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Abstract

Cooling water systems research aims to investigate the interaction between
the cooling water network and cooling tower performance. Historically,
it has been assumed that the background process operates continuously.
This dissertation presents a mathematical framework for the synthesis and
optimisation of a cooling water system consisting of multiple cooling towers
with a batch background process. The cooling water network is formulated
as a series configuration, which is characterised by reuse of cooling water
between different cooling water using operations. In achieving this, an
overall superstructure is developed which allows for all different combinations
between the cooling towers and cooling water network, as well as opportunities
to reuse water between cooling operations to be explored. It should be noted
that in previous research on cooling water systems, reuse opportunities were
constrained only by temperature. Due to the nature of batch processing,
reuse opportunities are subject to both temperature and time constraints
in this investigation. The mathematical model is developed as a mixed
integer nonlinear programming (MINLP) problem in the GAMS platform.
The objective function is the maximisation of total annual profit. The
MINLP is solved using the BARON solver. The optimal system configuration,
operating conditions and design parameters for the cooling towers and
cooling water using operations in the network are determined as part of the
optimisation of the mathematical formulation. The model was applied to
two illustrative examples, a fixed schedule problem and a flexible schedule
problem. The use of a sequential optimisation approach was also compared to
an integrated optimisation approach. Results from the illustrative examples
demonstrated the superiority of the integrated approach, which led to a
reduction in the number of cooling towers required from 3 to 2. Total annual
profit was increased by 0.45 %, recirculating cooling water was reduced by
42.1 %, average overall cooling tower effectiveness was increased by 25.3 %, and
the makeup water required throughout the time horizon was reduced by 6.3 %.
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Chapter 1

Introduction

This chapter provides a background to the problem that this investigation
aimed to solve. The underlying motivation is explored. The research scope
and objectives are then described. Finally, the problem is formalised into a

problem statement.

1.1 Background

The water and energy intensive nature of chemical processes has contributed
to the depletion of the Earth’s natural resources. South Africa is a historically
dry country, experiencing an average rainfall of only 500 mm per annum,
which is 60% of the global average (Mukheibir and Sparks, 2003). It has
been determined that Southern Africa experiences moderate to severe water
scarcity for more than half of the year (Mekonnen and Hoekstra, 2016). These
findings are demonstrated in Figure 1.1, which depicts the number of months
each region experiences blue water scarcity. In this context, blue water refers
to fresh surface water and groundwater. Population growth will exacerbate the
problem, as there will be an increased demand for limited natural resources.
This is of particular concern in Africa, where the population is expected

to grow rapidly from 1.256 billion in 2017 to 4.468 billion in 2100 (United
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Nations, 2017). It is thus important to use our natural resources sparingly.
In the field of chemical engineering, process integration aims to exploit the

interactions between units to ensure the efficient use of resources.

Number of months in w
water scarcity is >100%

Mo data

Figure 1.1: The number of blue water scarce months 1996-2015 (Mekonnen
and Hoekstra, 2016)

Process integration has become a key research area in the field of chemical
engineering since the 1970’s energy crisis. Industry was forced to develop
innovative methods to reduce energy requirements. Hohmann (1972) invest-
igated the trade-off between heat exchanger area and their associated utility
cost. The most successful and widely applied technique developed during this

time was termed pinch analysis (Linnhoff and Hindmarsh, 1983).

Insights from pinch analysis were later used to develop methods which could
reduce waste and wastewater streams at the outlet of the plant (El-Halwagi
and Manousiouthakis, 1989; Wang and Smith, 1994). These methods have

been widely applied in industry, both for grassroots and retrofit applications.

The integration of utility systems, which are responsible for meeting heating
and cooling demands throughout the plant, has received increasing academic
interest. Cooling water systems operate by transferring waste heat from hot
processes to cooling water. This water then passes through a cooling tower,

where the waste heat is rejected into the environment.
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The cooling water system is made up of cooling tower(s), the pumping
network, and the cooling water network. The cooling water network consists
of hot process streams which require cooling, through cooling water using
operations. These operations have historically been arranged in parallel
with one another. Thus each cooling water using operation is supplied with
cooling water directly from the cooling tower. Figure 2.20 provides a visual

illustration of a cooling water system layout.

Cooling towers operate through the mechanism of evaporative cooling.
Cooling towers can be divided into two major categories, based on the method
used to supply air to the cooling tower. Mechanical draft cooling towers
ensure contact between the water and air by means of a fan. The fan can be
placed at the top or bottom of the cooling tower. These are known as induced

draft and forced draft cooling towers respectively.

Natural circulation cooling towers operate without a mechanical fan. An
example of which is the atmospheric cooling tower. These towers allow air
to enter through the sides of the cooling tower, thereby cooling the water.
Another example is the natural draft cooling tower, which heats the air in the
tower by using the heat of the hot water. This lowers the air density, resulting
in colder air from outside the tower to flow into the tower. The hot air is then

rejected at the top of the tower (Kern, 1950).

Further, research has investigated the structural reliability of cooling towers
(Milford and Schnobrich, 1986; Sudret et al., 2005), optimum sizing of cooling
towers (Soylemez, 2001), loss coefficient of various cooling tower fills (Kloppers
and Kroger, 2003), heat transfer characteristics (Kloppers and Kroger, 2005),
water loss reduction in wet-cooling towers (Lefevre, 1984), the effect of wind
on dry-cooling towers (Du Preez and Kroger, 1993) and the effect of am-

bient air conditions on cooling tower performance (Papaefthimiou et al., 2012).
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Initially, research on cooling towers did not consider the cooling water network.
The effect of the cooling water network on cooling tower performance was first
investigated by Bernier (1994). It was found that cooling tower performance
is improved when operating at high cooling water return temperatures and

low cooling water flowrates.

Kim and Smith (2001) used this insight in studying the combined mass
and heat integration of a cooling water system. They developed a graphical
technique to optimise cooling tower performance. Majozi and Moodley (2008)
extended their work by developing a mathematical model to minimise the
total recirculating cooling water flowrate with multiple cooling towers. The

use of multiple cooling towers is common in industrial applications.

Reuse of cooling water between hot processes within the cooling water network
naturally leads to an increase in the network pressure drop. This necessitates
an increase in the pumping power requirement. Kim and Smith (2003) were
the first to attempt the minimisation of pressure drop in the cooling water
network. They developed a mathematical model to minimise the network
pressure drop based on the critical path analysis (CPA). Their work was later
extended to multiple cooling towers (Gololo and Majozi, 2012). The CPA
technique was later applied to steam systems to minimise network pressure

drop (Price and Majozi, 2010).

The aforementioned cooling water network models operate as continuous
processes under steady-state conditions. Very little research has focused on
integrating batch chemical processes with utility systems. Batch processes
are composed of discrete tasks which follow a set sequence, by which the raw
materials are converted to products. Omne can distinguish batch processes

from continuous processes, in that batch operations are active intermittently
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throughout the time horizon of interest. Conversely, continuous operations are
active throughout the time horizon of interest. This distinction is graphically

depicted by Figure 1.2.

U4
z 2
S w 5
s U2 £
& Ul g

Time Time

(a) Batch (b) Continuous

Figure 1.2: Tasks throughout a time horizon for a) batch and b) continuous
processes (Majozi, 2010)

Batch processes are becoming increasingly popular due to the flexibility
associated with shared equipment, especially in volatile market conditions.
Batch processes are well suited to produce low volume complex or specialty
chemicals of high value, examples of which can be found in breweries, dairies,

paint, food, biochemical, pharmaceutical and agrochemical facilities.

The integration of utility systems with batch processes followed from the
design of utility systems under uncertainty (Iyer and Grossmann, 1997).
Recent works have integrated batch process with steam systems, which
provide for hot utilities (Agha et al., 2010; Behdani et al., 2007). Leenders
et al. (2019) integrated a utility system, providing hot and cold utilities,
with a batch process. Their utility system did not include a cooling tower.

Absorption and compression chillers were used as the cooling media.



1.2. Research Motivation

Presented in this dissertation is the integrated optimisation of a cooling tower
with a batch background process, allowing for cooling water reuse opportun-
ities to be exploited. The benefits of this research for retrofit design include
the reduction of makeup water and increasing cooling tower availability. For
grassroots design, the capital expenditure for cooling tower capacity is gener-

ally reduced.

1.2 Research Motivation

This work is founded on earlier research by Kim and Smith (2001). Their re-
search used the insights from Bernier (1994) to design a cooling water network
with a parallel configuration where cooling water reuse is permitted between
unit operations. This contrasts the traditional series arrangement where cool-
ing water is supplied directly from cooling towers to each cooling water using
operation only. The difference between the parallel and series configurations

are graphically depicted by reconfiguring two heat exchangers in Figure 1.3.

HE 1 —> HE1 [--

—> i |:> e ez o)
|

HE2 |— t-»] HE2 |——>

Figure 1.3: Parallel and series cooling water network configuration (Kim and
Smith, 2001)

The series cooling water network arrangement leads to a reduction in the re-
quired cooling water flowrate and increase in the cooling water return temper-
ature. Both of these conditions lead to improved cooling tower effectiveness as

demonstrated by Figure 1.4.
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Effectiveness

Figure 1.4: Cooling tower effectiveness (Kim and Smith, 2001)

One of the limitations of the current literature available on the synthesis and
design of cooling water networks is the assumption that all cooling water using
operations operate as continuous processes. Recently, researchers have started
exploring utilities integration considering batch background processes. How-
ever, the focus of these models appear to be on hot utilities and electricity
integration. Additionally, current batch utilities integration models do not
consider utility reuse between tasks. The value of utilities integration in batch
production facilities is that the production schedule can be adapted to signi-
ficantly affect utility requirements during the time horizon. The schedule can
also be adapted such that tasks which have the potential for utilities integ-
ration are active at the same time. This leads to a reduction in utility peak

loads, as demonstrated by Figure 1.5.
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Cooiiﬁg“Wa er

(a) Original production schedule (b) Adjusted production schedule

Figure 1.5: Impact of production schedule on cooling water reuse

Through the integrated optimisation of the batch schedule and the cooling
tower operations, potential savings are unlocked by exploring the interaction
of the variables of the two systems. In light of this, the work presented in
this dissertation aims to develop a mathematical model for the optimal syn-
thesis and design of a cooling water system operating with a batch background
process, where the production schedule is flexible and cooling water reuse is

permitted between tasks.

1.3 Scope of Work

The scope of this research is to develop a mathematical model for the optimum
synthesis of a cooling tower network operating with batch cooling water using
operations. In achieving this the production schedule is first fixed while the
cooling water network model is developed and applied to the fixed production
schedule. Thereafter a scheduling model is introduced to the cooling water net-
work model. This allows the production schedule to be flexible. The overall
model is first solved sequentiallly, i.e. the production schedule is solved in-
dependently, maximising the profit associated with production activities only.
Thereafter the cooling water network model is applied to the solved production
schedule, maximising the overall plant profit. The overall model is also solved
in an integrated manner, meaning that the production schedule and the cooling
water network is solved in one step maximising the overall plant profit. This

provides the opportunity to evaluate the interaction between cooling towers
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and the cooling water network when the cooling water using operations op-
erate as batch tasks. It also allows for the study of the effect of the cooling
water system on the batch production schedule and the contrast between the

sequential and integrated optimisation approach.

1.4 Research Objectives

The above discussion highlights the aim of this dissertation, the objectives of

which can be summarised as follows.

e Develop a mathematical model which integrates a cooling water network

with a multipurpose batch background process.

e Integrate a batch scheduling model with the developed cooling water

network.

e Contrast the sequential optimisation approach and the integrated optim-

isation approach.

e Determine the optimal schedule and operating conditions of the batch

network.

e Validate the proposed model with an illustrative example to show the

practicality of the developed model.

1.5 Problem Statement

The problem considered in this dissertation can be defined as follows.
e Given:

(i) Production scheduling data, including the production recipe, unit
capacities, material storage capacity, task durations, and the time

horizon of interest.
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(ii) A set of cooling towers with design specifications, such as maximum
design capacity, cooling tower outlet temperature and maximum

return temperature.

(iii) A set of cooling water using operations operating in batch mode

with limiting temperature requirements and heat duties.

e Determine the maximum annualised profit, considering raw material,
capital, and operational costs by exploring a variable production schedul-
ing and reuse opportunities between batch cooling water using opera-

tions.

1.6 Dissertation Structure

The remainder of this dissertation is structured as follows.

e Chapter 2 is the literature review, where a detailed survey of the research
relevant to this dissertation is discussed. A broad outline of process
integration, mathematical optimisation, cooling towers, batch processes,

and utilities integration in batch processes is provided.

e The general mathematical model is then formulated in Chapter 3 where
the constraints involved in the model are discussed in detail. This chapter
includes the scheduling model, cooling water network model, and the

linearised model.

e In Chapter 4 the mathematical model is applied to illustrative examples

to validate the model and highlight its practical relevance.

e Finally, a conclusion is drawn in Chapter 5 summarising the key findings
of the research which has been conducted. A few recommendations are
made, highlighting the limitations of this investigation and indicating

opportunities for future work.

e References are provided at the end of each chapter.
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Chapter 2

Literature Review

This chapter provides a detailed review of the literature relevant to the disser-
tation. The major sections reviewed include process integration, optimisation,
cooling towers, batch processes and the integration of batch and utility sys-

tems.

2.1 Process Integration

Process integration aims to unlock improvements in a specified objective func-
tion, typically maximising profit or minimising costs, by exploiting the inter-
action between various units or systems. Chemical engineering applications

include heat integration, mass integration and wastewater minimisation.

2.1.1 Heat Exchange Networks

The design of chemical processes focused predominantly on the core reaction
and separation processes during the 1960’s. The low cost of oil allowed the
chemicals industry to make use of external hot utilities for the heating of
practically all cold streams. Thereby neglecting any process-process heat

transfer opportunities. The energy crisis of the 1970’s gave rise to new
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research interest in the area of process integration techniques (Jiménez-
Gonzalez, 2016). The aim was to reduce the energy consumption of chemical

plants by utilising residual heat that has already been generated in the process.

Hohmann (1972) utilised a graphical technique to investigate the trade-off
between heat exchanger area and utility cost. The author also introduced
the N-1 rule to predict the minimum number of heat exchangers required for
a given system. Umeda et al. (1979) targeted minimum utility flowrate by
representing all of the hot and cold stream data as a single pair of hot and

cold composite curves on a temperature versus heat load graph.

Linnhoff and Hindmarsh (1983) incorporated aspects from various heat
integration techniques developed throughout the late 70’s and early 80’s into
a single simple procedure broadly referred to as pinch analysis. Pinch analysis
is a conceptual methodology which targets the minimum energy consumption
by maximising energy recovery between hot and cold streams within the
process (Linnhoff and Flower, 1978a). The overall heat load of all streams in
the temperature interval is depicted on a temperature versus heat load graph,
referred to as composite curves. Composite curves were introduced by Huang

and Elshout (1976) to represent heating and cooling utility requirements.

Figure 2.1 depicts a hot and cold composite curve. The pinch point and
need for external heating and cooling utilities have clearly been illustrated.
Linnhoff and Flower (1978a) introduced the problem table algorithm as a
mathematical approach to locate the pinch temperature and target minimum
utility duties. The algorithm relies on a cascaded heat balance performed
within multiple temperature intervals based on supply and target temperat-
ures. The temperature interval definition depends on the predefined minimum
temperature difference (AT,,;,). The optimum AT,,;, value is determined by
cost analysis, taking into account the interaction of the capital and operational

costs. As demonstrated in Figure 2.2, a trade-off exists where capital costs
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Figure 2.1: Composite curve

decrease with higher AT,,;,, since significantly greater amounts of capital
is required to bring about improved heat transfer past the optimum point.
However, operating costs scale linearly with increases in AT,,;,, since more

utilities are required when less process-process heat integration takes place.
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Figure 2.2: Cost curve

15



2.1. Process Integration

Whenever the temperature difference between the hot and cold stream is
equal to the minimum temperature difference, a pinch is formed. The pinch
represents the most bottlenecked region in the design of the heat exchanger
network. The pinch point is clearly demonstrated by the grand composite
curve, depicted by Figure 2.3. The main advantage of the grand composite
curve is the ability to incorporate multiple utilities at varying temperatures.
Pockets where process-process heat integration opportunities exist is also
clearly demonstrated by the grand composite curve. In Figure 2.3 these
regions are depicted by vertical grey lines. The pinch point divides the graph
into two parts, where the heat surplus region is below the pinch and the heat

deficit region is above the pinch.

i Heat Integration sl AN
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Figure 2.3: Grand composite curve

The heat exchanger network design starts at the pinch, allowing essential
stream matches to be made at the most constrained region, and is then de-
veloped away from the pinch in two directions, the hot and cold side. Linnhoff
and Flower (1978b) developed a grid diagram representing process streams

with horizontal lines. This allows for a simplified visual depiction of stream
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matching and splitting in the HEN. Larger production facilities typically sub-
divide the plant into various subregions for process integration. This helps
eliminate impractical matches due to distance constraints which would neces-

sitate costly additional piping.

