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ABSTRACT

Pinch Analysis, in the broadest sense, is concerned with the optimal use of resources (material
or energy) in a multi-process system. Pinch Analysis based techniques have emerged for water
systems over the past decade. A major assumption that has been made in applying these
techniques is that a process system can be segregated into a set of process streams and a set of
water streams. With this distinction in place, only the water streams are considered in the
Pinch Analysis with the process streams represented implicitly. This approach has obvious
limitations in situations where a clear distinction between process streams and water streams
cannot be made.

The chlor-alkali process is an example of a system in which the clear distinction between
process streams and water streams cannot be made. Water is intrinsically involved in the
process, serving as a carrier medium for raw materials and eventually becoming part of the
products produced by the complex. Hydrochloric acid and caustic soda are reagents which are
both used within and produced by the complex. These reagents are required by the process at a
range of concentrations and the concentrated reagent is diluted to the required concentrations
using demineralised water. Within the chlor-alkali complex, a number of effluents containing
the reagent species are available and are typically sent to drain. It is conceivable that these
effluents might be recovered and used for dilution purposes instead of demineralised water.
This would bring about a reduction in the amount of water and concentrated reagent used and
the amount of effluent produced by the complex. Given the economic value of these reagents
relative to water, their recovery, if feasible, is likely to dominate the optimal water-use and
effluent generation strategy.

Current Water Pinch Analysis theory relies on the distinction being made between process
streams and water streams and does not consider the recovery of reagents or the presence of
desirable species within the system. In addition, the assumption is made that species are
non-reactive; reactive species such as hydrogen chloride and sodium hydroxide, fall outside the
scope of the current theory.

The objectives of this study have included the development of an approach which is able to
address these limitations of the existing theory. This approach, termed Combined Water and
Materials Pinch Analysis seeks to identify optimal use strategies for raw materials and
reagents, in addition to water-use and effluent generation. The approach combines
mathematical programming with conceptual insights from Water Pinch Analysis. The
approach is based on the optimisation of a superstructure which represents the set of all
possible flow configurations for water, reagents and raw materials between the various
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operations within the process system, this problem is solved as a nonlinear programming (NLP)
problem using standard optimisation tools.

The application of the developed approach to the Sasol Polymers chlor-alkali complex at
Umbogintwini, south of Durban, has been a further objective of this study. Given the variety
of process operations present within the complex, which differ both in terms of their physical
structure and function, individual process models for these operations were required. These
models were described in terms of four basic functional elements, namely, mixing, flow
separation, component separation and reaction, and incorporated into the superstructure. Given
the complexity of the problem, the process system was divided into three subsystems which
were optimised in isolation from each other. These results were subsequently integrated to
reflect the performance of the subsystems in combination with each other. The results showed a
potential reduction of 14% in water-use and 42% in effluent production by the complex,
relative to the existing operating configuration. Amongst other savings in material use, the
results indicated a 0.2% reduction in the use of salt, a 1.6% reduction caustic soda use and an
8.3% reduction in the use of hydrochloric acid. Economically, the potential saving identified
was R 945 727 per annum, based on operating costs in the year 2000.

The final objective of this study was the interpretation of the pinch as it relates to the
Combined Water and Materials Pinch Analysis problem. A general definition of the pinch was
proposed; according to this definition, the pinch corresponds to that constraint or set of
constraints which limits the performance of the system, that is, prevents it from further
improvement. For the Combined Water and Materials Pinch Analysis problem, this
performance is measured in terms of the operating cost. This definition is thus a departure
from its usual thermodynamic interpretation of the pinch; in addition, the pinch is defined in
terms of a constraint or a set of constraints instead of a point. These constraints are identified
by an analysis of the marginal values provided by the optimisation algorithm. Marginal values
are also used as a means of identifying process interventions which may be effected such that
the performance of the system may be improved further.

iii



PREFACE

I, Paolo Gianadda, declare that unless indicated, this thesis is my own work and that it has not
been submitted, in whole or in part, for a degree at another University or Institution.

Paolo Gianadda
December 2002

v



ACKNOWLEDGMENTS

I would like to express my thanks and appreciation to the following people and organisations
who have contributed to this investigation:

The Water Research Commission for funding the investigation.
Sasol Polymers for allowing me to use their chlor-alkali complex at Umbogintwini as a base for
this study.

