case, the total amount of water produced in the power-
desalination plant is injected to the CHA aquifer. The water demands for domestic and
industrial users in Hermosillo city are satisfied by water from the Costa de Hermosillo aquifer
as well as water extracted from the EMD and ALD dams, the total amount of water to the
DRO51 users is extracted from the CHA aquifer. The water demands for Guaymas city are
satisfied from the GSA aquifer, while the water demands for DR084 users are satisfied using
water from the IAD dam. The water from the END and AOD dams are enough to satisfy the
water demands of users of Obregon city as well as the volume of water used by the DR041
and DRO18 users. The electricity demands for domestic, industrial and agricultural users are
totally fulfilled by the installation of a power-desalination plant with a total capacity of 4,880
MW in Costa de Hermosillo (CHPP) plus the electricity generated in the existing power
plants in the region (PLPP and G2PP). In this case, the total energy requirement of the power-

desalination plant is satisfied using natural gas as shown in Figure 6.13a.
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i ; .

Figure 6.9. Optimal economic solution for the case study.

Figure 6.10 shows the power and water distribution network for the optimal social
solution (OF soc). This solution represents the 100% of satisfaction for the inhabitants of the
region. In this case, 46,050 jobs are generated, and 1.3559 x107 ton CO- eq/y are emitted, a
total annual profit of 424.27 MM#$/y is obtained, this value differs from the optimal economic
solution because of the installation of two power-desalination plants, the first one in Costa
de Hermosillo (CHPP) with a total capacity of 2,548 MW and the other one in the Valle de
Yaqui region (VYPP) with a total capacity of 2,332 MW. The total energy requirement of
the power-desalination plant is satisfied using natural gas, biofuels, and solar energy, the fuel
consumption profile is shown in Figure 6.13b. The results show that the use of biofuels and
solar energy increases considerably the number of jobs. On the other hand, the obtained
water-energy network satisfies the total demands of the region, however, there are additional
pipes to send water to the Hermosillo region from the END dam. These variations have

increased the number of jobs generated by the project.
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Figure 6.10. Optimal social solution for the case study.

Figure 6.11 shows the water and energy distribution network for the optimal
environmental solution (OF amb). This solution represents the optimal solution that
minimizes the environmental impact. In this case, a total annual profit of 456.20 MM$/y is
obtained and 33,046 jobs are generated, in this case, the emissions of CO2 eq/y are 1.3551
x107. The water-energy distribution network is similar to the distribution obtained in the
optimal economic solution, however, in this case, the maximum solar area and the maximum
available biofuels have been used to supply the power-desalination plant, this has reduced
the amount of CO2 eq emitted to the air. The total energy requirement of the power-

desalination plant is shown in Figure 6.13c.
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Figure 6.11. Optimal environmental solution for the case study.

Figure 6.12 shows the solution that minimizes the dissatisfaction for the involved
objective functions, the water-energy distribution network is similar to the one obtained using
the environmental and economic objectives, there are minimal changes in the water
distribution network, this is because the solution is closer to the region in the graph (Figure
6.7) that represents the minimum GHGE and the maximum net profit. In this case, a total
annual profit of 1,489.33 MM#$/y is obtained, 26,046 jobs are generated and a total of 1.3679
x107 ton of CO2 eq/y are emitted, this solution represents a feasible solution on the Pareto
curve. The total energy requirement of the power-desalination plant is shown in Figure
6.13d.
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Figure 6.12. Minimization of dissatisfactions for the case study.
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Figure 6.13. Total energy consumption.

Ramon Gonzélez-Bravo Iﬂ




Optimal Design of Desalination Systems Thermally Coupled |

6.5 Conclusions

This chapter has presented a method for applying the multi-stakeholder environment
into the synthesis of water and energy distribution networks. The considered objectives take
into account the economic, environmental and social impacts in the development of
operational policies and new facilities. The proposed mathematical model takes into account
water and energy demands of a water and energy stressed scheme, in which those demands
can be satisfied by the existing natural sources of the region (water content in aquifers and
dams) as well as the possibility to produce water and energy by the installation of power-
desalination plants. The proposed method identifies the optimal solution that minimizes the
dissatisfaction levels of the involved stakeholders. This formulation was applied to the water
scarcity problem in the northwest of Mexico (Hermosillo, Guaymas, and Obregon), in which
the results show important economic, environmental and social benefits that satisfy the
inhabitants of the region, the possible investors and taking into account the environmental
impact. It is worth to notice that despite that the objective functions are contradictories,
feasible solutions that satisfy the involved stakeholders can be obtained using the proposed
method.
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mNomenclature Chapter 11

Indexes.