2.1.2 Mass Exchange Networks

The rising costs of waste treatment, due to stricter environmental regulation,
led to the incorporation of pollution prevention techniques into the process syn-
thesis stage. Mass exchange networks provided a method to transfer valuable
pollutants from the waste stream to feed streams, by means of mass transfer
operations. The process postulates the exchange of a component from a set
of rich streams to lean streams. Various mass separating agents can be se-
lected as a lean stream. Thermodynamic pinch points are identified, which
limits the mass transfer between the rich and lean streams. The design of the
preliminary network then starts at the pinch and is developed moving away
from the pinch (El-Halwagi and Manousiouthakis, 1989). The heat integration
techniques were readily extendible to mass integration due to the structural
similarity between the governing equation for mass transfer and heat integra-
tion. Both Fourier’s and Fick’s Law are directly proportional to the product
of a constant and the driving force causing the phenomena. For this reason,
the mass integration pinch is determined by the concentration driving force,
as opposed to the temperature driving force as in the case of heat integration.
Mass integration is applicable to processes such as absorbers and extractors.
This procedure was later automated, by making use of a mathematical model,

by El-Halwagi and Manousiouthakis (1990).
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2.1.3 Wastewater Minimisation

Further environmental regulations were imposed on wastewater that is
discharged into the environment. Wastewater minimisation can be viewed
as a specific application of mass integration where water is the only lean
stream. Chemical processes produce wastewater when process water comes
into contact with contaminants. This typically occurs when water is used for
washing operations, liquid-liquid extraction and scrubbing. Wastewater which
exceeds the maximum limit of contaminant concentration must undergo costly
treatment processes, in operations such as filters and membranes, before being

discharged.

Conceptual techniques to minimise wastewater generation, and consequently
reduce freshwater demand, were developed by extension of the mass exchange
network. The pioneering work in this field is the water pinch, developed
by Wang and Smith (1994b). The authors extended the central concepts of
pinch analysis to construct a composite curve made up of the limiting concen-
tration profiles of all streams. The composite curve is drawn on a concentration

vs mass load plot as demonstrated by Figure 2.4.

Pinch

Concentration

Mass Load

Figure 2.4: Water pinch
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The water supply line is drawn as a straight line extending from the origin
through the pinch point. The gradient of the water supply line is inversely
proportional to the wastewater flowrate. Operations occurring below the
pinch point require additional freshwater, whereas operations taking place
above the pinch point show potential for water reuse. The authors extended
their technique to multiple contaminant streams by consolidating a subnet-
work for each contaminant into an overall design (Wang and Smith, 1994a).
Wastewater was minimised by utilising water reuse, regeneration-reuse and
regeneration-recycling opportunities. Despite the graphical nature of their
technique, the authors incorporated constraints due to minimum mass transfer

driving forces, fouling and corrosion into the overall problem statement.

Kuo and Smith (1998a) later developed a conceptual and graphical approach,
called the water mains method. The mains acted as sources or sinks, dividing
the water network into different regions. Operations crossing the boundary
of a main is then merged to produce the final water network design. This
method integrated the design of the water-using system with the effluent
treatment system, thereby minimising water consumption at the lowest
effluent treatment cost. The authors later extended the model to include

regeneration-reuse and recycling (Kuo and Smith, 1998b).

The pioneering work in the field of water minimisation using mathematical
programming is by Takama et al. (1980). They made use of a superstruc-
ture, which can be defined as a superset of all feasible solutions. Thus,
their model accounted for all reuse and recycle opportunities between the
water-using system and the wastewater treatment system. Prior to their
research, wastewater treatment systems had been studied independently

of the water-using system. They developed an NLP model to minimise
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wastewater, by maximising reuse and recycle within the network. In solving
the problem, they transformed the overall model into a sequence of problems

without inequality constraints, and applied a penalty function to the sequence.

Doyle and Smith (1997) developed a model for maximum water reuse in
multi-contaminant problems. Their model included practical considerations,
such as the option to forbid certain stream matches due to large distances
between them or for safety concerns. The model was also formulated as
an NLP. A linearisation procedure was implemented by fixing the outlet
contaminant concentration. The linearised model was then solved to obtain a

starting point for the NLP.

Alva-Argaez et al. (1998) implemented a similar approach to minimise the
total annual cost of a water-using industrial system, accounting for pipe
length, material of construction, flow velocity, etc. They made use of binary
variables to represent every possible connection in the water network. In
doing so, they formulated an MINLP model. To solve the MINLP problem,
they decomposed the model into a sequence of MILP problems. It was later
proven that the mathematical model for single contaminant water allocation
problems could be linearised exactly by setting the outlet water concentration
at its maximum (Savelski and Bagajewicz, 2000). This is discussed in detail

in Section 2.2.2.

Gunaratnam et al. (2005) developed an MINLP model for minimising
wastewater consisting of multiple components. The authors considered re-
use, regeneration-reuse, and regeneration-recycle of water. A two-stage solu-
tion strategy was implemented, whereby the MINLP was decomposed into
LP/MILP subproblems which was solved iteratively. The solution to the
LP/MILP subproblem was used the starting point for the MINLP model.

20



2.2. Optimisation

2.2 Optimisation

Snyman and Wilke (2018) define mathematical optimisation as the science
of calculating the optimal solutions to numerically defined problems, which
may be representative of physical reality, manufacturing or management
systems. The goal of optimisation is finding the values of variables which
lead to the optimal value of the objective function. Variables, within the
context of mathematical modelling, can be classified as continuous, integer
or binary. Continuous variables can take any real number value within
the specified variable bounds. Integer or discrete variables can take any
whole number value within the specified bounds. Binary variables are a
special case of integer variables, which can take a value of 0 or 1. The interre-

lationships between the design variables are expressed through the constraints.

Conceptual or mathematical programming techniques can be implemented
in solving optimisation problems. Graphical techniques offer the designer of
the problem the opportunity to assess the problem more accurately during
the synthesis stage. The drawback of graphical techniques are that they are

limited to two dimensions and time consuming when evaluating large problems.

Mathematical programming techniques offer more flexibility, as various
constraints of practical relevance can be incorporated into the model. Ex-
amples of such constraints include pressure drop functions, mass transfer
functions and forced/forbidden matches. The drawback of mathematical
models is that problems are frequently formulated with nonlinear con-
straints for which global optimality cannot be ensured. Various linearisation

techniques have been developed in literature and are discussed in Section 2.2.2.
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Optimisation problems have a minimum of one degrees of freedom. Put
differently, a minimum of one variable should be free to vary. The degrees
of freedom of a mathematical problem can be determined as the difference
between the number of variables and the number of independent constraints
in the model. If the degree of freedom is zero, it is considered a simulation
problem with one unique solution. If the number of independent constraints
exceed the number of variables, the problem is over specified. Thus there are

redundant constraints present which should be removed.

Optimisation problems consist of an objective function which is to be maxim-
ised or minimised, as well as equality and/or inequality constraints defining
the problem. A set of variables which satisfies all of the constraints to an
optimisation problem is referred to as a feasible solution. All possible feasible
solutions to a particular mathematical problem is represented by the feasible
region (Edgar et al., 2001). The optimal solution is then the particular feasible
solution within the feasible region where the specific combination of design
variables provide the best solution to the objective function. The typical
form of a mathematical optimisation problem is illustrated by Equation 2.1

(Williams, 2013).

Objective: manimisef(z,y)
Subject to h(z,y) =0

9(z,y) <0
Vr e R,y € [0,1]

(2.1)

It is clear that the objective of this particular problem is the minimisation of
f(z,y) subject to the equality constraints h(x,y) and the inequality constraints
g(x,y). A linear programming problem (LP) arises when f(z,y), g(x,y) and
h(z,y) are all linear functions. If the objective function or constraints contain
any non-linearities, the problem becomes a nonlinear programming problem

(NLP). Furthermore, if the problem makes use of integer variables, the prob-
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lem becomes either a mixed integer linear programming problem (MILP) or a
mixed integer nonlinear programming problem (MINLP). An overview of the

various optimisation problem types is graphically depicted by Figure 2.5.

Optimisation Problems

| |

Convex Concave

| |
| | |

Linear Nonlinear Discrete Continuous
LP Convex NLP Linear Nonlinear Nonconvex NLP

o

MILP Nonconvex MINLP Convex MINLP

Figure 2.5: Overview of optimisation problem types (Lin et al., 2012)

2.2.1 Convexity

Mathematical problems can exhibit a convex or concave shape. One-
dimensional functions are convex if all the points on an arbitry line connecting
two points on the function curve is greater than or equal to the function val-
ues. Conversely, if all the points on an arbitry line connecting two points on
the function curve is less than or equal to the function values, the function
is said to be concave. This distinction is illustrated by Figure 2.6. Functions
can further be classified as strictly convex or strictly concave. To convert a
convex or concave function to a strictly convex or strictly concave function,
the inclusive inequality operators should be replaced by exclusive inequality
operators. This implies that the strictly concave and strictly convex functions
provide a single optimum solution. Nonconvex functions often have multiple

locally optimal solutions.
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(a) Convex Function (b) Concave Function

Figure 2.6: Comparison of a convex and concave function

The second derivative can be used to determine the convexity of one-

dimensional functions as follows
o f"(x)>0 VzeR < f(x) is convex.
e f"(z)>0 VxeR < f(z) is strictly convex.
e () <0 VzxeR < f(z) is concave.
e f"(x) <0 VzeR < f(z) is strictly concave.

When considering convexity for multi-dimensional functions, a Hessian
matrix is required to represent the second derivative. Similar conditions for

determining convexity as in one-dimensional functions apply.

e x"Hx >0 VzeR < f(z) is convex.

e x"Hx >0 VzeR < f(x) is strictly convex.

e 2"THr <0 VreRz#0 < f(x) is concave.

e vTHx <0 VreR,z#0 < f(x) is strictly concave.

Convenient tests for strict convexity in Hessian matrices can also be im-
plemented. The first of these conditions include that all diagonal elements
of the Hessian matrix and the determinants of all leading principal minors

must be positive. The second condition is that all the eigenvalues of the
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Hessian matrix must be positive. Conversely, when all diagonal elements of
the Hessian matrix and the determinants of all leading principal minors are
negative or when all the eigenvalues of the Hessian matrix are negative the

function is strictly concave.

Regions are said to be convex if an arbitrary continuous line can join any
two points within the feasible region. The difference between a convex and

nonconvex region is highlighted by Figure 2.7.

S

(a) Convex Region (b) Nonconvex Region

Figure 2.7: Comparison of a convex and nonconvex region (Williams, 2013)

For the model to be classified as convex, all the functions which make up the
model should be convex. The presence of a single nonconvex function would

make the entire model nonconvex.

A common challenge faced during the optimisation procedure is the presence
of nonlinearities and nonconvexicity within a model. This is due to the pres-
ence of bilinear terms, logarithms and exponents. This causes the existence of
multiple local minima/maxima which has the potential of trapping the optim-
isation algorithm and could lead to suboptimal solutions. Problems which are
formulated in a convex, linear manner are relatively easy to solve and global
optimality of the solution can be guaranteed (Edgar et al., 2001). Similarly,
global optimality of the solution can also be guaranteed for convex nonlinear
problems, although more iterations are generally required. When considering

nonconvex nonlinear problems, formulations of NLP subproblems could result
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in multiple local optima as shown in Figure 2.8 or the MILP master problem
could cut-off from the global optimum. It is therefore important that MINLP

be convexified, so that global optimality of the solution can be guaranteed.

Figure 2.8: Nonconvex NLP subproblem with multiple minima

In solving nonconvex problems, convex estimators are commonly used. This
approximates the nonlinear formulations to formulate lower bounding convex
NLP/MINLP problems, in the case of minimisation problems, where global
optimality of the solution can be guaranteed (Grossmann and Biegler, 2004).
The convex estimator linearisation technique involves either directly introdu-
cing convex under estimator functions to replace each nonconvex function or
by generating new variables and convex constraints by using transformations
to approximate the nonconvex function exactly. Figure 2.9 depicts a convex

envelope for a nonconvex function.

2.2.2 Relaxation Techniques

Relaxation techniques are implemented to solve difficult modelling problems.
Relaxation techniques could be exact or inexact. Exact methods transform
the original constraints to a different form, which when solved will produce
the same result as the original model. Inexact methods approximate the

problem by creating a similar problem that is easier to solve but yields similar
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Figure 2.9: Convex envelope for a nonconvex function

results to the original model. The solution to the relaxed problem can then
be used as a good starting point for the original model. It is recommended
to provide nonlinear models with a good starting point, as this aids in the

process of convexification which also reduces the required computational time.

The relaxation methods discussed in this section includes linear programming
relaxations, direct linearisations, piecewise linearisation, Glover transforms,
McCormick over and under estimators, and reformulation-linearisation tech-

niques.

LP Relaxations

Linear programming relaxations are used to relax MILP problems by removing
the integrality constraint on the variables. This results in a LP problem and
transforms an NP-hard optimisation problem to a problem solvable in polyno-
mial time. The solution to the LP problem can then be used to gain insight

into the original MILP problem.
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Direct Linearisation

Direct linearisation is an approach used frequently in water network synthesis
problems to convert a nonlinear constraint directly into a linear constraint.
This is done by using certain rules of thumb or assumptions on the optimal
values of some variables and converting them into parameters. In the field of
water network synthesis, Savelski and Bagajewicz (2000) introduced necessary
conditions for optimality of water minimisation problems by fixing water
outlet concentration of the sinks at the maximum and the concentration
of the regeneration units at the minimum for all single contaminant cases.
They later extended this work to include multiple contaminants (Savelski and

Bagajewicz, 2003).

Direct linearisation of nonlinear models can be used to generate a good starting
point for the original problem. An example of such a procedure is the work
of Doyle and Smith (1997) where a sequential method that combined LP and
NLP optimisation to address the water minimisation problem was developed.
The exact NLP model was initialised by the solution from the LP model where
outlet concentrations were fixed. This method leads to significant reductions
in computational time. However, solutions obtained by this procedure may be
suboptimal due to the possible elimination of streams and premature decisions

made during the initialisation stage.

Piecewise Linearisation

The piecewise linear approximation technique uses linear functions to approx-
imate nonlinear functions. Figure 2.10 depicts the piecewise linear approxim-
ation of a function.

This is achieved by partitioning the domain of a univariate function into sev-
eral sections. The start or end of each section is termed a break point. The
nonlinear function is then approximated by a straight line joining each suc-
cessive break point. It should be noted that the accuracy of the approximation

is greatly dependent on the number of break points. Piecewise linear approx-
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Figure 2.10: Piecewise linearisation

imation can be extended to multivariate functions, by partioning the domain
of the function in multiple simplices, followed by an approximation over each
simplex with an affine function. This approximation method is inexact and
therefore global optimality of the solution cannot be guaranteed.

Glover Transforms

The Glover Transform was developed for the exact linearisation of bilinear
terms arising from the product of a continuous and a discrete variable (Glover,
1975). Therefore, this technique does not result in any loss of accuracy and
global optimality of the solution can be guaranteed. The method works by

replacing the bilinear term with a variable w, as illustrated by Equation 2.2.

w=2x-y Ve e R,y € [0,1] (2.2)

Therefore, we can infer Equations 2.3 and 2.4.

w=0 if y=0 (2.3)

w=ux if y=1 (2.4)
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Equations 2.5 and 2.6 are obtained by introducing the upper and lower bounds
of continuous variable x.

zly <w < 2% (2.5)
r—2'(1—-y)<w<z—a"(1—y) (2.6)

It is clear that Equations 2.5 and 2.6 are both linear. This transform relies on

the bounds on the continuous variable being known.