My supervisors, Prof. Chris Buckley and Mr Chris Brouckaert, whose advice, guidance and
technical insight have proved invaluable within this study and beyond.

Mr Ron Sayer, Principal Development Engineer of Sasol Polymers, Umbogintwini, for his
guidance, enthusiasm and commitment to my efforts at the plant and in the study. A study like
this cannot advance without the commitment of the industrial partner and all the management
and staff of Sasol Polymers, Umbogintwini, are to be commended for this support.

My colleague, Mr Zsig Schneider, with whom many technical discussions, both on and off the
subject, have been shared.

The part-time graduate students of the Pinch Working Group for their contributions in the
stimulation of new ideas.

My fellow graduate students of the Pollution Research Group and the rest of the School of
Chemical Engineering for the friendship and experiences we shared over the years.

My family and other friends for their continued support and encouragement throughout this
investigation.



CONTENTS

Figures
Tables
Nomenclature
Abbreviations

Glossary

1 INTRODUCTION
The Status of Water in South Africa
1.2 Cleaner Production and Related Concepts
1.3 Industrial Water-Use
1.4 Water Pinch Analysis
1.5 Water Pinch Analysis and the Chlor-Alkali Complex
1.6 Project Objectives
1.7 Thesis Outline

1.8 Chapter References

2 LITERATURE
Basic Concepts in Efficient Water-Use System Design
2.1.1 Water Minimisation - The Overall Problem

2.1.2  Routes to Water Minimisation

vi

X1V

XX

XXV

Xx1

XX1il

1.1

1.3

1.4

1.7

1.10

1.10

1.12

2.1

2.2

2.2



CoNTENTS cont.

2.2

23

24

2.5

2.6

2.1.3  Factors Inhibiting Water-Reuse

2.1.4 Conceptual Models for Water Systems

2.1.5 Design Approaches for Water Systems

2.1.6 Review Structure

MEN Synthesis

2.2.1 The Link between MEN Synthesis and Water Minimisation
2.2.2  Final Concepts and Ideas from MEN Synthesis
Conceptual Approaches to Water System Design

2.3.1 Separate System Design - Water Minimisation

2.3.2  Separate System Design - Wastewater Treatment

2.3.3 Simultaneous Systems Design

Heuristic and Algorithmic Approaches to Water System Design
Mathematical Programming Techniques for Water System Design

2.5.1 Introductory Concepts in Mathematical Programming

2.5.2  Some Preliminaries on Mathematical Programming for Water System

Design
2.5.3 Mathematical Programming for Water Minimisation
2.5.4 Mathematical Programming for Wastewater Treatment

2.5.5 Mathematical Programming for Combined Systems

2.5.6 Interpretation and Representation of Results from Mathematical

Programming

2.5.7 Concluding Remarks on Mathematical Programming for Water System

Design
Combined Resource System Design

2.6.1 Combined Resource System Design and MEN Synthesis

vii

23

24

2.7

2.7

2.8

2.8

2.10

2.11

2.11

2.22

2.25

2.27

2.27

2.28

2.30

2.32

2.36

2.37

2.39

2.40

2.40

2.40



CoNTENTS cont.

2.6.2 Thermal-Water System Design

2.6.3 Combined Water-Oxygen Pinch Analysis
2.7 Optimisation of Systems with Desirable and/or Reactive Species
2.8 Concluding Remarks

2.9 Chapter References

3 THE CHLOR-ALKALI COMPLEX

3.1 The Sasol Polymers Chlor-Alkali Complex
3.1.1 A Brief History and Introduction
3.1.2 Complex Description
3.1.2.1  The Brine Circuit
3.1.2.2  The Hydrochloric Acid Synthesis Plant
3.1.2.3  The Sodium Hypochlorite Synthesis Plant
3.1.2.4  The Hydecat Destuction Plant
3.1.2.5 The Demineralisation Plant
3.1.2.6  Miscellaneous Operations
3.2 A Review of the Initial Study at Sasol Polymers
3.3 The Applicability of Existing Tools and Techniques to the Chlor-Alkali System
3.4 Concluding Remarks

3.5 Chapter References

4 METHODOLOGY

4.1 Problem Statement for Combined Water and Materials Pinch Analysis
4.2 The General Approach to Combined Water and Materials Pinch Analysis

viii

2.41

2.41

2.42

2.44

2.44

3.1

3.1

3.2

33

3.7

3.7

3.8

3.8

3.9

3.10

3.13

3.16

3.16

4.1

4.2



CoNTENTS cont.