I Hot stream

J Cold stream

k Index stage

i Subset for hot process streams

J Subset for cold process streams

NOK Total number of stages
Sets.

CS Cold streams

HS Hot streams

SN Stage number

cu Cold utilities

hu Hot utilities
Parameters.

B.s Temperature independent base value for the permeability, kg/(m?-s-Pa-K!334)
Ci}(c Area cost coefficient for intermediate heat exchangers, $/m?
C Area cost coefficient for cooling utilities, $/m?
h

C ju Area cost coefficient for heating utilities, $/m?

Ce. Unit fixed cost for the heat exchangers between process streams, $
Co Unit fixed cost for coolers, $

h

CF;J Unit fixed cost for heaters, $

CEMD Unit capital cost of the membrane, $/m?

C:,':,A P Unit non-membrane capital cost, $/(kg/s)

CZ")V'D Unit operating cost for the TMD module, $/kg

CCuU Unit cost of cold utility, $/kJ

CHU Unit cost of hot utility, $/kJ

Cpfeed Specific heat capacity for the feed stream, kJ/(kg-K)

H., Operating time for the plant per year, s/y

Hi Fouling heat transfer coefficient for hot stream i, KW/(m?-K)

Hj Fouling heat transfer coefficient for cold stream j, kW/(m?-K)
HCu Fouling heat transfer coefficient for cooling utilities, kW/(m?-K)
H,, Fouling heat transfer coefficient for heating utilities, KW/(m?.K)
Ke Factor used to annualize the capital cost
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K, Thermal conductivity of the membrane, KW/(m-K)

P Air pressure in the membrane pores, Pa

PM . Molecular weight for NaCl, g/mol

PM,, Molecular weight for water, g/mol

Qi Upper bound for heat exchanged for match (i, j), k/s
Q:VI AX Upper bound for heat exchanged for hot streams, kJ/s
Q;\"Ax Upper bound for heat exchanged for cold streams, kJ/s

r Pore radius, m

R Universal gas constant, J/mol K

Tou Supply temperature of raw water feed stream to TMD, K
Torine Temperature of the brine, K

T;’e“rtm Temperature of the permeate, K

'I'iouT Target temperature for hot stream, K

TJ.OUT Target temperature for cold stream, K

Tour Outlet temperature for the cold utility, K

'|'ohuuT Outlet temperature for the hot utility, K

Vperm Value per kg of permeate, $/kg

anual Income for wastewater treatment, $/kg

Vi Unit income for waste water treatment, $/kg

W, Wastewater flow rate, kg/s

Wi Raw feed flow, kg/s

Y foed Mass fraction of impurities in the raw water

Yorine Mass fraction in brine stream

AT, Minimum approach temperature difference, K

AT,'}"AX Upper bound for temperature difference for match (i, j), K
ATiMAx Upper bound for temperature difference for hot streams, K
ATJ.MAX Upper bound for temperature difference for cold streams, K
o Membrane thickness, m

& Water recovery for TMD module

0 Temperature polarization coefficient

T 3.141516.

T Pore tortuosity
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Positive variables.

A,
AFCTMD

AOCTMD
b

w

dt; ;
dt-CU

dt™

J

deltat
fCp,
fCp;
Ju

vap
wfeed

vap
pwperm

i

g
q;"

qcond

Qvap
TAC
t k
tix
Liteed
t

bperm

TMD
feed

m

mbrine

~ ~ ~ o~

mfeed

Membrane area, m?