McCormick Over- and Underestimators

McCormick (1976) developed a method for deriving over- and underestimator
functions, also referred to as convex envelopes, for bilinear terms due to the
product of two continuous variables which can be integrated into global optim-
isation algorithms. The method works as follows, for any bilinearity due to the
product of two continuous variables, the condition illustrated by Equation 2.7
holds.

w=x-y Ve,y € R (2.7)

From the definition of the upper and lower bounds of each variable, we can

derive Equations 2.8-2.11.

r—ab >0 (2.8)
2V —2>0 (2.9)
y—y" >0 (2.10)
yU —y >0 (2.11)

By taking the product of each different combination of Equations 2.8-2.11,
and substituting in Equation 2.7 the McCormick over- and underestimators

can be produced, as per Equations 2.12-2.15.
w > aly + yle — aly” (2.12)
w > Yy +yVe — aVyY (2.13)
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w > oty +yVe — aty? (2.14)
w > 2%y +yle — 2yt (2.15)

This relaxation technique is inexact. Thus, global optimality of the solution
cannot be guaranteed, however this technique creates a convex solution space
as the bilinear terms have all been replaced by linear terms. The bound on
the solution space can potentially be weak and is subject to the bounds on
the continuous variables x and y. Figure 2.11 illustrates the McCormick Over-

and Underestimator technique.

Y A Convex Overestimators

Convex Underestimators s

y e o ot st

Figure 2.11: McCormick over- and underestimators
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Reformulation-Linearisation Techniques

The seminal work for reformulation-linearisation techniques (RLT) for bilin-
ear terms exploiting the special structure of the problem was by Sherali and
Alameddine (1992). The procedure can be divided into two steps, namely
reformulation and linearisation. The problem is first reformulated by intro-
ducing new nonlinear constraints by the multiplication of the constraints by
product factors of binary variables, x, and their complements, 1 — x. These
constraints can then effectively be linearised by generating a new variable for
each nonlinear constraint. The linearisation step consists of replacing the con-
tinuous variables involved in bilinear terms by McCormick (1976) under- and
overestimators. Their work was later used by Quesada and Grossmann (1995)
for the linear relaxation of bilinear terms by creating a convex solution space.
Each bilinear term was replaced by four constraints which contained the up-
per and lower bounds of the continuous variables. This technique was also
included in the branch and bound optimisation algorithm. It was also shown
that the solution is globally optimal should the solution to the LP and NLP
problem be the same. However, in general this technique is inexact. Thus,

global optimality of the solution cannot always be guaranteed.

2.2.3 Stochastic Optimisation

Stochastic or metaheuristic optimisation techniques do not rely solely on the
aforementioned mathematical optimisation theory. These techniques typically
arrive at solutions relatively quickly and are easy to implement, however global
optimality of the solutions cannot be guaranteed given a finite number of
iterations. These methods perform calculations on single points, rather than
over the entire region of solutions. The term ‘stochastic’ refers to systems which
are based on the theory of probability. Randomness is an inherent aspect of

stochastic optimisation procedures, as similar parameters and initial conditions
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may lead to significantly different outputs. These methods are typically based
on physical analogies in order to generate random trial points which then
mimics a progression to equilibrium (Grossmann and Biegler, 2004). The

following are examples of popular stochastic optimisation techniques.

e Simulated annealing (SA) was introduced by Kirkpatrick et al. (1983)
and the origins can be attributed to statistical mechanics. SA makes use
of the molecular motion during the cooling of metals allowing for recrys-
tallisation and return of the material to equilibrium in a well ordered

solid state of minimal energy.

e Particle swarm optimisation (PSO), first proposed by Eberhart and
Kennedy (1995) is inspired by the social behaviour of fish schooling and
bird flocking.

e Ant colony optimisation (ACO) is inspired by the nature of ants to find
the shortest possible path between their nest and food source. ACO was
developed by Dorigo et al. (1996).

e Artificial bee colony optimisation (ABC) was first implemented by Kara-
boga and Basturk (2007). ABC is inspired by the intelligent foraging
behaviour of honey bees. Three groups of bees are explicitly defined,
namely employed bees, onlookers, and scouts. This technique has been

used for the design of multiple cooling towers (Rao and Patel, 2011).

e Genetic algorithms (GA) was introduced through the work of Holland
(1975). These algorithms are a subcategory of evolutionary algorithms
(EA), since they draw their analogy from natural selection and repro-
duction where each generation passes genetic information on to the next.
Apart from parental genetic information, each new generation also ex-
periences random mutations, such that the fittest solution to a particular

problem is preferentially selected. This technique has been used for batch

scheduling (Woolway and Majozi, 2018).
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2.2.4 Deterministic Optimisation

Deterministic optimisation is implemented to find global solutions, within
a pre-defined level of tolerance, to optimisation problems by following a
rigorous mathematical approach. The output to deterministic models are
completely dependent on the dynamics of the system and determined solely
by the parameters and initial conditions. Deterministic model also differ
from stochastic models in that calculations are performed over regions of
the solution space, rather than on single points. These methods typically
decompose MINLP problems into subproblems which are then solved to global
optimality.

The deterministic optimisation methods discussed in this section include the
cutting plane method, branch and bound technique, and outer approximation

method.

Branch and Bound

Land and Doig (1960) presented the seminal work for a branch and bound
(BB) approach to discrete programming. The approach uses tree enumeration
and relaxes the integer space into linear subproblems. These subproblems are
then solved at each node. Branching entails the iterative subdivision of the
feasible domain, whereas bounding is the calculation of the upper and lower

bounds on the objective function.

The framework of the branch and bound technique, considering a minimisation
problem, is graphically depicted by Figure 2.12 where P is the nonconvex
problem and R is its convex relaxation. As seen from Figure 2.12a the convex
relaxation is first solved to obtain a lower bound to the problem. Branching

rules are applied whilst the lower bound discrete variables remain non-integers.
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Figure 2.12: Spatial branch and bound procedure (Ryoo and Sahinidis, 1995)
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The upper bounds are obtained from the exact evaluation of the objective
function within the feasible region, as illustrated by Figure 2.12b. The
difference between the problem upper and lower bounds is referred to as the
relaxation gap, €. The upper and lower bounds are adjusted iteratively until

the relaxation gap meets a predetermined tolerance criterion.

Should the optimality criterion not be met, the value of the lower bound is
updated by partitioning the feasible domain into a finite number of subregions

to either side of the relaxed solution, as depicted in Figure 2.12c.

If the lower bound of a certain subregion becomes greater than or equal to the
current upper bound or if the solution is infeasible, the entire node is fathomed
out, as illustrated by Figure 2.12d. Branching on feasible, non-inferior nodes
continue until the relaxation gap meets the specified optimality criterion.
This ability to eliminate inferior and infeasible branches is the main feature

of the branch and bound method.
Branching can take place in either a depth-first or breadth-first manner. The
depth-first approach enumerates all nodes on a particular branch from the start

to the end node. After the completion of the branch, the approach backtracks
to continue with the next branch. This approach is depicted in Figure 2.13.

Figure 2.13: Schematic representation of the depth-first approach
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The breadth-first approach examines all nodes on the same level and then
selects the node with the best solution to continue branching. This approach

is illustrated in Figure 2.14.

Figure 2.14: Schematic representation of the breadth-first approach

A few disadvantages have been associated with the BB technique for MINLP
problems. These include the difficulty in updating NLP subproblems in the

tree nodes and the size of the problems.

The concepts of the branch and bound technique, along with optimality and
feasibility reduction techniques are implemented in the global optimisation
solver, branch and reduce optimisation navigator (BARON). The steps in-

volved in the BARON algorithm is shown in Figure 2.15.

Cutting Plane Method

The cutting plane (CP) method refines a feasible set iteratively, by using
linear inequalities, referred to as cuts. The feasible region is thus tightened
progressively by means of the introduction of valid cuts (Kelley, 1960). This
method was developed to obtain integer solutions to convex MILP problems.
Figure 2.16 depicts the process described above. Figure 2.16 depicts a shaded
feasible region, where integer solutions are illustrated by the grid and the
dot demonstrates the optimal relaxed solution. Should the optimal relaxed

solution not be an integer point, a cut is introduced into a section of the
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Figure 2.15: BARON algorithm flowchart

38



2.2. Optimisation

polygon near the relaxed optimal solution. This process is repeated until
an optimal relaxed solution is found at an integer point, as indicated by
Figure 2.16. Global optimalility can be guaranteed for problems which are

linear and convex.

Discarded region

Optimal solution

Feasible region

Figure 2.16: Cutting plane theory (Kelley, 1960)

The extended cutting plane (ECP) algorithm was developed to address non-
convex MINLP problems using the CP technique (Westerlund and Pettersson,
1995). The relaxed problem is first solved and the optimal solution is tested
for integrality. The algorithm terminates, should the optimal solution be an
integer point. If not, a cut is introduced near the relaxed optimum point,
separating every feasible integer solution from the current relaxed optimal
fractional solution. Consequently tightening the formulation and reducing the
size of the search space. This procedure is repeated until an integer optimal

solution is found.

Outer approximation is an application of the cutting plane method, first
introduced by Duran and Grossmann (1986). As with the cutting plane
method, this method applies to convex functions and sets. A function is
approximated by a polyhedral, which contains the set. This is achieved
by iterative linearisations that are successively tightened. The set of linear
functions or cuts form an envelope, termed a convex hull. MINLP problems
are divided into an MILP master problem, where the OA linearisation

approach is used to linearise the nonlinear functions, and NLP subproblems
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where integer variables are fixed. Solutions to the NLP subproblems provide
the MILP master problem with insights to introduce further cuts, as well as
an upper bound to the MINLP problem assuming a minimisation problem.
The MILP master problem solutions provide the MINLP problem lower
bound. A graphical representation of OA applied at four points of a convex
function is available from Figure 2.17. OA might require a large number of
approximations to adequately represent the feasible region. OA has been
implemented in the MINLP solver known as discrete and continuous optimiser
(DICOPT). Figure 2.18 provides a graphical representation of the DICOPT

algorithm.

Jx)

>

X X

Figure 2.17: Outer approximation of a convex function (Duran and Gross-
mann, 1986)

Generalised benders decomposition (GBD) is similar to OA, as MINLP
problems are separated into an MILP master problem and NLP subproblem:s.
Cuts are obtained from the solution to NLP subproblems and introduced by
fixing integer variables of the constraint functions. These two techniques differ
in how the MILP master problem is defined. GBD implements the duality
theory which requires that only the discrete variables and active inequalities

be considered (Duran and Grossmann, 1986). Similar to OA, GBD requires
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Figure 2.18: DICOPT algorithm flowchart for minimisation problems
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a large number of iterations to solve the NLP subproblems and MILP master
problem (Viswanathan and Grossmann, 1990). OA results in a lower bound
which is tighter, or as tight as the lower bound generated through GBD. For

this reason, OA tends to require fewer iterations when compared to GBD.

The techniques mentioned in this section, which are based on the CP method,
rely heavily on the solutions to MILP problems, for which powerful algorithms
have been developed. However, the disadvantages of these methods include
the slow convergence speed, dependence on a good initial point, and global

optimality cannot be guaranteed for nonconvex MINLP problems.

2.3 Cooling Towers

Cooling towers are widely used in industry for the rapid cooling of cooling
water. The cooling water is typically used to exchange heat with hot processes
which could not meet all of its cooling demand through process-process heat
integration. A cooling tower is essentially a direct-contact heat exchanger, in
which the cooling water return stream is brought into contact with unsatur-
ated air. When the water and unsaturated air are brought into contact, some
of the water will evaporate into the air as water vapour. The water vapour
joining the air carries the latent heat of vaporisation with it, thereby reducing
the temperature of the water. This process is driven by the concentration
gradient which exists between the water and air and can be repeated until the
air becomes saturated or the vapour pressure of the water and air are equal
(Kern, 1950). This mechanism is known as evaporative cooling and accounts
for approximately 62.5% to 80% of the total cooling tower heat transfer. The
balance is made up of convective heat transfer (Khan et al., 2003; Perry and

Green, 1997).
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The cooling water can theoretically be cooled up to wet bulb temperature
of air, although Li and Pridov (1985) suggests that the cooling water should
be at least 2.8°C above the wet bulb temperature of air. It is estimated that
industry can reduce their fresh cooling water consumption by 98% by making

use of cooling towers (Kern, 1950).
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Figure 2.19: Cooling tower process heat balance (Perry and Green, 1997)

Figure 2.19 above provides a visual depiction of the fundamental interactions
that occur within the cooling tower. This illustrates the relationship between
air and water, as well as the driving potential for counterflow cooling towers.
Commonly used terms in the domain of cooling tower optimisation can be
inferred from the graphic. For example, it can be seen that the approach

temperature is defined as the difference between the cold water temperature
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exiting the cooling tower and the air wet bulb temperature entering the cooling
tower. Similarly, range is defined as the difference between the hot water
temperature entering the cooling tower and the cold water temperature exiting

the cooling tower.

2.3.1 Types

Cooling towers can be divided into two categories, based on the way that
air enters the cooling tower. Mechanical draft cooling towers make use of a
fan placed either at the top or bottom of the cooling tower, whereas natural

circulation cooling towers do not make use of a mechanical fan.

Natural Circulation Cooling Towers

Natural circulation cooling towers facilitate air-water contact without making
use of mechanical devices such as fans. Two types are commonly encountered

in industry, these being atmospheric and natural draft cooling towers.

Atmospheric cooling towers allow wind currents to pass through one side of
the column. The orientation of the cooling tower varies seasonally based on
atmospheric condition and projected wind patterns. These cooling towers are
typically much narrower and longer vertically than any of the other types of
cooling towers discussed in this section. Due to drift loss occurring over the

entire side of these towers, much greater losses are typically experienced.

Natural draft cooling towers operate in a manner analogous to furnace
chimneys. Hot water provides heating of air entering the tower. This lowers
the air density, leading to a density differential between the air inside and
outside of the tower. This phenomenon causes air to flow in at the bottom
of the tower and hot, less dense, air to flow out of the top of the tower. It is

important to ensure a sufficient temperature difference between ambient air
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and hot water for these types of cooling towers to operate effectively. Natural
draft cooling towers should be sufficiently tall for buyoancy considerations

and have a large cross section due to the slow air circulation rate.

Natural circulation towers make use of natural phenomenon to drive process
cooling. The benefits of these towers are that they require low operational costs
due to the elimination of the cooling tower fan. However, greater requirement
of upfront capital investments and reliance on environmental factors have led

to these towers being phased out over time (Kern, 1950).

Mechanical Cooling Towers

Mechanical cooling towers ensure contact of hot water droplets and cold air
by means of a mechanical device, typically a fan. There are two arrange-
ments which are frequently seen in industry, namely forced draft- and induced
draft mechanical cooling towers. The distinction is based on the placement
of the fan. Hot water is introduced into the cooling tower from the top end
as droplets. Contact is made with the cool air which flows upwards from
the bottom of the cooling tower. Forced draft cooling towers place the fan
at the bottom entrance of the cooling tower, thereby forcing air through the
tower. Fans are placed at the top of the tower inducing air flow in the induced
draft arrangement. The induced draft cooling tower has grown increasingly
popular in industry due to the reduced air inlet spacial requirements, improve-
ment in air circulation inside the tower, and reduction of air recirculation.
Induced draft cooling towers do however experience a greater amount of drift
loss and increased pressure drop compared to forced draft cooling towers and

subsequently require greater fan power (Kern, 1950).
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2.3.2 Fills

Fills are used within the cooling tower to increase the residence time of water
within the cooling tower and increase the contact area between air and water.
Kloppers and Kroger (2003) evaluated the loss coefficient of splash, trickle, and
film type fills. It is recommended that the cooling water return temperature

does not exceed 50°C to ensure the fills are not damaged (Douglas, 1988).

Splash Fills

Splash fills are made up of layers of horizontal bars. Warm recirculating cooling
water breaks to form small droplets upon contact with the bars. This provides
an increased air-water contact surface. Splash fills are typically made of PVC
or wood. Splash fills are inexpensive and can be used in applications with very

dirty water.

Trickle Fills

Trickle fills are an adaptation of the splash fills formed into a block shape.

Film Fills

Film fills are made up of textured thin sheets separated by small spacing knobs.
This provides a large surface area for the warm water to spread out into a thin
film for air-water contact. Film fills are typically made with PVC material. It
is important to ensure the recirculating cooling water is clean, as debris can

build up on the fill and reduce overall cooling tower performance.
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2.3.3 Models
Merkel Method

The prediction of cooling tower performance dates back to Merkel (1926).
The author derived the model by considering the mass and energy effects
of a falling water droplet surrounded by a thin film of air. The enthalpy
difference between the film and ambient air provides the driving force for the
heat exchange process. The key assumptions made in the development of the

model are as follows:
e The Lewis factor, which relates heat and mass transfer effects, is unity.
e The air exiting the cooling tower is saturated.

e The effect of evaporation on the water flow rate is neglected in the energy

balance.