4.3 Model Formulation for Combined Water and Materials Pinch Analysis

4.3.1

4.3.2

433

434

4.3.5

4.3.6

The Modular Approach Concept

Considerations for Desirable Species

Considerations for Reactive Species

A General Model for Combined Water and Materials Pinch Analysis
Considerations for Desirable Species - Revisited

Solution Approach

4.4 Combined Water and Materials Pinch Analysis for the Chlor-Alkali Complex

4.4.1

442

443

444

Measures for Improving the Solvability of the Combined Water and
Materials Pinch Analysis Problem

Modelling Tools - GAMS

A GAMS feature used in Combined Water and Materials Pinch
Analysis

Combined Water and Materials Pinch Analysis - GAMS Model
Architecture

4.5 The Process Module Components

4.6 Concluding Remarks

4.7 Chapter References

5 CAse StubpIES

5.1The Scope of the Investigation at the Chlor-Alkali Complex

5.1.1

5.1.2

5.13

System Boundaries
Species Selection

A General Note on the Handling of Assumptions made in this Study

5.2 A Decomposition Strategy for the Chlor-Alkali Complex

X

4.4

4.4

4.6

4.7

4.8

4.11

4.13

4.14

4.14

4.16

4.18

4.19

4.20

4.25

4.25

5.1

5.1

52

54

5.4



CoNTENTS cont.

5.3 Subsystem Modelling
5.3.1 The Demineralisation Plant Subsystem

5.3.1.1  Opportunities for Material Reuse in the Demineralisation
Plant Subsystem

5.3.1.2 The Model for the Demineralisation Plant Process Module

5.3.1.3  Regeneration Frequency Considerations for the
Demineralisation Plant

5.3.1.4  The Problem Statement for the Demineralisation Plant
Subsystem

5.3.2 The Chemical Production Subsystem
5.3.2.1  The Brine Circuit
5.3.2.2  Product Processing and Support Operations

5.3.2.3  Final Comments and Problem Statement for the Chemical
Production Subsystem

5.3.3  The Cooling Circuit Subsystem
5.4 Some General Points on Modelling and Optimisation
5.5 Concluding Remarks

5.6 Chapter References

6 ANALYSISOF RESULTS

6.1 The Significance of the Pinch for Combined Water and Materials Pinch
Analysis

6.2 Subsystem Optimisation Results
6.2.1 The Demineralisation Plant Subsystem

6.2.1.1  Features of the Optimal Configuration for the
Demineralisation Plant Subsystem

5.7

5.7

5.8

5.13

5.18

5.20

5.23

5.24

5.33

5.35

5.38

5.40

541

542

6.1

6.7

6.8

6.9



CoNTENTS cont.

6.2.1.2  Implementation Considerations for the Demineralisation 6.12
Plant Subsystem

6.2.1.3  Demineralisation Plant Subsystem Solution Analysis 6.12
6.2.2 The Chemical Production Subsystem 6.18
6.2.2.1  Features of the Optimal Configuration for the Chemical 6.19
Production Subsystem

6.2.2.2  Chemical Production Subsystem Solution Analysis 6.25
6.2.2.3 Implementation and Validity Considerations for the 6.27

Chemical Production Subsystem
6.2.3 The Cooling Circuit Subsystem 6.31
6.3 Subsystem Integration 6.33
6.4 Placing this Study in Context 6.40
6.5 The Continuing Study 6.42
6.6 Concluding Remarks 6.43
6.7 Chapter References 6.43

7 CONCLUSIONS

7.1 Concluding Remarks 7.1
7.2 Comments, Recommendations and Future Work 7.3
APPENDICES

A MAass-BALANCES

A.1 The Demineralisation Plant A2
A.2 The Brine Circuit A9

A.3 The Hydrochloric Acid Synthesis Plant A.38

X1



CoNTENTS cont.