Capital cost for the TMD unit, $

Operating cost of TMD unit, $/s
Membrane permeability, kg/(m?-Pa)

Temperature approach difference for match (i, j) at stage k, K

Temperature approach difference for match between hot stream i and a cold
utility, K

Temperature approach difference for match between hot stream j and a hot

utility, K
Temperature difference on both sides of the membrane, K
Heat capacity flow rate for hot stream i, kJ/(s-K)

Heat capacity flow rate for cold stream j, kJ/(s-K)
Water flux across the membrane, kg/(m?-s)
Water vapor pressure of the feed, Pa

Water vapor pressure of the permeate, Pa

Heat exchanged between hot process stream i and cold process stream j in
stage k, kJ/s
Heat exchanged between cold utility and hot stream i, kJ/s

Heat exchanged between hot utility and hot stream j, kJ/s
Heat lost per unit area of the membrane, kJ/s-m?

Rate of heat used in vaporizing the flux per unit area of the membrane, kJ/s-m?
Total annual cost, $/y
Temperature of hot stream i at the stage k, K

Temperature of cold stream j at the stage k, K

Temperature of the feed in the bulk, K

Temperature of the permeate in the bulk, K
Supply temperature of the TMD unit, K

Average temperature, K
Temperature of the brine at the TMD unit, K

Temperature of the feed at the membrane, K
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tmperm Temperature of the permeate at the membrane, K

ti'N Inlet temperature for hot stream i, K

ti'.N Inlet temperature for subset of hot process streams i’, K

tiouT Outlet temperature for hot stream i, K

tJ!N Inlet temperature for cold stream j, K

t}'.“ Inlet temperature for subset of cold process streams j’, K

" Outlet temperature for cold stream j, K

Vo Annual value of permeate, $/y

sz Flow rate of the brine, kg/s

WTPQ"me Flow rate of the permeate, kg/s

Wi TMD feed flow rate, kg/s

Xnacl Mole fraction of NaCl in feed

Xy teed Mole fraction of water in feed

Yo Mass fraction of the feed in TMD

Ahvw Latent heat of vaporization for water, kl/kg

B Exponent for area cost

() Small number

v Ratio of recycled reject to raw feed, kg recycled reject/kg raw feed
N conduction Heat loss owing to conduction in the membrane

Mrhermal Overall thermal efficiency of TMD module

V wieed Activity coefficient of the water in feed

Binary variables.

Zi, ik Binary variables for the existence of intermediate heat exchanger units
Zicu Binary variables for the existence of heat exchanger units for the HS
Z?u Binary variables for the existence of heat exchanger units for the CS

Free Variables.
Profit Total profit in heat network exchange TMD system, $/y
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mNomenclature Chapter 111

Indexes.

1 Units connected in parallel

1’ Subsequent line for i

k Units connected in series

Parameters.

Al Maximum permissible area in TMD unit, m?

B.s Temperature independent base value for the permeability,
kg/(m?-s-Pa-K13%%)

covP Fixed cost of the TMD module, $/m?

chP Fixed cost of the TMD module, $/(kg/s)

CiwP Installation cost of the TMD module, $/m?

Cop’ Operational cost of the TMD module, $

CostHein Cost of heat utility, $/kW
Cost®™" Cost of cold utility, $/kW

Cpi Specific heat capacity for the feed stream, kJ/(kg-K)
cp Specific heat capacity for the rejected stream, kJ/(kg-K)
Cp/y"° Specific heat capacity for the stream fed the TMD unit, kJ/(kg-K)
H, Operating hours for the plant per year
K: Factor used to annualize the capital cost
PM.c Molecular weight of NaCl
PM,, Molecular weight of water
TPW™ Minimum amount of total permeate water, kg/s
TPW™ Maximum amount of total permeate water, kg/s
TRW™ Minimum amount of total feed water, kg/s
TRW™ Maximum amount of total feed water, kg/s
Tom Seawater temperature, K
wmn Minimum amount of feed water flow rate in the TMD unit, kg/s
W Maximum amount of feed water flow rate in the TMD unit, kg/s
zZy" Mass concentration of permeate
zm™ Maximum mass concentration of permeate permissible
A Seawater concentration
Greek symbols
oMb Exponent for area cost
o Membrane thickness, mm
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Eix Fraction recovery in TMD unit

Positive variables.