Kloppers and Kroger (2005a) investigated the effect of the Lewis factor on
the prediction of cooling tower performance. It was found that an increase
in the Lewis factor is associated with increased heat rejection, decreased
water outlet temperature and decreased rate of evaporation. Furthermore,

the influence of the Lewis factor diminishes when ambient air is hot and humid.

The Merkel method provides a simple method that can accurately predict
cooling water outlet temperature, although it does not represent the heat and
mass transfer effects within the cooling tower fill accurately (Kloppers and
Kroger, 2005a). Mills (1999) found the Merkel method to generally be accurate
within 3-5% of exact results up to temperatures of about 60°C. The method
makes use of the Merkel number to predict cooling tower performance, as

demonstrated by Equation 2.16.
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The integral expression represents the area between the saturated air curve and
the operating line on a temperature vs enthalpy plot. The Cooling Tower Insti-
tute (1997) and British Standard 4485 (1988) recommend that the four-point
Chebyshev integration technique be used in determining the Merkel number.
Chebyshev integration is very accurate compared to the 100 interval Simpson’s
rule (Mathews, 1992). It should be noted that Chebyshev integration lacks ac-
curacy when the approach temperature is smaller than approximately 0.56°C
(Kelly, 1976). Oosthuizen (1995) and Mohiuddin and Kant (1996) provide

further discussions on Chebyshev integration.

e-NTU Method

Jaber and Webb (1989) later developed the e-NTU (effectiveness-NTU)
method, based on the same assumptions as the Merkel method. The authors
used the insight that, in essence, a cooling tower operates as a large heat ex-
changer between the cold air and hot water. This allowed the authors to base
their method on the NTU (Number of Transfer Units) technique used in the
design of heat exchangers. Due to the commonality of underlying assump-
tions, the e-NTU method is in the same accuracy range as the Merkel method.
The main benefit of the e-NTU method is that the computational difficulty is

reduced, as there are no integral functions to evaluate.

Poppe Method

Poppe and Rogener (1991) developed a rigorous method that does not rely
on the simplifying assumptions of the Merkel method. The authors utilised
a control volume made up of a differential height and cross sectional slice
through the cooling tower. The control volume was used as a basis for a mass
and enthalpy balance. To more accurately determine the Lewis factor, the
authors made use of a correlation by Bosnjakovi¢ (1965). The Poppe method

does however result in differential equations which are more difficult to solve.
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Kloppers and Kroger (2005b) compared the above mentioned models. They
concluded that if only water outlet temperature is of importance, the Merkel
and e-NTU methods could be used, as all three the methods predict similar

water outlet temperature values.

2.3.4 Cooling Water Systems

Recently, cooling towers have been considered as part of the cooling water
system. As demonstrated in Figure 2.20, the cooling water system comprises
of the cooling tower, cooling water network, and pumping network. Water
losses such as evaporation, drift, and blowdown occur during the operation
of the cooling water system. Kemmer (1978) determined that drift losses
should not exceed 0.2% of the total circulating water flowrate in well-designed
cooling towers. An empirical expression to determine the evaporation loss in
cooling towers was developed by Perry and Green (1997). Blowdown is used
to ensure there is no build-up of contaminants in the cooling water system.
Blowdown is expressed in terms of cycles of concentration (CC). This is the
ratio of the concentration of soluble component in the blowdown stream to the
makeup stream. Li and Pridov (1985) suggests a cycles of concentration value
of 2-4 be used. Makeup water is introduced to the system to account for the

aforementioned water losses in the cooling water system.

Experimental studies conducted by Bernier (1994) demonstrated that altering
the dry bulb temperature while controlling the wet bulb temperature lead to
no significant effect on water outlet temperature. Conversely, increasing wet
bulb temperature reduced the approach temperature, resulting in increased
overall cooling. Arguably, the most significant finding was that a reduction in
the recirculating cooling water flowrate, which is concomitant with increased
cooling water return temperature, improved the thermal performance of a
cooling tower. This finding, demonstrated by Figure 1.4, formed the basis for

the optimisation of cooling water systems.
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Figure 2.20: Cooling water system (Kim and Smith, 2001)

Castro et al. (2000) developed a nonlinear mathematical model incorporating
pressure drop considerations into the cooling water system model. The
authors made use of a parallel cooling water network and used correlation

functions to predict cooling tower outlet conditions.

Kim and Smith (2001) improved on the work of Castro et al. (2000) by
implementing a combined water and energy analysis. The authors developed
a graphical method based on pinch analysis to minimise recirculating cooling
water flowrate, by maximising cooling water reuse. Their work followed
from the aforementioned insight by Bernier (1994), who determined that
cooling tower performance improves when operating at reduced cooling water
recirculating flowrates. Prior to their work, the cooling water network was
traditionally arranged in parallel and supplied by cooling water directly from

the cooling tower, as depicted by Figure 1.3.
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The authors further mathematically defined cooling tower effectiveness as the
ratio of actual heat removed to the theoretical maximum amount of removable
heat. In simplifying the model, losses in the form of evaporation and drift
were assumed to be negligible. Their procedure was later automated by a

mathematical model (Kim and Smith, 2003).

Kim and Smith (2004) later developed a method to reduce the overall makeup
water requirement. In doing so, water recovery streams were introduced
between wastewater generating processes and the cooling water system. The
temperature of the wastewater exiting each unit determined where it was fed
into the CWS. Wastewater was added after the cooling tower if the wastewater
recycle stream temperature was below the temperature of the cooling water
entering the cooling water network. Conversely, if the wastewater recycle
stream temperature was above the temperature of the cooling water entering
the cooling water network, the water recovery stream was introduced before
the cooling tower. This arrangement ensures that additional heat is not added

to the cooling water entering the cooling water network.

Khan and Zubair (2001) incorporated drift and evaporative losses in their
cooling tower model. The model was complex and included the calculation
of the Lewis number. It was concluded that an increase in the Lewis
number corresponded with increased cooling tower effectiveness. Khan et al.
(2004) extended their work by investigating the effects of fouling on thermal
performance. Fouling refers to the deposition of material, such as bio-growth,

on the film area.

Ponce-Ortega et al. (2007) developed a mathematical model to synthesise
cooling water networks at minimum cost. Their work made use of the stage-
wise superstructure approach, introduced by Yee and Grossmann (1990). As
depicted by Figure 2.21, the set of hot processes is divided into a series of

stages. Each stage behaved similar to a water main, as introduced by Kuo
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and Smith (1998b). Thus, a stage could be supplied by cooling water from a
stage preceding it or directly from a cooling tower. Ponce-Ortega et al. (2010)
later improved on this work, by including a cooling tower model based on the
Merkel method. This work was further extended by including various types of

pumps and cooling tower fills in the model (Serna-Gonzélez et al., 2010).

Qureshi and Zubair (2006) developed a cooling water system model which
predicts the fouling of packing and investigated the effects on thermal
performance. Panjeshahi et al. (2009) expanded on the work of Kim and
Smith (2001). They investigated the effects of ozone treatment of the
recirculating cooling water. By inhibiting biological growth, the cycles of
concentration was increased, resulting in decreased blowdown and makeup.
The authors also minimised the total annualised cost of a cooling water
system. They developed the advanced pinch design technique by combining
pinch integration with mathematical programming. The cooling tower model

described by Kroger (2004) was used to predict cooling tower outlet conditions.

The aforementioned cooling water system models all consider a single cooling
tower, however in industry it is common practise to make use of multiple cool-
ing towers to meet the cooling demand. Majozi and Nyathi (2007) developed
a methodology for the synthesis of cooling water systems made up of multiple
cooling towers. They implemented a graphical technique for targeting, and a
mathematical programming model for synthesis of the cooling water network.
The authors implemented the conditions of optimality introduced by Savelski
and Bagajewicz (2000) to linearise the model. Majozi and Moodley (2008)
expanded on their work by developing a rigorous mathematical optimisation

model.
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Gololo and Majozi (2011) extended this model by including a cooling tower
model, based on the work of Kroger (2004). This allowed for cooling tower
performance to be evaluated. The authors developed a solution algorithm
that includes the fourth order Runge-Kutta method for approximating the
solution to the differential equations throughout the model. For this reason
the authors modelled the cooling towers and cooling tower network using
two different platforms, requiring an iterative decomposition procedure to
obtain the final solution. Rubio-Castro et al. (2013) extended the work

by Ponce-Ortega et al. (2010) to include multiple cooling towers.

More recently, Zhu et al. (2017) optimised the operating parameters of the
CWS while maintaining the equipment configuration and network topology.
Liu et al. (2018) designed the HEN and CWS simultaneously. The cooling
water was treated as a special cold stream. Zheng et al. (2018) developed
an MINLP for the simultaneous optimisation of the pumping network and a
parallel CWN considering multiple cooling towers. The centrifugal pumps were
divided into a main and auxiliary subnetwork. The authors made use of the
optimality criterion described by Savelski and Bagajewicz (2000) to linearise
their model. It was found that the pumping costs made up more than 60% of
the total cost. Ma et al. (2018) later extended the pumping network into the
so called multi-loops pump network in order to better satisfy various cooling
demands. The authors made use of a stagewise CWN, thereby reducing the
number of auxiliary pumps required. Pontes et al. (2019) investigated the
effects of ambient temperature on the required cooling tower capacity, paying
specific attention to the volume of cooling tower fill and fan power. Li and Li
(2020) presented a model to optimise switch-over temperature to facilitate free
cooling and thereby enable energy savings through control of cooling tower
fans. The model was applied to a data centre case study, resulting in 10%

energy savings.
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Wu et al. (2021) developed a stochastic NLP model, based on the e-NTU
method for cooling tower design, which takes into account the variability of

weather by allowing for a design margin in the proposed heat exchanger area.

2.3.5 Pressure Drop Considerations

The use of series connections in cooling water network models, through the im-
plementation of reuse and recycle opportunities, inherently leads to an increase
in the network pressure drop. In seeking to minimise recirculating cooling wa-
ter flowrate, at minimum pressure drop, Kim and Smith (2003) extended their
previous work by developing a mathematical model to minimise pressure drop
of the cooling water network. The mathematical model was based on the crit-
ical path algorithm (CPA) and formulated as an MINLP. The pressure drop
was calculated based on the cooling water flowrate for both piping and equip-
ment. Insights from this technique were later used to minimise pressure drop
in steam systems (Price and Majozi, 2010) and cooling water systems with

multiple cooling towers (Gololo and Majozi, 2012).

2.4 Batch Processes

The aforementioned research on cooling water systems have been applied
to continuous background processes. This disregards cooling towers which
are coupled with batch background processes. Batch processes can be
distinguished from continuous processes by noting that continuous processes
operate throughout the time horizon of interest, with a continuous inlet and
outlet stream and no set starting or finishing time. Figure 1.2 visually depicts
the difference between batch and continuous processes. This mode of op-

eration is suited to products that are produced in bulk, such as petrochemicals.
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Batch processes operate intermittently throughout the time horizon of
interest, without continuous inlet and outlet streams and set starting and
finishing times. These processes are ideally suited to produce low-volume,
high-value products. Batch processes allow raw materials, intermediates,
utilities, and equipment to be shared during production, thereby offering a
greater degree of flexibility compared to continuous processes. This flexibility
brings about a large degree of complexity to the synthesis and design of
batch processes. The large amount of discrete decisions and size of the
solution space leads to a combinatorial problem which is computationally
demanding. The job shop scheduling problem is analogous to the travelling
salesman problem, where cities are equivalent to units and the salesman is
equivalent to the jobs. The scheduling problem is regarded as NP-complete,
meaning that these problems are not bound by polynomial time. Hence, prob-

lem complexity and solution time is exponentially proportional to problem size.

Batch scheduling aims to determine the sequence of tasks in the available
processing units and the times at which they occur, which leads to the
optimal value of a given objective function. The objective function typically
takes the form of either throughput maximisation or makespan minimisation.
The majority of techniques developed for batch scheduling are based on
mathematical programming. This is due to the relative ease at which the time
dimension and various constraints of practical relevance can be incorporated
into a mathematical model, as opposed to a graphical technique. There have,
however, been research efforts aimed towards developing a graphical technique
for batch scheduling, an example of which is the schedule-graph developed
by Sanmarti et al. (1998) and later extended by Majozi and Friedler (2006).

The major contributions to the batch scheduling domain have involved formu-
lations which improved the solution objective functions or decreased solution
times. Important considerations to batch scheduling formulations as well as

recent developments are discussed in the sections which follow.
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2.4.1 Types of Batch Plants

Batch processes can be classified into two distinct categories, based on the man-
ner in which material flows through the processing equipment. In multiproduct
batch plants, also referred to as flowshop plants, products are manufactured
using the same equipment following the same recipe in successive production
campaigns. Thus each unit is dedicated to a specific task. This differs from
multipurpose batch plants, also referred to as jobshop plants, where products
can be manufactured using different equipment following a different recipe in
successive production campaigns. Therefore, equipment units can be shared
by various tasks. Multiproduct batch plants can be seen as a subset of mul-
tipurpose batch plants. Multipurpose batch plants offer a greater degree of
flexibility, however this comes with greater complexity in scheduling. Fig-
ure 2.22 depicts the flowsheets of a typical multiproduct and multipurpose

batch facility.

r|r=any || task task | . Jtask | .« | task . _[plp=any
raw material ’ product

(a) Multiproduct Batch Plant

r|r=any task task | o Jtask | & task | [plp=any
. > p) —
raw material 1 2 n N ' product
| ' J

(b) Multipurpose Batch Plant

Figure 2.22: Flowsheet of typical multiproduct and multipurpose batch plants
(Majozi, 2010)
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2.4.2 Storage and Operational Philosophies

Storage plays an important role in batch processes, as it provides an avenue to
overcome the time constraints. This introduce additional flexibility to the given
batch plant. The use of storage can further debottleneck the batch schedule
and increase equipment utilisation, thereby increasing process productivity.
Storage policies for intermediate products are determined by the operational
and transfer philosophy which the particular batch plant has adopted. The
most important operational and transfer philosophies are briefly discussed in

the points that follow.

e No Intermediate Storage (INIS): No intermediate storage vessels are
available. If intermediates are not used immediately in a successive task,
they are temporarily stored in the unit in which they were produced.

This reduces the plant area and capital requirements for the batch plant.

e Common Intermediate Storage (CIS): A single storage vessel exists
to be shared by all intermediates. This requires a smaller amount of area,
compared to the situation where a storage vessel is dedicated for each
intermediate, however care should be taken to ensure product integrity

(Jung et al., 1996).

e Finite Intermediate Storage (FIS): Intermediate storage vessels ex-
ist between tasks for each intermediate. The capacity of the storage

vessels are finite, thus storage cannot be guaranteed.

e Unlimited Intermediate Storage (UIS): Intermediate storage vessels
exist between tasks for each intermediate. The capacity of the storage

vessels are unlimited, thus storage can be guaranteed.

e Process Intermediate Storage (PIS): Process units which are not
active may be used as intermediate storage vessels, thereby making use
of the latent storage potential of the available processing units. This
leads to increased capital utilisation of the process units (Pattinson and

Majozi, 2010).
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e Mixed Intermediate Storage (MIS): More than one type of the
aforementioned operational philosophies coexist within a particular batch
plant. An example of this would be a batch plant which makes use of FIS
between certain tasks, while making use of CIS for other tasks (Wiede

and Reklaitis, 1987).

e Zero Wait (ZW): Intermediates are not allowed to be stored after they
have been produced. Intermediates are transferred to the following task
immediately after being produced. This transfer philosophy is commonly
used for unstable intermediates, where a delay may have a detrimental

effect on the quality of the product.

e Finite Wait (FW): Intermediates are allowed to be stored for a finite
amount of time after they have been produced. This transfer philosophy
is commonly used for intermediates which are partially stable and starts

decomposition after a fixed amount of time.

e Unlimited Wait (UW): Intermediates are allowed to be stored for an
unlimited amount of time after they have been produced. This transfer

philosophy is commonly used for intermediates which are stable.

2.4.3 Time Representation

Due to the discrete nature of batch processes, accurately capturing the essence
of time is an important factor in developing a mathematical model for the
scheduling of batch operations. The time horizon can be discretised uniformly

or unevenly.