A.4 The Sodium Hypochlorite Synthesis Plant
A.5 The Hydecat Destruction Plant

A.6 The Caustic Evaporators

A.7 The Cooling Circuits

A.8 Support Operations, Point Sources and Demands

B WATER PINCH ANALYSIS

B.1 The Application of Water Pinch Analysis to the Chlor Alkali Complex

B.2 Appendix References

C Process MobuLE MODELS

C.1 Process Modules of the Chemical Production Subsystem
C.1.1 The Electrolyser Process Module
C.1.2 The Primary Dechlorination Process Module
C.1.3 The Secondary Dechlorination Process Module
C.1.4 The Precipitation Process Module
C.1.5 The Clarification Process Module
C.1.6 The Primary Filtration Process Module
C.1.7 The Secondary Filtration Process Module
C.1.8 The Cation-Exchange Process Module
C.1.9 The Caustic Evaporation Process Module
C.1.10 The Hydrochloric Acid Synthesis Process Module
C.1.11 The Sodium Hypochlorite Synthesis Process Module

C.1.12 The Hydecat Destruction Process Module

Xii

A38

A.43

A.43

A47

A.52

B.1

B.6

C.1

C.1

C.7

C.8

C.10

C.11

C.13

C.13

C.14

C.22

C.23

C24

C.24



CoNTENTS cont.

C.2 The Cooling Tower Process Module C.25

C.3 Concluding Remarks C.26

D MATERIAL REUSE MATRICES

CompacT Disc
This thesis is accompanied by a CD which contains the spreadsheets of data used in this study.

The GAMS coding for the various subsystems is also presented on this CD. A description of
the files on the CD is presented in the file README.txt

Xiii



FIGURES

1.1

1.2

2.1

2.2

23

24

2.5

2.6

2.7

Schematic diagram of water-use in the process industry.

Schematic diagram of a centralised effluent treatment facility and a distributed
effluent treatment facility illustrating the differences between the two systems.

The Onion Diagram as a conceptual model of the hierarchy of the
components of a chemical process.

Conceptual models of the water system in an industrial plant.
(a) Three- subsystem conceptual model.
(b) Two-subsystem conceptual model.

Schematic diagram contrasting the WIN Synthesis and MEN Synthesis
problems.

The representation of a mass-exchanger in the conceptual approach of Wang

and Smith (1994a).

(a) A single mass-exchanger and the associated contaminant concentration
profiles for the process stream and the water stream.

(b) The representation of the same mass-exchanger in the approach of Wang
and Smith with only the water profile of the operation considered
explicitly.

Diagram illustrating the concept of the limiting water profile.

(a) Different water profiles with different water flowrates and contaminant
concentrations may be able to satisfy the requirements of the process.

(b) The limiting water profile alongside feasible and infeasible water profiles.

Graphical targeting of the minimum water flowrate for a system of
mass-exchange operations.

(a) Placement of the limiting water profiles for the individual operations.
(b) Construction of the limiting composite curve.

(c) Rotation of the water supply line about the water supply concentration.
(d) Minimum water flowrate water supply line with pinch point.

The minimum water sources design method for obtaining a design which
achieves the predicted target.

(a) Limiting composite curve with water supply line.

(b) Grid diagram showing the water-use network with loops.

(c) Final network following network evolution through loop breaking.

X1V

1.5

2.5

2.6

2.11

2.12

2.13

2.14

2.15



FicurEes cont.

2.8

2.9

2.10

2.11

2.12

2.13

The incorporation of a regeneration operation into the graphical targeting

procedure.

(a) Regeneration of water at the pinch concentration. The water supply line
appears to cross the limiting composite curve reflecting an infeasible
operating situation.

(b) The composite water supply line resolves the apparent feasibility violation.

Two extensions to the basic graphical targeting approach.

(a) Graphical targeting for a system with three freshwater sources of varying
quality. There are no availability constraints on these sources; the costs of
the sources vary with quality with F; being most expensive and F; being
least expensive.

(b) The effect of water losses and gains in the prediction of the minimum
freshwater target.

The Two-Composite Plot for minimum freshwater flow targeting with the
pinch point and regions of water-reuse, freshwater-use and wastewater
production indicated.