A, Membrane area, m?

AGP Annual gross profit, $/y

APV Annual permeate value, $/y

b,,, Membrane permeability, kg/(m?-Pa)

fiik Flow rate in the subsequent lines, kg/s

u,, Water flux across the membrane, kg/(m?-s)
mivk Thermal conductivity of the membrane, kW/(m-K)
pﬁge " Water vapor pressure of the feed, Pa

p\\zlvf)zrm;_k Water vapor pressure of the permeate, Pa

Q/ane Heat consumed in the heater unit, kJ/s

tifﬁj Temperature of the concentrate, K

t;ﬂ Inlet temperature, K

tirf;ix Outlet temperature of the recycle mixer, K

tmi,k Average temperature in TMD unit, K

L feed, Temperature of the feed at the membrane, K

Eoperm, Temperature of the permeate at the membrane, K

th | Temperature of the permeate in the bulk, K

the” Feed temperature at bulk in TMD module, K

THeat Total heat consumed, kW

TMA Total membrane area, m?

TPW Total permeate water, kg/s

TRW Total raw water feed, kg/s

V\/ff(’nC Flow rate of the concentrate, kg/s

WiTEEd Flow rate of the raw feed, kg/s

wh Flow rate of the permeate, kg/s

W ete Flow rate of the recycle, kg/s

Wy Flow rate of the rejected flow, kg/s

W Feed flow rate of the TMD unit, kg/s

X afeed, . Molar fraction of water in feed

XNaCI,; Molar fraction of NaCl in feed

Z;ij Mass concentration in concentrate
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Zi ¢ Mass concentration in raw feed

ZI,'(V'D Mass fraction in TMD unit feed

Ah,, Latent heat of vaporization for water, kJ/kg
Vteedt, Activity coefficient of the water in feed

0, | Temperature polarization coefficient

i Overall thermal efficiency of TMD module
Binary variables.

yi,k Binary variables for the existence of TMD units

Free Variables.
TAC Total annual cost, $/y
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mNomenclature Chapter IV

Scripts

Parameters

Avai|m
CFossiIfueIs

CBiofueIs
CSoIar

Cpi

Cpj

Cpm

Cpn

COP
CuCSsT

Dt

ECST
GaPower
GHGE

Hy
HeatingPower
HUCST

Kr

MEDFC
MEDVC
MSFFC
MSFVC
PPCost
QHCMAXi;
QHWMAXi ,
QSCMAX;jm
R

ROFC
ROVC
SUPPower
T I(out,int

Biofuel

Fossil fuel

Hot stream

Cold stream
Temperature interval
Heating utilities
Cooling utilities
Desalination system

Maximum availability, kg/month

Unit cost of fossil fuels, $/kJ

Unit cost of biofuels, $/kJ

Cost of solar collector, $/y

Specific heat capacity for hot stream, kJ/(kg-K)
Specific heat capacity for cold stream, kJ/(kg-K)
Specific heat capacity for hot utility, kJ/(kg-K)
Specific heat capacity for cold utility, kJ/(kg-K)
Coefficient of performance

Unit cost of cold utility, $/J

Time conversion factor, s/month

Electricity cost, $/kW

Gains for selling power, $/kW

Unitary greenhouse gas emissions, ton CO- eq/kJ
Operating hours for the plant per year, hly
Heating power, kJ/kg

Unit cost of hot utility, $/J

Factor used to annualize the capital cost, 1/y
Fixed cost for MED process, $/y

Variable cost for MED Process, $/y

Fixed cost for MSF process, $/y

Variable cost for MSF process, $/y

Power production cost, $/kW

Upper bound for heat exchanged for match (i, j), kJ/s
Upper bound for heat exchanged for hot streams, kJ/s
Upper bound for heat exchanged for cold streams, kJ/s
Unit tax credit reduction factor, $/kJ

Fixed cost for RO module, $/y

Variable cost for RO module, $/y

Unitary price for the power, $/kW

Outlet temperature for hot stream i in interval k, K
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Tj,kOUt’in't Outlet temperature for cold stream j in interval k, K
T Outlet temperature for hot utility m in interval k, K
T U Outlet temperature for cold utility n in interval k, K
Tik™™ Inlet temperature for hot stream i in interval k, K