The uniform discretisation of time, also referred to as the discrete time
representation, divides the time horizon into a finite number of intervals of
uniform duration with a binary variable associated with each interval. The
starting and finishing time of each task must coincide with a time interval

boundary. To ensure global optimality the time intervals must be sufficiently
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small. It is suggested that the greatest common factor of processing times
be used as the time interval duration. The benefit of the discrete time
representation is that it provides all tasks with a common time grid, which
simplifies the material balances involving shared resources. Difficulty arises in
the industrial implementation of the discrete time representation, as the large
amount of unnecessary time intervals leads to an explosive binary dimension
which is computationally difficult to solve. The discrete time representation
does also not accommodate variable processing times dependent on batch size,
as is commonly encountered in industry. The discrete time representation is
illustrated in Figure 2.23 and Figure 2.24 provides a depiction of the discrete
time grid. Examples of batch scheduling models which make use of the discrete

time approach is Kondili et al. (1993), Shah et al. (1993) and Pantelides (1994).
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Figure 2.23: Discrete time representation (Floudas and Lin, 2004)
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Figure 2.24: Discrete time grid (Méndez et al., 2006)

The uneven discretisation of time, also referred to as the continuous time
representation, divides the time horizon into intervals of unknown durations
with a specified number of time points. The starting and finishing time of each
task must coincide with a time interval boundary. This approach generally
leads to smaller problem sizes which require less computational effort, however
there is an increased integrality gap associated with the continuous time
representation (Floudas and Lin, 2004). The major drawback of this method

is that the optimal number of time points have to be determined iteratively.
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Seid and Majozi (2012) recently developed a mathematical technique to
determine the optimal number of time points. Figure 2.25 demonstrates the

continuous time representation.
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Figure 2.25: Continuous time representation (Floudas and Lin, 2004)

The continuous time formulation can be categorised into slot based and event
based models. Slot based models divide the time horizon into a consecutive
set of ordered slots of unknown duration. One of the earliest uses of a slot
based model is that of Pinto and Grossmann (1995). Event based models
represent the time horizon by a series of time instances along the time horizon
which signify when a task becomes active. An early example of an event
based model is by Zhang and Sargent (1996). By definition n amount of slots

will correspond to n + 1 events.

A further distinction of scheduling models can be made based on the amount
of time grids utilised. A scheduling model can utilise a single, multiple or no
time grid. A single time grid entails that there is one common time grid for
all the units. Thus if an event point is defined at the start of a particular
task taking place in a particular unit, the event point will be common to all
operations. This simplifies problems involving shared resources, however the
amount of time points required tends to be large for complex problems or
problems involving long time horizons. When multiple time grids are used, a
separate time grid is defined for each unit. This allows tasks corresponding
to the same event point taking place in different units to occur at different
absolute times on the time horizon. Scheduling models that do not make
use of a time grid are referred to as precedence based models. Precedence
based models differ from all the aforementioned scheduling models in that

they exploit the sequential processes which some batch plants follow. These
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models are batch oriented, meaning that states and tasks do not have to be
defined explicitly. For this reason, precedence based models are classified
as sequentially based models, whereas all previously mentioned models are

network based models.

The points which follow state the continuous time formulation models which
have been developed. A brief description, depiction of the associated time
grid, and an example from literature where this type of time representation

has been used are provided.

e Synchronous Time Grids: This representation involves a slot based
model utilising a single time grid (Sundaramoorthy and Karimi, 2005).
Global time points are used to depict the start and end of each task.
Figure 2.26 illustrates the use of the synchronous slot based time grid

consisting of six time slots.

| o T

Figure 2.26: Synchronous time grid (Méndez et al., 2006)

e Asynchronous Time Grids: This representation involves a slot based
model utilising multiple time grids (Karimi and McDonald, 1997). Unit
specific time points are used to depict the start and end of each task.
Figure 2.27 presents the use of the asynchronous slot based time grid

consisting of three time slots.

e Global Time Points: This representation involves an event based
model utilising a single time grid (Castro et al., 2001; Maravelias and
Grossmann, 2003). Global time points are used to depict the start of
each task. Figure 2.28 depicts the use of the global time points grid

consisting of three five time points.
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Figure 2.27: Asynchronous time grid (Méndez et al., 2006)
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Figure 2.28: Global time points grid (Méndez et al., 2006)

e Unit Specific Event Based: This representation involves an event
based model utilising multiple time grids (Ierapetritou and Floudas,
1998; Janak et al., 2004). Unit specific time points are used to depict
the start of each task. Figure 2.29 presents the use of the unit specific

event based time grid consisting of three time points.

Figure 2.29: Unit specific event based grid (Méndez et al., 2006)

e Immediate Precedence: This representation utilises two sets of bin-
ary variables to define the allocation and sequencing constraints. The
sequencing binary variables becomes active if batch i’ immediately fol-
lows batch i (Gupta and Karimi, 2003). Figure 2.30 is used to demon-
strate the precedence time grid for all of the following precedence based

formulations.
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e Global Precedence: This representation utilises a single sequencing
binary variable for each pair of batch tasks that can be allocated to the
same unit is required. The sequencing binary variable becomes active if
batch i’ follows batch i. Subsequent tasks are cumbersome to define and
lead to problems with sequence dependent changeover (Méndez et al.,

2001).

e Unit Specific Immediate Precedence: This representation utilises a
single binary variable defines both the allocation and sequencing of batch

pairs (Cerda et al., 1997).

e Unit Specific Global Precedence: This representation addresses the
issue of sequence dependent changeover by combining the concepts of
global precedence with unit specific immediate precedence (Kopanos et

al., 2009).
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Figure 2.30: Precedence time grid (Méndez et al., 2006)

2.4.4 Flowsheet Representation

The mathematical model for batch scheduling is also influenced by the manner
in which the flowsheet is represented. The flowsheet provides the depiction
of the production recipe involved in the particular batch process. The four
most frequently used flowsheet representations are discussed in the points that

follow.

e State Task Network (STN): This representation was developed
by Kondili et al. (1993). The flowsheet consists of state nodes, task
nodes, and arcs. State nodes represent any material with distinct prop-

erties and attributes, such as raw material, intermediates, products, etc.
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State nodes are depicted by circles. Task nodes represent all unit opera-
tions which are responsible for transforming an input state into an output
state. Task nodes are depicted by rectangles. The nodes are linked by
arcs, which indicate task precedence. Figure 2.31 depicts a typical STN

flowsheet.

(s )Tk 152 —{ Task 2}—(s8 }—{Task 5}—(s1)

Figure 2.31: STN flowsheet representation

e Maximal State Task Network (m-STN): This representation was
generalised by Barbosa-Povoa and Macchietto (1994) by combining the
plant structure characteristics with the process recipe into a single frame-
work. This ensures the unambiguous depiction of the topology and con-
nectivity of the plant, since each equipment unit, as well as resources
associated with it, is handled independently. Another feature of the m-
STN is that the resource utilisation is explicitly taken account of. The
definition and depiction of tasks and states are the same as for the ori-

ginal STN representation.

e Resource Task Network (RTN): Pantelides (1994) extended the STN
representation to the RTN representation. The flowsheet consists of re-
source nodes, task nodes, and arcs. Resource nodes represent states,
energy, storage, transportation, and manpower. Resource nodes are de-
picted by circles. Task nodes represent all unit operations which are
responsible for transforming a set of input resources to a set of output
resources. This definition is similar to that of the STN, but now includes
operations such as storage, cleaning and transportation. The nodes are
linked by arcs, which indicate task precedence. When considering batch
plants involving identical equipment, the RTN is preferred over the STN.
A simple example of a RTN flowsheet is presented in Figure 2.32.

65



2.4. Batch Processes

Figure 2.32: RTN flowsheet representation

e State Sequence Network (SSN): This representation was introduced
by Majozi and Zhu (2001). The flowsheet consists of state nodes and
arcs. State nodes are defined as in the STN. Tasks are implied by the
arcs, linking an input state to an output state. If multiple states enter a
unit, one of the states is declared as the effective state. The implication
of the SSN is that binary variables are not assigned to tasks. This results
in a mathematical model requiring less binary variables, provided there
is not a one-to-one correspondence between states and tasks. A typical

representation of the SSN is shown in Figure 2.33.

Figure 2.33: SSN flowsheet representation

2.4.5 Batch Scheduling

As mentioned previously, Kondili et al. (1993) developed the STN flowsheet
representation. Their MILP formulation was based on the discrete time
representation. Tasks were explicitly assigned to units through a dedicated
three index binary variable. These two factors resulted in an explosive binary

dimension for complex problems.

Schilling and Pantelides (1996) made use of the RTN flowsheet representation
in the development of their continuous time formulation. Time points and
slots were used to represent the beginning and end of a task. The model took
the form of an MINLP, however Glover transforms were used to linearise the

model to an equivalent MILP. The MILP resulted in a large integrality gap.
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The authors implemented a novel branch and bound algorithm in an attempt
to reduce the integrality gap. The technique branched on both discrete and

continuous variables.

lerapetritou and Floudas (1998) attempted to decrease the binary dimension
in their batch scheduling model. In doing so the authors decoupled tasks and
units. This was achieved by using a separate binary variable for tasks events
and unit availability. Thus the total amount of binary variables required for a
given problem would be (i + j) - p. The number of binary variables could be
further reduced in problems which exhibited a one-to-one relationship between
tasks and units. Their model was based on the unit specific event based time
representation and STN flowsheet representation. The overall model was in
the form of an MILP. The FIS storage philosophy was not accommodated by
the model.

The SSN flowsheet representation was introduced by Majozi and Zhu (2001).
This allowed for a single binary variable to represent the consumption of a
state at a particular time point, thereby eliminating the need for task and unit
binary variables. Tasks could be inferred where a change in state occurred.
In cases where multiple states are consumed in a common unit at the same
time, an effective state is defined. This reduced the binary dimension to s* - p
for any given problem. The formulation was based on the continuous time
representation and took the form of an MILP. The model was not able to

incorporate the FIS storage philosophy.

Maravelias and Grossmann (2003) made use of the global time point time
representation and STN in developing their batch scheduling model. The
advantage of their model was the relative ease of accommodating shared
resources. Sequence dependent changeover was incorporated for different

tasks in a common unit. The authors allowed tasks to span over multiple time
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points to account for the utilisation of various resources and storage policies.
Three binary variables were used throughout the model. The large binary

dimension has caused this model to struggle with long time horizons.

The work of Ierapetritou and Floudas (1998) was extended by Janak et al.
(2004) by considering batch mixing and splitting, sequence dependent
changeover, shared storage policies and resource constraints for limited utility
availability. The authors made use of an enhanced unit specific event point
time representation allowing tasks to span over multiple time points. Storage
was provided through dedicated storage vessels as well as idle units performing

storage tasks.

Wu and Ierapetritou (2004) developed a cyclical scheduling technique ap-
plicable to long term scheduling problems, based on the continuous time
representation and STN. Their work can be seen as an adaption of the short
term scheduling technique proposed by Ierapetritou and Floudas (1998).
The authors paid careful attention to the startup and shut down periods
involved in the schedule. The concept driving the idea of cyclical scheduling
involves a subschedule, with a time horizon much shorter than the overall
time horizon, which can be repeated multiple times. This approach leads
to reduced accuracy, compared to the direct scheduling approach, however

problem complexity is greatly decreased.

Sundaramoorthy and Karimi (2005) demonstrated that decoupling of task
and unit events do not lead to a reduction in the binary dimension compared
to the traditional three index STN binary variable. The authors developed
an MILP model without big-M constraints, which have been associated
with increased computational difficulty. The formulation was based on the
synchronous time grid representation, where tasks were allowed to span over
multiple time points. The use of a single time grid facilitated shared resources

into the scheduling model, however increased the required number of time
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slots to obtain the optimal solution. The authors also included novel slot
based constraints such as time balances. Finally, tasks were allowed to finish
before the end of a slot, thereby allowing a processed, non-zero wait, state to
be stored in the unit which it was processed in until the end of the current

slot. This afforded the model a greater degree of flexibility.

Shaik and Floudas (2009) highlighted the importance of tasks spanning over
multiple time points. The authors illustrated that models which do not allow
task spanning may yield suboptimal results. Their MILP formulation was
based on the unit specific event based time representation. The drawback of
this model was that both the number of event points and the amount of points

over which any given task was allowed to span had to be determined iteratively.

Susarla et al. (2010) adapted the work of Sundaramoorthy and Karimi (2005)
by implementing an asynchronous time grid representation and allowing tasks
to span over multiple time points. The model decreased the number of time
points required to find the optimal solution. The authors also permitted
non-simultaneous material transfer into and out of units. This implies that
for tasks which require multiple states, a state can be sent to the unit
prior to the task commencing. The state would be stored in the processing
unit until all other required states have been sent to the unit for the task

to commence. This improved operational flexibility and led to better schedules.

Seid and Majozi (2012) addressed the shortcomings of the model by Majozi
and Zhu (2001). The authors utilised the SSN flowsheet representation and
the unit specific event based time representation to incorporate constraints
which accommodate the FIS storage policy. The formulation also included
conditional sequencing. This involves the alignment of a producing and

consuming task of an intermediate state only in the event that the consuming
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task uses the material from the producing task in particular. It was found
that the model required fewer time points compared to other contemporary

formulations.

Vooradi and Shaik (2012) decreased the model complexity of Shaik and
Floudas (2009).The authors reduced the binary dimension of their model
by introducing the concept of active tasks. The binary variable responsible
for active tasks monitor the time points over which a task is active. The
authors further argued that Seid and Majozi (2012) implemented only partial
conditional sequencing, since in cases where the conditions are met for the
alignment of production and consumption tasks, all of the consumption tasks
are aligned with the production task. This would occur even in circumstances
where only one of the consumption tasks make use of the produced state. The
authors implemented rigorous conditional sequencing, which further reduced

the number of time points required for a given scheduling problem.

This highlights the fundamental aspects in the scheduling of batch operations.
For a more detailed description of batch scheduling, the reader is referred to
the extensive reviews written by Floudas and Lin (2004), Méndez et al. (2006),
Shaik et al. (2006) and Harjunkoski et al. (2014).

2.4.6 Heat Integration with Batch Background Processes

Batch processes encountered the same need to reduce energy consumption
and waste generation, due to ever more stringent environmental regulation,
as their continuous process counterparts. Heat integration in batch processes
do however pose an additional difficulty, in that they are constrained by
temperature and time. The temperature constraint is also encountered by
continuous processes, it ensures that heat cannot be transferred from a heat

source to a heat sink if the temperature of the heat sink is greater or equal to
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the temperature of the heat source. The time constraint is unique to batch
processes, it dictates that a heat source cannot transfer heat directly to a heat

sink if the heat source and heat sink are not active at a common time interval.

Direct heat integration entails the transfer of heat from a heat source to a
heat sink during a time interval where both units are active. Heat storage can
be used to bypass the time constraint. To accomplish this, a heat transfer
fluid is used to facilitate energy transfer at any time, as long as the heat
source took place before the heat sink. This is referred to as indirect heat
integration. The use of heat storage thereby improves energy utilisation in

batch facilities.

Heat integration models can be applied to batch processes with a pre-
determined or variable schedule. When the schedule of the batch plant has
been pre-defined, the results from the heat integration model might lead to
suboptimal results. This is due to the effect of the batch schedule on heat
integration. The optimal batch schedule might entail poor heat integration,
or optimal heat integration might necessitate a poor schedule. There is thus
a trade-off in terms of batch scheduling, savings from heat integration, heat
exchanger sizing, etc. When the batch schedule can vary, the optimisation
problem considers these trade-offs and the true optimal solution can be
determined. The problem associated with the simultaneous optimisation
problem is that the models tend to be very large and complex, leading to

computational difficulty.

Initially, the heat integration of batch plants was attempted using graphical
methods relying on insights brought about by pinch analysis. Clayton (1986)
proposed the time average model (TAM) which assumed continuous behavior
of the process, averaging the heat load over the time horizon of the batch

schedule.
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The time slice model (TSM) developed by Obeng and Ashton (1988) improved
this technique by dividing the time horizon into intervals over which the heat
load was averaged. Pinch analysis was then carried out on each time slice

individually.

Kemp and MacDonald (1987, 1988) provided further improvement with the

development of cascade analysis.

The pioneering work with regard to mathematical programming in this
research area is Vaselenak et al. (1986). The authors formulated an
MILP /heuristic method for maximum heat recovery. The first mathematical
model which simultaneously optimised batch scheduling and heat integration

is the STN formulated, MINLP model developed by Papageorgiou et al. (1994).

Wang and Smith (1995) adapted the concepts of pinch analysis to develop
a graphical approach to heat integration for batch processes. The authors
selected time as the primary constraint and temperature as the secondary

constraint. Direct and indirect heat integration was considered in the model.

An MILP model was developed, for the minimisation of total costs of a
batch process considering direct heat integration, by Vaklieva-Bancheva et al.
(1996). The model was restrictive, in that the zero wait condition was applied

to all processes.

Majozi (2006a) developed an MILP model based on the continuous time rep-
resentation and SSN for direct heat integration of a batch process considering
both fixed and variable batch sizes. The schedule was flexible and determined
as part of the optimisation problem. The formulation required fewer binary
variables than models developed prior to their work. The formulation was

later extended to consider indirect heat integration where initial storage
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temperature and storage size are predefined parameters (Majozi, 2009). The
work was extended further to optimise initial storage temperature and storage

size (Stamp and Majozi, 2011).

Chen and Ciou (2008) formulated an MINLP model for indirect heat in-
tegration considering multiple storage vessels. The authors determined that
increasing the number of storage vessels does not necessarily improve heat

recovery.

Foo et al. (2008) targetted the minimum amount of heat exchanger units
required for fixed schedule batch processes. This work was based on similar
work for batch mass exchange networks. Targetting was performed both
above and below the pinch at each time interval. The authors defined common
heat exchangers as the heat exchangers which can be used over multiple time

intervals to connect the same hot and cold streams.

Chen and Chang (2009) adapted the work of Majozi (2006a) using the RTN
representation to consider one-to-one direct heat integration. Their model
incorporated periodic scheduling in addition to the standard short term
scheduling approach. The authors further generalised the formulation by
allowing heat transfer between tasks to take place at any time where the
task is active. This can be distinguished from the case where heat transfer is

permitted only from the onset of a task.

Seid and Majozi (2014b) incorporated heat integration into a robust schedul-
ing model (Seid and Majozi, 2012). The model considered direct and indirect
heat integration. The formulation made use of the time average model (TAM)
such that heat flows were averaged over task processing times. Fewer time

points were required, compared to other contemporary models.
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Lee et al. (2015) developed a model which considered heat exchange during
material transfer between units, as opposed to the traditional in situ heat
exchange approach. Intermittently available hot and cold stream pairs were
matched during transfer. The authors found that this approach reduced

overall processing time requirements, thereby increasing throughput.

Magege and Majozi (2021) introduced the concept of intermittently available
material transfer streams. This simplified heat transfer while material is being
transferred between units. The authors developed an MINLP model imple-
menting a simultaneous optimisation approach to the scheduling, design and

heat integration of a multipurpose batch plant.

2.4.7 'Wastewater Minimisation with Batch Background

Processes

Shared units in multipurpose batch plants are typically washed between
successive tasks to ensure product integrity. This results in a large amount of
wastewater generation. Fortunately, techniques have been developed to min-
imise wastewater generated by the washing operations of batch processes. As
with continuous processes, opportunities for reuse, recycling and regeneration
exist. Direct reuse entails the immediate use of wastewater generated by one
unit to clean another unit. Indirect reuse refers to the storage of water used
for cleaning a unit, such that the water can later be used for cleaning of a
different unit. This bypasses the time constraint inherent to batch processes.
Water can also be recycled back into the same unit. Finally, a regenerator

can be used to purify wastewater to a sufficient quality for cleaning purposes.
Wang and Smith (1995) developed a graphical technique which treated

concentration as the primary constraint and time as the secondary constraint.

Their model was applicable to batch and semi-batch operations.
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Almato et al. (1999) developed an NLP model to minimise wastewater by im-
plementing indirect reuse on a fixed schedule batch process. The authors made

use of a heuristic method to generate a starting point for the non-linear model.

Majozi et al. (2006) adapted the method developed by Wang and Smith (1995)
for processes operating in batch mode only. Both methods are applicable to
fixed load problems. Due to the complexity of wastewater minimisation prob-
lems involving multiple contaminants, research on wastewater minimisation

in batch processes has focused on mathematical techniques.

Majozi (2005a) developed an MILP model which considers direct reuse/recycle
for single contaminant fixed load problems. Majozi (2005b) later included
the option for indirect reuse. This model was extended to include multiple

contaminants (Majozi and Gouws, 2009).

The optimum size of a storage vessel considering a single contaminant was
determined by Majozi (2006b) and later extended to multiple storage vessels
considering multiple contaminants (Gouws and Majozi, 2008). Adekola and

Majozi (2011) included a regenerator in this formulation.

Nonyane and Majozi (2012) presented an approach for wastewater minim-
isation over long time horizons. The long term cyclical scheduling model
introduced by Wu and Ierapetritou (2004) was used to facilitate the direct

and indirect reuse of water.
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Lee et al. (2014) minimised total interplant wastewater. The plants used in the
model were allowed to operate in either batch or continuous mode. Two storage
tanks were placed at the entrance and exit nodes of the batch process. This
facilitated the modelling of a pseudo-continuous batch process, with regards
to the treatment of wastewater. A multi objective function approach was
incorporated to minimise the total water storage requirement at minimum

wastewater generation.

2.4.8 Combined Heat and Water Minimisation with

Batch Background Processes

Recently the simultaneous minimisation of water and energy in production
facilities has been explored. This is of particular practical relevance, due to
the water required in generating energy, and the energy required to treat and
transport water. The interdependence of energy and water is referred to as

the water-energy nexus.

Halim and Srinivasan (2011) investigated the water-energy nexus problem
within the batch production space. The authors integrated the scheduling
of a multipurpose batch plant with direct heat integration and direct water
reuse. A sequential optimisation approach was implemented, whereby the
process schedule is first optimised. A stochastic search-based integer cut
procedure was then implemented to generate alternate schedules. Heat and
water integration techniques were then applied to the generated alternate
schedules, with the objective of maintaining the optimality of the process

schedule.
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Adekola et al. (2013) further generalised the solution to the batch water-energy
nexus problem, by implemented both direct and indirect heat integration as
well as direct and indirect water reuse in their model. The work combined
the scheduling model developed by Majozi and Zhu (2001), the wastewater
minimisation model of Adekola and Majozi (2011) and the heat integration

model of Stamp and Majozi (2011).

Seid and Majozi (2014a) incorporated direct heat and water integration con-
straints to a robust scheduling model (Seid and Majozi, 2012). The model
provided a great degree of flexibility, as units which were heat integrated did
not have to share a common starting time. The authors made use of the TAM
and TSM techniques in their model, where the time slices were modelled as

variables and determined as part of the optimisation.

2.5 Integration of Batch Production and Utility
Systems

Utility systems provide external heating and /or cooling to production systems.
To ensure the optimal utilisation of resources within the production process,
various process integration techniques are incorporated before considering
external utilities. Thus, utility systems provide resources to satisfy the
heating/cooling demand that could not be met through process integration

alone.

The pioneering work of Papoulias and Grossmann (1983) initiated research
into the integrated synthesis of production and utility systems. The research
in this field has however focused on continuous systems, with integrated
synthesis of batch production and utility systems receiving little attention in

research until recently.
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The earliest work considering utility systems with a batch background process
is that of Iyer and Grossmann (1997) who determined the optimal choice of
units given a varying hot utility demand due to operation changes in the
process schedule. The batch schedule was predefined. A cost penalty was

incurred for the startup and shutdown of the boiler.

Behdani et al. (2007) developed an MILP model based on the continuous
time representation for batch scheduling with utility considerations. Each
unit was assigned a steam, electrical power, and cooling water consumption
rate. Utility units were given a maximum capacity, unit cost to produce the
utility and a start-up cost. The model placed a much greater emphasis on

batch scheduling than on the utility system.

Agha et al. (2010) made use of the RTN formulation and discrete time
representation, in integrating a multiproduct batch plant of constant batch
size with a steam system. Boiler start-up and shutdown incurred a time
penalty. The inlet and outlet temperatures and pressures of the boiler were
assumed to be constant. Reuse and recycling of utilities between units were
not allowed. The results of the sequential and simultaneous optimisation
of their model were compared. Their model struggled to converge, with an

average convergence gap of 7.98 %.

Théry et al. (2012) extended the work of Agha et al. (2010) to multipurpose
batch plants with variable batch size. The flowsheet was represented by the
extended resource task network (ERTN) which the authors developed to

provide a clear distinction between batch and continuous tasks.

Recently, Leenders et al. (2019b) developed a mathematical model which
explores the synthesis of a batch production and utility system. The
scheduling formulation was based on the m-STN framework, as described by

Barbosa-Pévoa and Macchietto (1994). The utility system superstructure
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is based on previous work from their research group and includes a boiler,
combined heat and power (CHP) engine, absorption chiller and compression
chiller (Voll et al., 2013). Their model resulted in a 5.4 % reduction in total
annualised cost (TAC). The authors noted that the energy demand curve
experienced less peaks. Significant cost savings were made in the utility
system by allowing for a slight increase in the production cost. The authors
further developed a heuristic solution procedure, making use of a Stackelberg
game, suitable for industrial applications. Stackelberg games are typically
formulated with two interacting players, where the leading player makes
an initial decision. The subsequent decision made by the follower is then
based on the decision made by the leader. For this particular application,
pricing information was passed from the utility to the production system.

This process was repeated until the problem converged (Leenders et al., 2019a).

It is clear that a greater emphasis has been placed on the integration of hot
utilities operating with batch operations. It is worth mentioning that the liter-
ature surveyed considered parallel utility systems exclusively. Thus, the reuse
of utilities between batch operations has not been considered. The problem
is complex due to the discrete nature of batch processes and the necessity of
task alignment when considering utility reuse. Furthermore, when integrating
cold utilities with batch processes, only the use of absorption and compression
chillers have been studied. It is therefore proposed that the integrated optim-
isation of batch production systems and cooling towers, allowing for utility

reuse, be investigated.
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Chapter 3

Model Development /Formulation

The mathematical formulation which has been developed can be divided into
three distinct sections. These are the batch scheduling model, cooling wa-
ter system model and the costing model. Figure 3.1 on page 92 depicts the

superstructure involved in the development of the mathematical model.

3.1 Batch Scheduling Model

The batch scheduling model presented in this section was developed by Mara-
velias and Grossmann (2003). The model is in the form of an MILP, making
use of a continuous time representation. The time representation is classified
as a global time point formulation, where a common time grid exists for all

tasks and resources. This allows for ease of handling shared resources.

3.1.1 Assignment constraints

The assignment constraints below dictate the assignment of tasks to unit op-
erations. Constraints 3.1 and 3.2 ensure that a maximum of one task can start

or finish in a unit 5 at any time point p.

Y W.i,p) <1 VjeJpeP (3.1)

i€l;(5)
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> Wilip)<1 VjeldpeP (3.2)

1€1;(j)

Constraint 3.3 stipulates that all tasks that start must also finish.

Y Wolip) =) Wyli,p) Viel (3.3)
peP peEP
Constraint 3.4 ensures that at most one task can be active in any unit opera-
tion j at any time point p.

p'<p

DY We(ip)=Wrli,p) <1 VjedpeP (34)
i€l (j) p'eP
The conditions that tasks cannot finish at the first time point or start at the

final time point are enforced by Constraints 3.5 and 3.6 respectively.
Wy (i,p) =0 Viel,pe Pp=p (3.5)

W (i,p)=0 Viel,pePp=|P| (3.6)

3.1.2 Duration and sequencing constraints

The duration and sequencing constraints below are concerned with task
duration, the time horizon and the sequencing of the time points. Con-
straints 3.7 and 3.8 ensure that the first time point occurs at the start of the
time horizon and the final time point occurs at the end of the time horizon,
respectively.

tip)=0 VpePp=p (3.7)
t(p)=H VpePp=|P| (3.8)

Constraint 3.9 states that the time at which each time point takes place must
be greater than or equal to the time at which the previous time point took

place.

tip+1)>t(p) Vp€ Pp#|P| (3.9)
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The duration constraint is depicted by Constraint 3.10. It is worth mention-
ing that the duration of each task is made up of a constant processing term,
depending on whether the task is active, and a variable processing term, de-

pending on batch size.

7 (i,p) = a (i) Wy (i, p) + B (i) Bs (i,p) Viel,peP (3.10)

The finish time of a task at a particular time point is expressed by making use
of big-M constraints. These constraints are active only if the particular task ¢

starts at time point p. This can be seen from Constraints 3.11 and 3.12.

ty(i,p) <ts(i,p)+7(i,p)+ H (1 —Ws(i,p)) Viel,peP (3.11)

ty(i,p) > ts (i,p) +7(i,p) —H (1 - W (i,p)) VielpeP (312

Constraint 3.13 uses a big-M constraint to ensure that the finish time of a
particular task ¢ at time point p remains unchanged until the next occurrence

of task 3.

tr(i,p) —ty(i,p—1) < H-W,(i,p) Viel,pe,p>m (3.13)

Constraints 3.14 and 3.15 stipulate that the finish time of a task 7 at time
point p is greater than or equal to the finish time of task ¢ at the previous
time point. Should the particular task i take place at time point p, these
constraints ensure that the difference in finishing times for the successive time

points should at least be equal to the task duration.

tp(i,p) =ty (i,p—1)>7(i,p) Viel,pe Pp>p (3.14)

ty(i,p) > 7 (i,p) Viel,pe Pp=p (3.15)
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Constraint 3.16 coordinates the time at which time point p occurs to coincide

with the start time of any task ¢ at time point p.

ts (i,p) =t (p) Viel,peP (3.16)

Constraints 3.17 and 3.18 are known as the time-matching constraints for the
finishing time of a task. The general equation allows for a task ¢ to finish at or
before a time point p. However, if the task requires cooling water or produces a

zero wait state, the finish time of task 7 is forced to coincide with time point p.

tr(i,p—1) <t(p)+ H((1—-W(i,p)) Viel,pe Pp>p (3.17)

tf(i,p—l)Zt(p)—H(l—Wf(i,p)) Viel,,pe Pp>pm (318)

3.1.3 Batch size constraints

Batch size constraints impose limits on the amount of material that can be
processed in a particular task. Constraints 3.19-3.24 impose minimum and

maximum bounds on the batch size of tasks.

B, (i,p) > B* (i,p) W, (i,p) ~ Viel,peP (3.19)
B, (i,p) < BY (i,p) W, (i,p) Viel,peP (3.20)
By (i,p) = B" (i,p) Wy (i,p) ~ Vi€l peP (3.21)
By (i,p) < BY (i,p) W; (i, p) Viel,pe P (3.22)

B, (i,p) > B* (i,p) (Z W (i,p") — 2 Wy (i,p’)>

p'eP p'eEP

Viel,pe P (3.23)
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B, (i,p) < B (i,p) (Z Wi (i,p') — Z_ Wy (i,p’))

p'eP p'eP

Viel,pe P (3.24)

Constraint 3.25 is a mass balance over two successive time points. Every task
that has started at a previous time point can either continue being processed

or finish at the following time point.

B, (i,p—1) + B, (i,p — 1) = B, (i,p) + By (i,p)

Viel,pe Pp>p (3.25)

The amount of a particular state s consumed or produced by task ¢ at time
point p is calculated by Constraints 3.26 and 3.27. The bounds on these
variables are set by Constraints 3.28 and 3.29.

BI (7;7371)) = p(Z7S) Bs (va) Vi e [>$ € Sz (Z) WIS P (326)

Bo (i,s,p) = p(i,5) By (i,p) Viel,seS,(i),peP (3.27)
By (i,s,p) < BY (4) p(i,8) W, (i,p) Viel,s€S;(i),pe P  (3.28)

Bo (i,5,p) < BY (i) p (i,8) W, (i, p) Viel,s€S,(i),peP  (3.29)

3.1.4 Mass balance constraints

The mass balance constraints ensure that the amount of material is conserved
over each task. Constraints 3.30 and 3.31 ensure that the amount of state s
available at any time point p can either continue being stored or could be used

by a task ¢. Furthermore, should state s be produced from a task 7, this state
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can also be used for further processing.

Sa(s,p)+ S5 (s,p) = Sa(s,p—1)+ Y Bol(i,s,p)— > Brl(i,s,p)

’LEIo( ) ’L'EIZ‘(S)

Vse S,pe P,p>p (3.30)

Sa(s,p) + Ss (5,p) = + Y Bol(i,s,p) - ZBm‘,s,p)
€li(s)

i€lo)(s)

Vse S,pe P,p=p1 (3.31)
Constraint 3.32 imposes the upper bound of available material for each state s.

Sy (s,p) < SY (s) Vse S,peP (3.32)

3.1.5 Tightening constraints

The tightening constraints leads to improved solution times. Constraint 3.33
enforces that the sum of all task durations be less than or equal to the time

horizon of interest.