Tj ™™ Inlet temperature for cold stream j in interval k, K
Tmk™ ™ Inlet temperature for hot utility m in interval k, K
Thym it Inlet temperature for cold utility n in interval k, K
TRW™m& Maximum fresh water demand, kg/s

TFwW™" Minimum fresh water demand, kg/s

TMDFC Fixed cost for TMD module, $/y
TMDVC Variable cost for TMD module, $/y

VCFC Fixed cost for VC process, $/y
VCVC Variable cost for VC process, $/y
W min Minimum raw feed flow, kg/s

X Mass fraction of NaCl in feed

B Exponent for area cost

) Recycle ratio

K Electric power consumption factor
0 Desalination system recovery fraction
M Efficiency factor

Positive variables

ASolar Solar collector area, m?

CaC Capital cost for HEN, $/y

EDesTotal  Total electric consumption by the desalination system, KW
EPCMSF Electric power consumption in MSF, kW

EPCMED Electric power consumption in MED, kW

EPCRO Electric power consumption in RO, kW

EPCTMD Electric power consumption in TMD, kW

EPCVC Electric power consumption in VC, kW

ESC Energy sources cost for HEN, $/y

fik Flow rate of hot stream i in interval k, kg/s
fix Flow rate of cold stream j in interval k, kg/s
fmk Flow rate of hot utility m in interval k, kg/s
frk Flow rate of cold utility n in interval k, kg/s
fmeDe Flow rate of cold stream in MED unit, kg/s
fmeDh Flow rate of hot stream in MED unit, kg/s
fmsre Flow rate of cold stream in MSF unit, kg/s
fmskn Flow rate of hot stream in MSF unit, kg/s
froc Flow rate of cold stream in RO module, kg/s
fron Flow rate of hot stream in RO module, kg/s
frmbe Flow rate of cold stream in TMD module, kg/s
frmbh Flow rate of hot stream in TMD module, kg/s
fvee Flow rate of cold stream in VVC unit, kg/s

fvch Flow rate of hot stream in VC unit, kg/s

FiC Fixed cost for HEN, $/y

MEDUC Cost of MED desalination system, $/y
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External

QUsefuI_SoIar

ROUC
RSP
Fik

Im,k

Tin
Tour
TAC
TCR
TFW
THLmk
THRnk
TMDUC
TRW
TSW
TUC
VCUC
X

Cost of MSF desalination system, $/y

Unitary number of jobs generated, jobs/kJ

Operating cost for HEN, $/y

Power output, kW

Heat transferred in the heat exchanger units, kJ/s

Heat exchanged between hot stream i and cold stream j in interval k, kJ/s
Heat exchanged between cold utility and hot stream i in interval k, kJ/s
Heat exchanged between hot utility and cold stream j in interval k, kJ/s
Heat available in hot stream i over any temperature interval k, kJ/s
Heat utility required in interval k, kJ/s

Heat required by cold streams j in interval k, kJ/s

Heat exchanged between the energy subsystems in HEN, kJ/s
Total energy from external sources, kJ/s

Useful solar energy, kd/m? month

Cost of RO desalination system, $/y

Revenues coming from selling power, $/y

Residual heat of a hot stream i in interval k, kJ/s

Residual heat of hot utility m in interval k, kJ/s

Inlet temperature, °C

Outlet temperature, °C

Total annual cost of the desalination system, $/y

Tax credit reduction, $/y

Total fresh water produced, kg/s

Total heat load from hot utilities in interval k, kJ/s

Total heat required from cold utilities in interval k, kJ/s

Cost of TMD desalination system, $/y

Total rejected brine, kg/s

Total seawater fed, kg/s

Total utility cost, $/y

Cost of VC desalination system, $/y

Mass fraction of salt content

Binary variables

Yij
Yin
Yim
Zy

Binary variables for match between i and j

Binary variables for match between i and n

Binary variables for match between j and m

Binary variables for the existence of desalination units

Free variables

NGHGE
NJOBS
Profit
SUNITS
SDESAL

Greenhouse gas emissions, ton CO2 eqly
Number of jobs generated, jobs

Total annual profit, $/y

Number of units in the in the heat integration
Number of units in the desalination network
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mNomenclature Chapter V