> Y r(ip)<H VjelJ (3.33)

i€1,(j) pEP
Constraints 3.34 and 3.35 together enforce that the sum of task durations
in a particular slot does not exceed the upcoming time point. In isolation,
Constraint 3.34 enforces the summation of the processing times of all tasks ¢
which start on a unit j after ¢(p) to be less than the total time remaining in
the time horizon. Constraint 3.35 forces the durations of tasks which finish
processing before time point p to be less than or equal to the time associated
with time point p, i.e. t(p).

p'>p

Y. rlip)<H—-t(p) VielpeP (3.34)

i€l;(j) peP
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p'<p

S (@) Wy (6,p) + B(i) By (i,9) < T (p)

i€l;(j) p'EP

VieJpeP (3.35)

3.2 Cooling Water Network Model

The basis of the cooling water network model presented in this section was
developed by Majozi and Moodley (2008). The model has been adapted to ac-
commodate the batch scheduling model. This involves the calculation of each
time-dependent variable at every time point p. Furthermore, constraints for
cooling tower losses and makeup water have been introduced into the formu-
lation. The model takes the form of an MINLP problem with bilinear terms
which cannot be exactly linearised. To obtain a feasible starting point for the
exact MINLP problem, the model is linearised as described by Quesada and

Grossmann (1995) and solved prior to the exact model.

3.2.1 Mass balance constraints

The mass balance constraints ensure that the total cooling water at each node
is conserved. Constraint 3.36 defines the total cooling water supply as the sum

of the cooling water from each cooling tower n.

CW =) 0S(np) VpePp#|P| (3.36)

neN
Constraints 3.37 and 3.38 define the outlet and inlet cooling water flow for
each cooling tower n at every time point p. Constraint 3.37 stipulates that the
sum of the cooling water flowing through a cooling tower n at time point p
and the makeup water introduced to cooling tower n at time point p is made

up of:

e the cooling water supplied to all tasks from the cooling tower n at time

point p
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3.2. Cooling Water Network Model

e the total cooling water recycled from cooling tower n to a cooling tower n’

e the water loss due to blowdown from cooling tower n at time point p

0S(n,p) =Y Cs(n,i,p)+ Y R(n,n',p) = M (n,p) + B (n,p)

i€l n'eN

Vne N,pe P (3.37)

Constraint 3.38 stipulates that the sum of the cooling water flowing through
a cooling tower n at time point p and the water losses from cooling tower n at

time point p due to drift and evaporation is made up of:

e the cooling water returned from all tasks to the cooling tower n at time

point p

e the total cooling water recycled from a cooling tower n’ to cooling

tower n.

oS (n7p) = ZCR (n7lap) + Z R(n/7n7p> - D(n7p) - E<n7p>

el n'eN

Vne N,pe P (3.38)

Constraint 3.39 defines the loss due to evaporation experienced by cooling
tower n at time point p. This is an empirical equation developed by Perry and
Green (1997). It is worth mentioning that the evaporation rate is dependent
on the amount of water entering the cooling tower and the difference between
the cooling water inlet and outlet temperatures. This equation is nonlinear

due to the multiplication of the continuous variables. The linearised form of
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the equation used in the initial model can be seen from Constraint 3.73.

E (n,p) = 0.00085 - 1.8 <Z Cr(nip)+ Y R(n@mp))

i€l n'eEN

A(TWip (n,p) — TWoue (n)) Vne N,pe P (3.39)

Kemmer (1978) determined that drift losses should not exceed 0.2% of the
total circulating water flowrate in well-designed cooling towers. From Con-
straint 3.40 it can be seen that a worst case scenario has been assumed for

drift losses.

D (n,p) = 0.002 (Z Cgr(n,i,p) + Z R(n’,n,p))

el n'eN

Vn e N,pe P (3.40)

Blowdown is defined in Constraint 3.41. The total blowdown for the cooling

tower is dependent on the cycles of concentration.

E
B(n,p) = C((jn;pi Vn€ N,pe P (3.41)

The makeup water introduced to the cooling water system should equal all of

the above defined losses. This is captured by Constraint 3.42.

M (n,p) = B (n,p)+ D (n,p) + E (n,p) VYne N,pe P (3.42)

Constraints 3.43 and 3.44 define the cooling water inlet and outlet flow for
each task ¢ at time point p. It can be seen that cooling water can be reused

from task ¢ to a task 4.

il

Fy (i,p) =Y Cs(nip)+ > F.(iyi,p) VielpeP  (343)
neN el
i+

Fou(i,p) = > Cr(ni,p)+ Y F.(ii,p) VielpeP (3.44)
neN el
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Constraint 3.45 states that the cooling water flow entering a task must be the

same as the cooling water flow exiting a task.

Fi (i,p) = Fout (i, p) Viel,peP (3.45)

Constraints 3.46 and 3.47 are used to determine the amount of active cooling
towers. Constraint 3.46 also bounds the cooling water flow passing through
each cooling tower n to be equal to or less than the design capacity of each

cooling tower.

0S8 (n,p) < 0SY (n)yer (n) VYne N,pe P (3.46)
CT =Y yer (n) (3.47)

Constraint 3.48 restricts the amount of cooling water recycled directly from
cooling tower n to cooling tower n’ to be less than or equal to the design

capacity of cooling tower n’.
> R(nnp)<0SY(n') VneNpeP (3.48)
n'eN

Constraint 3.49 bounds the cooling water flow into task i. Additionally, this
constraint forces the flow into task ¢ at time point p to be zero, should task 7

be inactive at time point p.
p'<p
Fin (i,p) < Fyp (1) ) (W (i.p) =Wy (i.p))  VieLpeP  (3.49)

p'eP

Where FU (i) is defined as in Constraint 3.50

Viel (3.50)
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Constraints 3.51-3.54 bounds the amount of cooling water reused from task ¢
to a task ¢/ to be less than the upper bound of cooling water flow to both
tasks ¢ and ¢/. Additionally, this constraint forces the reused cooling water
at time point p to be zero, should either task i or task i’ be inactive at time

point p.

p'<p

F (Z 77/7p> < FU <Z> Z (WS (i,p') - Wf (ivp/)>

p'eP

Vi,i' € I,pe P,i' #i (3.51)

p'<p

Fo(i',i,p) < F () Y (W (i',p)) = Wy (7,9))

p'eP

Vi,i' e I,pe P,i' #i (3.52)

p'<p

Fo(i'yi,p) < Fip (i) Y (W (i,0") = W (i,9'))

p'eP

Vi,i' € I,pe P,i #i (3.53)

Vi,i' € I,pe Pi' #i (3.54)

Reused cooling water is further bounded by Constraints 3.55 and 3.56. These
constraints state that the reused cooling water must be less than or equal to

the total amount of cooling water entering tasks 7 or i’ at time point p.
F.(¢,i,p) < Fy, (i,p) Vi,i' € I,pe Pi' #1i (3.55)
F.(ii,p) < Fy, (7', p) Vi,i' € I,p € Pi' #1i (3.56)
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Constraints 3.57 and 3.58 together prevents multiple instances of cooling water
reuse between any two tasks, i.e. cooling water is not allowed to be reused from

task i to task " and then back again to task i.
F.(V,i,p) < EV (1) y, (7,1, p) Vi,i' € I,p€ Pi #i (3.57)
v (i1, p) + - (4,7, p) <1 Vi,i' € I,p e P,i' #1i (3.58)

3.2.2 Energy balance constraints

Constraints 3.59-3.62 determine the cooling duty required for each task ¢ at an
event point p. The amount of cooling duty introduced by task ¢ during time
point p is calculated by constraint 3.59. Similarly, constraint 3.60 describes the
amount of cooling duty which is no longer required by task ¢ at the completion

of time point p.

Qi(i,p) =Q (@)W, (i,p) Viel,pcP (3.59)

Qo (i,p) =Q () Wy (i,p) Viel,peP (3.60)

Constraints 3.61 and 3.62 calculate the total amount of cooling duty required

by task ¢ at every time point p.

Qu(i,p) =Qu(i,p—1) — Qo (1,p) + Q; (i, p) Viel,pe Pp>p (3.61)

Qu(l7p):Qz(Zap> v2.61713611:)71)2191 (362)

Constraints 3.63-3.66 are all in nonlinear form due to the multiplication of
the continuous variables. The linearised form of these equations used in the

initialisation model can be seen from constraints 3.74-3.76.
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3.2. Cooling Water Network Model

The energy balance over each task ¢ at time point p is demonstrated in Con-

straint 3.63. The specific heat capacity is assumed to be constant.

i #i
Qu (i,p) + ¢ (Z Cs (n,i,p) Tsup () + Z F.(i',i,p) Tou (z”,p))

neN el

= ¢y Fout (1,0) Towt (i, p) Viel,pe P (3.63)

Constraint 3.64 calculates the inlet temperature to a task ¢ at time point p.

il i

z CS (Tl, Z7p) Tsup (n7p) + Z F, (ila Z7p) Tout (7'/7]?)
. nenN i'el

Viel,pe P (3.64)

The temperature of the cooling water returned to cooling tower n at time

point p is described by Constraint 3.65.

Y>> Cr(nyi,p) Touw (1,p) + >, R(0',n,p) T (n)

Tret (n p) — ZEI n’EN
> Cr(n,ip)+ > R(.n,p)
el n’'eN

Vne N,pe P (3.65)

Constraint 3.66 describes the supply temperature to task ¢ at time point p

after makeup water is introduced into the system.

M (n, p) Tomp + (OS (n,p) — B (n,p)) - Tret (n)
Z Cr (n,z’,p) + Z R (n,n’,p)

el n'eN

Tsup (na p) -

Vne N,pe P (3.66)
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3.2. Cooling Water Network Model

The cooling tower effectiveness is defined as the sum of actual heat transferred
by the cooling tower divided by the theoretical maximum heat transfer of the
cooling tower. Equation (3.67) defines the effectiveness of cooling tower n at

time point p.

Vne N,pe P (3.67)

Where H, .t (n,p) is the enthalpy of the air exiting cooling tower n at time
point p, H, i, (n,p) is the enthalpy of the air entering cooling tower n at time
point p, and H,,, (n,p) is the enthalpy of the saturated water in cooling tower

n at time point p.

Assuming that the heat capacity rate remains constant over the cooling tower
and that the cooling water can be cooled to the wet bulb temperature, the
cooling tower effectiveness of cooling tower n at time point p can be written

as per Equation (3.68) (Kroger, 2004).

Tret (na
Tr[ét (TL

p) —T.
)

¢  VYneN,peP (3.68)
- wa

e(n,p) =
Constraints 3.69-3.72 provide upper and lower bounds for the temperature
related variables.
' <p

T (i) < T (i) Y (We (i,p) =Wy (i,p))  VielLpeP  (3.69)

p'eP

p'<p
Tout (Zap) S To[']ut (Z) Z (WS (Zap/) - Wf (17]?,)) VZ € ]ap € P (370)

p'eP

p'<p
Tour (i,p) > Ty > (Wa(inp)) =Wy (i,p)))  Viel,peP (3.71)

p'eP

Tyt (n,p) < TY, (n) Vne€ N,pe P (3.72)
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3.2. Cooling Water Network Model

3.2.3 Linear constraints

The model contains nonlinear constraints due to the multiplication of con-
tinuous variables in constraints 3.39 and 3.63-3.66. This renders the model
computationally difficult to solve. To provide the exact model with a good
starting point, these constraints are linearised below. The linear model is

then solved before the exact nonlinear model.

Counstraint 3.73 is the linearised form of constraint 3.39. The linearisation

variables denoted by « are shown from constraints 3.81-3.109.

E (n,p) = 0.00085 - 1.8 " (y5 (n,i,p) — Cr (n,i,p) T (n))

icl

Vne N,pe P (3.73)

The exact form of constraint 3.63 can be seen in constraint 3.74.

i'#£i
Qu (Zap) + Cp (Z ’74 (TL, Zap) + ZVQ (i/7 va)> = Cp,y?) (lvp)
neN i'el

Viel,pe P (3.74)

Counstraint 3.75 is the linearised form of constraint 3.65.

271 (n7lap) + Z R (nla nap) ct < Tth Z CR na Z>p

el n'eN el

Vne N,pe P (3.75)

The exact form of constraint 3.66 can be seen in constraint 3.76.

274 (n727p) + Z Ve (nlvnup) =M (nup) Tamb

i€l n'e€N

+(0S (n,p) — B(n,p)) - Tet (n) Vn € N,pe P (3.76)

106



3.2. Cooling Water Network Model

Constraint 3.77 describes the approximated linearised profit. As can be seen,
the operational costs have also been approximated to provide a good starting

point for the exact nonlinear objective function.

maxProfth—ZZC ) SS (s,p) —CTR—CTc——ZCPO p) (3.77)

seS peP peP

p'<p

W, (i i,p) <Y (Weli,p)) =Wy (i) Viid € LpePi #i (3.78)
p'eP
p'<p

W, (¢,i,p) <> (WL (i',p)) =Wy (i',p) Vi e Lpe P #i (3.79)
p'eEP

W, (i, i,p) =W, (i,i,p)  Vi,i e ,pe Pi #i (3.80)

7 (n,i,p) is the linearisation variable for the term Cg (n,i,p) Ty (1). Con-

straints 3.81-3.84 are used in defining this term.

v (nyi,p) = F (i) Tow (i,p) + Cr (0,4, p) Thy (i) — Fiy (i) Ty (4)
Vne Njiel,pe P (3.81)

Y1 (nyi,p) < Fiy (i) Tout (i,9) + Cr (0,6, p) Ty — Fiy (1) Ty
Vne Njiel,pe P (3.82)

Y1 (n,,p) < Cr(n,i,p) T, (i) VneN,iel,peP (3.83)

Y (n,i,p) > Cr(n,i,p) T, VneN,icl,peP (3.84)
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3.2. Cooling Water Network Model

v (',4,p) is the linearisation variable for the term F, (¢',4,p) T,y (i'). Con-

straints 3.85-3.88 are used in defining this term.

Yo (1" 4,p) = Fiy () Tout (', p) + Fr (¢',1,9) Ty (') = Fiyy (1) Ty (i)

Vi,i' € I,pe P (3.85)

Y2 (i/’ i,p) < Fz&zf (2) Tout (i/,p) + F?“ (ila 7;>p) ToLut - Fz[é (Z) To]:ut
Vi,i' € I,pe P (3.86)
Yo (7',3,p) < F. (7,4,p) TS, (") Vi,i' € I,pE P (3.87)
Y (@ i,p) > F. (i i,p) Ty,  Vi,iel,peP (3.88)

v3 (i,p) is the linearisation variable for the term Fj, (i,p) T, (i). Con-
straints 3.89-3.92 are used in defining this term.

'73 <Z7p) 2 Fz% (Z) Tout (Zap) + Fm (Zap) To[{n (7’) - F’zg (Z) To%t (Z)

Viel,pe P (3.89)

V3 (1,p) = F) (i) Tout (i, ) + Fiy (i,0) Ty — Fi (i) Ty Vi€ I,peP

(3.90)
v (i,p) < Fin (1,0) Tpy (i) Vi€ LpeP (3.91)
v (i,p) > Fin (i) Ty Vi€ ILpeP (3.92)

v4 (n, 1, p) is the linearisation variable for the term Cg (n, i, p) Ty (n,p). Con-

straints 3.93-3.96 are used in defining this term.

74 (na va) Z Fzg (Z) Tsup (7’L7p) + OS (7’L7 Z’p) Tamb - EZ (2) Tamb

Vne N,iel,pe P (3.93)
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3.2. Cooling Water Network Model

Y4 (nv i7p) < Fzg (Z) TSUp (n7p) + CS (n7 i’p) Tc[t/ - lerjz (Z) Tc%
Vne Nyjiel,pe P (3.94)
va(n,i,p) < Cs(n,i,p) Tump Vne N,iecl,peP (3.95)
Y4 (n,i,p) > Cs (n,i,p) T VneN,iel,peP (3.96)

where T2 is defined by Equation 3.97.
T = min Ty (n) (3.97)

Y5 (n, 4, p) is the linearisation variable for the term Cg (n,4,p) Tet (n,p). Con-

straints 3.98-3.101 are used in defining this term.

s (n,4,p) 2 F, (1) Trer (n,p) + Cr (n,1,p) Trey (n) — Fy, () Ty (n)

VYneN,iel,pe P (3.98)

V5 (TL, Z7p) S Fzg (Z) TT@t (nap) + CR (n7 Z’p) Tth - Fzg (Z) Té
Vne N,iel,pe P (3.99)
75 (n,i,p) < Cr(n,i,p) T}, (n)  YneN,iel,peP (3.100)
v (n,i,p) > Cr(n,i,p) Ty,  VYneN,icl,peP (3.101)

Y6 (1, n, p) is the linearisation variable for the term R (n',n,p) Ty (n, p). Con-

straints 3.102-3.105 are used in defining this term.