Subscripts
b

f

X
Positive varia
a.

dw
i)t

Annual Profit

AR E Aﬁolar,max

solar
t

E,rej
bn,t
x10%/year
N,rej
bU t

x10%/year

E,des
Bn,i,I

N ,des
Bu,i,t

d dom

rjt
x10%/year
qdeor

0.jt
x108/year
dind

0,jt

x108/year

E,Esto
DI'I,P,t

x10%/year

N ,Esto
Du pit

x108/year

Biofuels
Fossil fuels

Location of agricultural users

Existing aquifer

Deep wells

Location of existing power-desalination plants

Location of industrial users

Location of existing water storage tanks
Possible location of new water storage tanks
Location of domestic users

Distribution time in months

Possible location of new power-desalination plants
Existing dam as natural resources

ble

Water sent to the deep wells from aquifers, m® x108/year

Annual profit from water sales, $ x10°

Maximum effective solar collector area, m?

Effective solar collector area, m?

Water sent to the sea as reject from existing power-desalination plants, m*

Water sent to the sea as reject from new power-desalination plants, m?

Water received from existing power-desalination plants, m® x108/year
Water received from new power-desalination plants, m® x10%/year
Water distributed in central stations from deep wells (domestic), m*

Water distributed in central stations from deep wells (agricultural), m?
Water distributed in central stations from deep wells (industrial), m®
Water received in storage tanks from existing power-desalination plants, m?

Water received in storage tanks from new power-desalination plants, m®
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=
e

£t
EnergySales
Eproduction;,
TEPDopcost
Eproduction;,
For

E

co,

E,rel
Gn,x,t

x108/year
G N,rel

u,xt
o
gt
e
H Y
InstCost;"
InstCost "™
Ke
M Xt
NPDinstcost
NPDopcost
OpCost/
TOpCost,,*
pca
PipingCost
PumpingCost
Q
Rt
SolarCost
SCCost*™™
SOCost 3™

E.aq
Sp,i,l

N.aq
Sq,i,l
E,dom

Sp,r,l

Energy demand by domestic users, kW x10°

Energy demand by agricultural users, kW x10°

Energy demand by industrial users, kW x10°

Energy sales from power-desalination plants, $ x10°

Energy produced in existing power-desalination plants, kW x10°

Total operational cost for existing power-desalination plants, $ x10°
Energy produced in new power-desalination plants, KW x10°

Aquifer recharge from agricultural users, m® x10%/year

Amount of GHGE emitted in the dual purpose power plant, ton of CO: eq.

Water received in dams from existing power-desalination plants, m*

Water received in dams from new power-desalination plants, m3 x10%/year
Water in domestic central station, m® x10%/year
Water in agricultural central station, m® x10%/year

Water in industrial central station, m3 x10%/year
Operating hours for the plant per year, h/year

Storage installation cost, $ x10°

Installation cost (new power-desalination plants), $ x10°
Factor used to annualize the inversion, year

Water in dam, m® x10%year

Installation cost for new power-desalination plants, $ x10°
Operational cost for new power-desalination plants, $ x10°

Operational cost (new power-desalination plants), $ x10°
Total operational cost (existing power-desalination plants), $ x10°
Percentage of water that seeps into the ground

Piping cost, $ x10°

Pumping cost, $ x10°

Heat, kJx10%/year

Natural recharge of water, m®x10%/year

Total solar collector cost, $ x10°

Capital cost of solar collector, $ x10°

Operating cost of solar collector, $ x10°

Water received from existing storage tanks, m* x108/year
Water received from new storage tanks, m® x10%/year

Water received from existing storage tanks (domestic), m3 x108/year
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ghom Water received from new storage tanks (domestic), m® x10%/year
sEar Water received from existing storage tanks (agricultural), m® x10%/year
s Water received from new storage tanks (agricultural), m3 x108/year
gEind Water received from existing storage tanks (industrial), m® x10%/year
g Water received from new storage tanks (industrial), m® x10%/year
sE Water in existing storage tanks, m* x10%/year
.t Water in new storage tanks, m® x108/year
q.t
S Maximum storage value, m® x10°
StorageCost  Storage cost, $ x10°
S Maximum seawater consumption, m® x10%/year
SW,ne The total water extracted from the sea for existing power-desalination plants,
m3 x10%/year
sw,n The total water extracted from the sea for new power-desalination plants, m?
x108/year
TAC Total annual cost, $ x10°
TEC" Total energy cost, $ x10°
TEnergy, Total energy produced, kW x10°
TER,, Total energy requirement, kJ x10°
TRC Tax credit reduction, $ x10°

yEoom Water received in central stations from existing power-desalination plants

(domestic), m® x10%/year

ng'na‘-gf Water received in central stations from existing power-desalination plants

(agricultural), m® x10%/year
yEmnd Water received in central stations from existing power-desalination plants

ont
(industrial), m® x10%/year
yIom Water received in central stations from new power-desalination plants

rut
(domestic), m® x10%/year

vg“f?f Water received in central stations from new power-desalination plants

(agricultural), m® x10%/year
v Water received in central stations from new power-desalination plants

o,u,t
(domestic), m® x10%/year
Water Sales Water sales from power-desalination plants, $ x10°

W, Water in aquifer, m® x10%/year

Wf‘:(”l Water received in central stations from dams (domestic), m® x108/year
W;?ert Water received in central stations from dams (agricultural), m® x108/year
W(')”gt Water received in central stations from dams (industrial), m® x10%/year
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Parameters
AEC
APC
AQP
agrdem,,

ATot™"

ATot™
AVF™
AVB™
BPC
BFC
DEC,
DPC
domdem,
EPC
FCF
FFC
GEP
GPC
HPF,

HPB,

IEC
IPC
inddem,,
NPC
x10%m3
PPA
PAQ
PPC

PPD
PPE

t

t

x10%/m3 x108

PPG
PPI
PPN
x10°
PPS
Rtax
SPC
SW™

Agricultural energy cost, $ x10%/kW x10°
Agricultural piping cost, $ x108/m? x10°

Deep well piping cost, $ x10% x10° m?

Water requirements of agricultural users, m®/year

Minimum available area of solar collector, m?

Maximum available area of solar collector, m?

Maximum amount available for fossil fuels, kg x10%/month
Maximum amount available for biofuels, kg x10%/month
Aquifer recharge piping cost, $ x108/ x10°m3

Biofuel cost, $ x10%/ kJx10°

Unit domestic energy cost, $ x10%/kW x108

Unit domestic piping cost, $ x108/m?® x108

Water requirements of domestic users, m®/year

Storage recharge piping cost (existing P-D plant), $ x10%/ x10®m?
Fuel consumption factor, kJ x10%/m3 x10°

Fossil fuel cost, $ x10%/ kJx10°

Energy generation factor, KW x10%/m3 x10°

Unit dam recharge piping cost, $ x10% x10°m?3

Heating power for fossil fuels, kJ x10%kg x10°

Heating power for biofuels, kJ x10%/kg x10°

Unit industrial energy cost, $ x108/kW x10°

Unit industrial piping cost, $ x10% x10°m?

Water requirements of industrial users, m3/year

Unit storage recharge piping cost (new power-desalination plant), $ x10%/

Unit agricultural pumping cost, $ x10%/m? x10°

Unit deep well pumping cost, $ x108/m? x10°

Unit aquifer recharge pumping cost, $ x108/m? x10°

Unit domestic pumping cost, $ x10%/m?3 x10°

Unit storage recharge piping cost (existing power-desalination plant), $

Unit dam recharge pumping cost, $ x10%/m3 x10°
Unit industrial pumping cost, $ x10%/m? x10°

Unit storage recharge piping cost (new power-desalination plants), $ x10%/m3

Unit storage pumping cost, $ x10%/m3 x10°

Tax credit for CO2, $ x10%ton of CO2 eq.