Ve (n/7 nap) Z OSU (TL) Tsup (Tl,p) +R (n/7 Tl»p) Tamb - OSU (TL) Tamb

Vn,n' € N,pe P (3.102)
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3.3. Costing Model

Y6 (0,1, p) < OSY (n) Tap (n,p) + R (0',n,p) T — OSY (n) T
Vn,n' € N,pe P (3.103)
Y6 (n',n,p) < R(n',n,p) Tams Vn,n' € N,pe P (3.104)
v (n',n,p) > R (n',n,p) Tk Vn,n' € N,p € P (3.105)

v7 (n’,m, p) is the linearisation variable for the term R (n',n,p) T,e (n,p). Con-

straints 3.106-3.109 are used in defining this term.

Y7 (n';n,p) > OSY (n) Tyer (n,p) + R(n',n, p) TY

ret

(n) — 08" (n) T, (n)

Vn,n' € N,pe P (3.106)

v (n',n,p) < OSY (n) Thet (n,p) + R(n',n,p) Toy — OSY (n) T
Vn,n' € N,pe P (3.107)
vz (0'sn,p) < R(n';n,p)Trey (n)  ¥n,n' € Nope P (3.108)

v7 (n',n,p) > R(n',n,p) Tk (n) Vn,n' € N,p € P (3.109)

3.3 Costing Model

The costing constraints are used for the financial analysis of the proposed
design. The objective is the maximisation of plant profit, accounting for raw
material, operational and capital costs. Constraint 3.110 describes the total
raw material cost as the product of the amount of raw material used and the

unit cost price of the relevant state.

CTR — ZZZCRM (S) B[ (i,s,p) (3110)

i€l seS peP
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3.3. Costing Model

The operational cost incurred during time period p is demonstrated by Con-
straint 3.111. This empirical constraint was implemented by Panjeshahi et al.
(2009) in calculating the total annualised operational costs. The equation has
been adjusted to take makeup water, chemical treatment and blowdown treat-
ment costs into account. Costs associated with the pumps and fan have been

ignored.

cpo (p) =Y _ (11008 (n,p) + 2275.132M (n,p) + 1138B (n,p)) ~ Vp€P

neN

(3.111)
The variable part of the capital costs is determined for each cooling tower
n during time period p in Constraint 3.112. This is an empirical equation
obtained from Panjeshahi et al. (2009). The equation calculates an annualised
capital cost based on variable cooling tower factors. The constraint has been

adjusted to be applicable to batch process operations.

H
cve, (n,p) = H—y-(746.74905 (n,p)0'79 Range (n,p)o'57 Approach (n,p)_0'9924

+(0.022T, + 0.39)*™")  VYne N,pe P (3.112)

Constraints 3.113 and 3.114 are used together in determining the variable
portion of the capital costs for each cooling tower n. Since the variable costs
fluctuate due to operational changes between time points, the cooling tower

should be designed to accommodate the peak demand.
cve (n) > cve, (n,p) Vne N,pe P (3.113)

cve (n) < cve, (n,p) + BM (1 —yye (n,p)) Vne N,pe€ P,p#|P|
(3.114)
Where,

Swelnp)=1  VneN (3.115)

pEP
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The total capital cost can then be determined as seen in Constraint 3.116. The
total capital costs are made up of the sum of the fixed costs associated with
the existence of a cooling tower and the variable costs associated with the size

of the cooling tower.

H
cre = — - cpe - CT + Z cye (n) (3.116)
Hy
neN
Constraint 3.117 is used in determining the total operational costs as the sum
of the operational costs incurred during each time period p. The equation
ensures that the total operational costs are applicable over the time horizon of

interest.

cro = - Zcpo p)—t(p—1)) (3.117)

peEP
The profit associated with the production system only is detailed by Con-
straint 3.118. The profit is defined as the difference between the revenue due

to product sales and the raw material cost.

max Profitp = ZZC )SS (s,p) — crr (3.118)

seS peP

Constraint 3.119 describes the overall plant profit taking into account raw

material, capital and operational costs.

max Profit = ZZC SS(s,p) — err — cre — Ccro (3.119)

seS peP
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Chapter 4

Ilustrative Examples

The applicability of the developed mathematical formulation is demonstrated
by two illustrative examples. The first of which is based on a fixed schedule.
The second example applies the model to a more general variable schedule op-
eration. The example is solved comparing a sequential optimisation approach

with an integrated optimisation approach.

4.1 Example 1: Fixed Schedule

This example has been adapted from Majozi and Moodley (2008) by convert-
ing the cooling water using operations from continuous to batch processes.

The pre-determined production schedule is depicted by Figure 4.1.

The operation is assumed to occur over a 12 hour time horizon. The objective
of this problem is to minimise the recirculating cooling water flowrate by
exploring reuse opportunities between the batch cooling water using oper-
ations. A maximum of three cooling towers supplying six batch operations
with cooling water is assumed. The cooling tower data specifying the cooling
tower outlet temperature, maximum design capacity, and maximum cooling

water return temperature is provided in Table 4.1.

114



4.1.

Example 1: Fixed Schedule

2 4 6 8 10
Time (h)

Figure 4.1: Production schedule for example 1.

Table 4.1: Cooling tower data for example 1

Cooling Tower T, (°C) OSY(t/h) TY, (°C)
n 20.0 30.0 52.0
No 20.0 30.0 52.0
N 20.0 30.0 52.0
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4.1. Example 1: Fixed Schedule

The cooling water using operation data is specified in Table 4.2. This provides

the heat duty, flowrate and limiting inlet and outlet temperatures.

Table 4.2: Cooling water using operation data for example 1

Heat Exchanger TY (°C) TY

out

(C) CPRW/C) QW)

11 30.0 45.0 40.7 610
19 40.0 60.0 21.0 420
i3 25.0 50.0 32.0 800
i4 45.0 93.0 69.4 955
i5 40.0 95.0 23.0 345
16 30.0 45.0 46.7 700

Since the production schedule has been fixed for this particular examples.
The batch scheduling constraints can be omitted from the model developed
in Chapter 3. As such, the model used to obtain the below results involve
only Constraints 3.36 onwards. It is worth noting the effect of the production
schedule on the results which follow. In particular, it should be noted that
the abrupt changes in the cooling tower return temperature coincides with
the time point at which the cooling water system configuration is altered due

to a particular operation switching on/off.

The results from this illustrative example have been summarised in Table 4.3.
A comparison is made between the base case, where cooling water reuse
between batch operations is not permitted, and the optimal case, where cool-
ing water reuse between batch operations is permitted. Two cooling towers
are required to meet the total cooling demand. The optimal configuration
suggests that cooling towers n; and ny should be used to supply cooling water
for both cases. The recirculating cooling water flowrate reduced by 5.2 % from
67.0 t/h to 63.5 t/h by allowing reuse between cooling water using operations.
The total makeup water requirement over the 12 hour time horizon reduced
slightly from 40.9 tonnes to 40.8 tonnes. The average return temperature was

also increased by 3.2 %.
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4.1. Example 1: Fixed Schedule

Table 4.3: Computational results for example 1

Scenario Cooling Towers Flowrate (t/h) Makeup Water (t)
Base Case 2 67.0 40.9
Optimal Case 2 63.5 40.8

Figure 4.2 illustrates the average cooling water return temperature through-
out thetime horizon. The return temperature for the base case scenario is

compared with the optimal case.
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Time (h)

Figure 4.2: Variation of average cooling water return temperature with time
for example 1.

It is worth noting that the average cooling water return temperature is greater
when cooling water reuse is permitted. These conditions have been shown
to result in increased cooling tower effectiveness, as it provides a greater
temperature driving force and increases the contact time between the returned

cooling water and the air entering the cooling tower (Bernier, 1994).
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4.2. Example 2: Variable Schedule

The model statistics for both the linear and nonlinear subprolems are displayed
in Table 4.4. The optimisation problem was formulated in the GAMS 24.8.5
software platform, making use of the DICOPT solver which is discussed in
Section 2.2. CPLEX was used to solve the MILP subproblems and CONOPT
to solve the NLP subproblems. The model was executed on a computer with

a 2.80 GHz Intel Core i7 processor with 8 GB of RAM.

Table 4.4: Model statistics for example 1

Model Continuous Variables Binary Variables Constraints CPU time (s)
Linear Model 1021 0 2465 0.094
Nonlinear Model 581 3 717 0.094

4.2 Example 2: Variable Schedule

The illustrative example is adapted from a cooling water network problem
by Majozi and Moodley (2008) and a scheduling problem by Maravelias and
Grossmann (2003). Three scenarios are considered: the base case, sequential

approach and integrated approach.

The batch schedule for the base case is determined by optimising the profit
due to the production system only, with no consideration given to the utilities.
Furthermore, each task is supplied by a specified cooling tower and reuse of

cooling water is not permitted between batch operations.

The sequential approach follows a two-step optimisation procedure. In the
first step the production schedule is optimised without considering utilities.
The schedule is then fixed and the overall system is then optimised, allowing
for reuse of cooling water between batch operations and cooling towers supply

to any batch operation.
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4.2. Example 2: Variable Schedule

Finally, the integrated approach simultaneously optimises the production and
utility systems. Thus, the batch schedule is determined as part of the optim-
isation while considering utilities. Reuse of cooling water is permitted between

batch operations and cooling towers are allowed to supply any batch operation.

Figure 4.3 illustrates the process recipe by means of the STN representation.
Three reactors are available for the four reaction processes to take place, by
sharing of equipment units. The two raw material and three subsequent inter-

mediate states are converted into two final products.

s 0% g (s5) Ry

20%

40%
[ 30%

@ X 70% @ 60% R,

Figure 4.3: Flowsheet for example 2

The state and task related data required for the scheduling problem are
available in Tables 4.5 and 4.6.

Table 4.5: State related scheduling data for example 2

State  SY (kg) SY (kg) crar ($/kg) C($/kg)
S 1000 400 10 0

Sy 1000 400 15 0

Sy 200 0 25 0

Sy 100 0 0 0

Ss 500 0 0 0

Se 1000 0 0 30

S; 1000 0 0 40

The data pertaining to the cooling tower temperature bounds and maximum

cooling tower design capacities are represented in Table 4.7.
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Table 4.6: Task related scheduling data for example 2

Task B*(kg) BY(kg) a(h) B(h/kg)

1 40 80 0.5 0.025
i9 25 20 0.5 0.04
i3 40 80 0.75  0.0375
” 25 20 0.75 0.06
5 40 80 0.25 0.0125
6 40 80 0.5 0.025

Table 4.7: Cooling tower data for example 2

Cooling Tower T, (°C) TY

ret

(°C) 08Y(t/h)

ny 20.0 52.0 30.0
No 22.0 52.0 40.0
ns 25.0 50.0 40.0

Table 4.8 presents data relevant to the cooling water using operations. This

includes temperature bounds and heat of reaction data.

Table 4.8: Cooling water using operation data for example 2

Heat Exchanger TY (°C) TY,.(°C) Q(kW/t)

1 30.0 45.0 13
19 30.0 45.0 13
i3 40.0 55.0 18
o 40.0 55.0 18
i5 25.0 50.0 6

i6 45.0 60.0 15

The cycles of concentration, C'C', was kept constant at 4. Yearly operating
hours, Hy, is assumed to be 8000h. Finally, ambient temperature, 71,,,, and

wet bulb temperature, T, are specified as 25°C and 17°C', respectively.
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4.2. Example 2: Variable Schedule

The Gantt chart obtained for the base case and sequential optimisation
approach is shown in Figure 4.4. This is the optimal production schedule
when one considers only the costs associated with the production system i.e.

product sales and raw material costs, ignoring utility related costs.

The Gantt chart associated with the integrated optimisation approach is
depicted in Figure 4.5. It is worth noting that there are no instances in this
production schedule where three tasks are active simultaneously, as observed
in the base case. This reduces peak demand of cooling water during a single

time period.

Time (h)

[a—
-

i3/40 i1/40 i1/42

i4/48 i2/50

Unit operation
~

w

i6/80 i5/50 i5/50

Figure 4.4: Gantt chart for base case and sequential optimisation

Time (h)
0 1 2 3 4 5 6 7 8

i3/40 i1/40 i1/46 i1/46

[—,
—

i4/48

Unit operation
~

o

i6/80 i5/44 i5/56

Figure 4.5: Gantt chart for simultaneous optimisation
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4.2. Example 2: Variable Schedule

The process flow diagrams depicting the cooling water system throughout
the time horizon are shown in Figures 4.6-4.8. These are associated with the
base case, sequential optimisation and integrated optimisation approaches

respectively.

The computational results obtained for the illustrative example are summar-
ised in Table 4.9. The sequential and simultaneous optimisation approach
both led to significant improvements over the traditionally implemented
base case scenario. However, it is worth mentioning that the simultaneous
optimisation approach leads to further improvements over the sequential
optimisation approach. This is due to the freedom of a larger amount of

variables which produces a larger search space.

Table 4.9: Computational results for example 2

Base Sequential Simultaneous
Profit ($) 3774.93 3785.82 3792.66
Cooling Towers 3 2 2
Cooling Water (t/h) 81.9 63.8 47.5
Makeup Water (t) 21.7 21.2 20.3
Return Temperature (°C) 37.6 39.5 44.5
Effectiveness (%) 42.4 52.8 67.7

Information relating to the model statistics for each optimisation approach
is summarised in Table 4.10. The optimisation problem was formulated in
the GAMS 24.8.5 software platform, making use of the BARON branch and
bound solver which is discussed in Section 2.2. The model was executed on a

computer with a 2.80 GHz Intel Core i7 processor with 8 GB of RAM.

The overall cooling tower effectiveness for each scenario can be visually de-
picted throughout the time horizon, as observed from Figure 4.9. It is worth
noticing that the simultaneous optimisation approach leads to an improved

overall cooling tower effectiveness throughout the time horizon. The overall
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Figure 4.6: Process flow diagram for base case throughout the time horizon
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Figure 4.7: Process flow diagram for sequential case throughout the time ho-
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4.3. References

Table 4.10: Model statistics for example 2

Base  Sequential Simultaneous

Time points 8 8 8
Continuous variables 2120 2120 2379
Binary variables 360 264 405
Constraints 3825 3825 4274
CPU time (s) 10000 10000 10000
Integrality gap (%)  0.15  0.07 0.50

cooling tower effectiveness for batch processes tends to be comparably lower
than continuous operations. This is likely due to the discrete nature of batch
processing, whereby there are periods that the cooling towers are operating

significantly below their capacity.
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Figure 4.9: Overall cooling tower effectiveness over time horizon of interest
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Chapter 5

Conclusion

The synthesis and optimisation of a batch production system accompanied
by a cooling water system has been explored by means of a mathematical
formulation in this dissertation. Utility systems integration with production
processes have historically considered continuous processes exclusively. This
is particularly apparent when looking at cold utilities. The cooling water
system is made up of a set of cooling towers operating at different supply
temperatures. Two illustrative examples are used to demonstrate the applic-

ability of the mathematical model to problems encountered in industry.

The first example assumes a fixed batch production schedule. Operational
improvements are explored through varying cooling tower supply to batch
processes and reuse of cooling water amongst tasks. Recirculating cooling
water was reduced by 5.2 % and average return temperature to the cooling
towers, which is concomitant with cooling tower effectiveness, increased by

3.2 %.

The second illustrative example introduced further complexity by exploring
a variable production schedule. Three scenarios were compared. The
first scenario involves a traditional base case, where the objective function
involves maximisation of revenue due to sale of product only. The second

scenario involves a sequential optimisation procedure where the production
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system is first optimised independent of the utility network, followed by the
optimisation of the utility network on the fixed production schedule. Finally,
an integrated optimisation approach is considered where the production and
utility systems are optimised simultaneously. This provides a comparison
between a sequential and integrated optimisation approach.As an output
from the optimisation model, the optimal production schedule and operating

conditions of the batch network are determined.

The overall model is in the form of an MINLP problem. A linearised model
based on the reformulation-linearisation approach is used to initialise the
model. In validating and demonstrating the applicability of the developed
model, two illustrative models are presented. It was found that the number of
cooling towers could be reduced from 3 to 2 leading to a 0.45% increase in the
annual profit. Furthermore, the results indicate a 42.1% reduction in recir-
culating cooling water, a 25.3% increase in the average overall cooling tower
effectiveness, and a 6.3% reduction in makeup water required throughout
the time horizon when comparing the integrated approach to the base case
scenario. It is worth mentioning that the integrated approach outperformed

the sequential optimisation approach in all of the above mentioned metrics.

Further opportunities in the integrated design of utility systems and batch
production space include the detailed design of the cooling towers, the inclusion
of a pumping network to determine the effect of cooling water reuse, inclusion
of hot utilities in the design in the form of a steam system, and the integrated
design of a batch production facility including process-process heat integration

with the utilities system.
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