Unit storage piping cost, $ x10% x108m?3

Maximum value of seawater extracted from the sea, m® x10%/year
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TR, Total GHGE when only fossil fuels are used, ton of COz eq.
UCED™ Useful collected energy, kJ x108/m? month

WAC, Unit cost of water for agricultural use, $ x10%/m? x10°
WDC, Unit cost of water for domestic use, $ x10%/m?® x10°
WIC, Unit cost of water for industrial use, $ x10%m3 x10°

z, Unit fixed cost of the tank, $ x10°

z, Unit fixed cost of the tank, $ x10°

z, Unit fixed cost of new power-desalination plants, $ x10°
z, Unit fixed cost of new power-desalination plants, $ x10°
z, Unit fixed cost of new power-desalination plants, $ x10°
Z, Unit fixed cost of new power-desalination plants, $ x10°
Zsolar Unitary cost of solar collector, $ x10°

o Economic scale factor

B Reject factor of power-desalination plants

©;°™ Maximum capacity of the tank, m* x10°
@3°™" Minimum capacity of the tank, m® x10°

P Maximum capacity of new power-desalination plants, m® x10%year
QP Minimum capacity of the new power-desalination plants, m® x10%/year
Binary variables

W Existence of a solar collector

Ye© Existence of a storage tanks

e Existence of power-desalination plants
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mNomenclature Chapter V

Subscripts

b Biofuels

f Fossil fuels

g Location of agricultural users

[ Existing aquifer

Deep wells

Location of existing power-desalination plants
Location of industrial users

Location of existing water storage tanks
Possible location of new water storage tanks
Location of domestic users

Distribution time in months

Possible location of new power-desalination plants
Existing dam as natural resources

Number of stakeholders

Positive variable

Annual Profit  Annual profit from water sales, $ x10°

solar
t

AX C T= 050 S5 w—

Effective solar collector area, m?2

AF Average solution

CS Compromise solution

o Energy demand by domestic users, kW x10°

Ew Energy demand by agricultural users, kW x10°
e Energy demand by industrial users, kW x10°
Eﬁergysmes Energy sales from power-desalination plants, $ x10°
FS Stakeholder solution

heo Water in domestic central station, m® x10%/year
he! Water in agricultural central station, m® x10%/year
hot Water in industrial central station, m3 x10¢/year
H Operating hours for the plant per year, h/year

ONJobs Total number of jobs
OGHGE Overall greenhouse gas emissions, ton CO> eq/y x10’
Q Heat, kJx10%/year

SEdom Water received from existing storage tanks (domestic), m® x10%/year

p,rt

ghdom Water received from new storage tanks (domestic), m® x10%/year

q.rt
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E.agr

SQYPJ

N.agr

Sg,q,t

E,ind

So, pit

N,ind
oqt

TAC
TRC

Water Sales
Q

v
T

Parameters
AEC,
AVF"™
AVB™
DEC,
GHGE
HPF,

HPB,

IEC,
NJOB
UCES™
w
WAC
WDC
wiC,

S,

t

t

Water received from existing storage tanks (agricultural), m® x10%/year
Water received from new storage tanks (agricultural), m3 x108/year
Water received from existing storage tanks (industrial), m® x10%/year
Water received from new storage tanks (industrial), m3 x10%/year

Total annual cost, $ x10°
Tax credit reduction, $ x10°
Water sales from power-desalination plants, $ x10°

Normalized economic function
Normalized social function
Normalized objective function

Agricultural energy cost, $ x10%/kW x10°

Maximum amount available for fossil fuels, kg x10%/month
Maximum amount available for biofuels, kg x10%/month
Unit domestic energy cost, $ x10%/kW x108

Greenhouse gas emission factor, ton CO2 eq/y/ kJ x10°
Heating power for fossil fuels, kJ x10%kg x10°

Heating power for biofuels, kJ x10°/kg x10°
Unit industrial energy cost, $ x108/kW x10°
Factor for number of jobs, jobs/kWx10°
Useful collected energy, ki x10%/m? month

Stakeholder weight factor
Unit cost of water for agricultural use, $ x10%/m? x10°

Unit cost of water for domestic use, $ x10%/m? x108
Unit cost of water for industrial use, $ x108/m?3 x10°
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