Graphical representation of the effects of process changes on the freshwater

target.

(a) The effect of mixing sources adjacent to the pinch point.

(b) The effect of relaxing the concentration limit on the demand adjacent to
the pinch point.

The basic treatment model and the contaminant concentration profiles

associated with different treatment models.

(a) The conceptual model for a water treatment operation.

(b) The concentration profile of a treatment operations characterised by a
fixed outlet concentration.

(c) The concentration profile of a treatment operation characterised by a
mass-load removal ratio.

Graphical targeting for distributed effluent treatment system design for a

system of four wastewater streams.

(a) Placement of the individual wastewater streams on concentration versus
mass-load axes

(b) Construction of the wastewater composite curve.

(c) Rotation of the treatment line for a treatment operation with a fixed outlet
concentration.

(d) Rotation of the treatment line for a treatment operation with a contaminant
mass-load removal ratio.

XV

2.17

2.17

2.20

2.20

2.23

2.24



FicurEes cont.

2.14

2.15

3.1

3.2

4.1

4.2

43

4.4

4.5

5.1

Targeting methods for simultaneous systems design.

(a) Prediction of the minimum number of treatment units required to treat the
generated wastewater, with the freshwater penalty for reducing the number
of treatment units indicated.

(b) The sealing off of pockets on the composite curve provides information for
the design of the effluent treatment system.

An illustration of the superstructure concept as it pertains to water
minimisation.

Schematic diagram of the Sasol Polymers chlor-alkali complex at
Umbogintwini showing the interdependencies between the different plants on
the complex.

Schematic diagram of the brine circuit at the Sasol Polymers chlor-alkali
complex at Umbogintwini.

An example of the superstructure framework for the modular approach to
Combined Water and Materials Pinch Analysis.

An example of the superstructure framework for the modular approach to
Combined Water and Materials Pinch Analysis with three process modules
included in the superstructure.

Schematic diagram of the general structure of a GAMS model.

Schematic diagram of the structure of the GAMS model for Combined Water
and Materials Pinch Analysis with the various components of the model
indicated and the structure of the process module illustrated.

Diagram of the basic building blocks used to assemble a process module in the
Combined Water and Materials Pinch Analysis problem.

(a) Mixer (M).

(b) Flow Separator (FS).

(c) Component Separator (CS).

(d) Reaction (R).

Schematic diagram showing the interactions between the chemical production

subsystem, the demineralisation plant subsystem and the cooling circuit
subsystem.

XVi

2.26

231

3.2

33

4.5

4.6

4.17

4.20

4.21

5.6



FicurEes cont.

52

53

54

5.5

5.6

5.7

5.8

5.9

5.10

6.1

6.2

Diagram illustrating the position of the regeneration sequence relative to the

normal cycle of operation for the demineralisation plant. The various stages

of the regeneration sequence are shown together with the hold-ups and

effluents produced from each stage.

(a) Normal cycle of operation.

(b) The ion-exchange resin beds prior to the regeneration sequence
commencing.

(c) Pre-Inject stage.

(d) Regenerant Inject stage.

(e) Regenerant Displacement stage.

(f) Fast Rinse stage.

(g) Quality Rinse stage.

(h) Normal cycle of operation.

Diagram of the model for the demineralisation plant process module.

Diagram showing the integration of the demineralisation plant process module

with the external sources and terminal sinks present in the superstructure as a
representation of the overall optimisation problem for the demineralisation
plant subsystem.

Diagram showing the optimal network configuration for the demineralisation
plant subsystem.

Diagram showing the constituent plants of the chemical production subsystem

and the existing interactions between the chemical production subsystem and
the demineralisation plant subsystem.

Schematic diagram of the brine circuit at the Sasol Polymers chlor-alkali
complex at Umbogintwini.

Diagram showing the brine circuit as a collection of process modules
considered in the optimisation of the chemical production subsystem.

Plot of the calcium cation molar concentration [Ca*"] in solution versus the
carbonate anion molar concentration [CO;*] in solution at equilibrium.

Diagram showing the optimal network configuration for the cooling circuit
subsystem.

Diagram showing the optimal network configuration for the demineralisation
plant subsystem.

Graphical representation of the non-zero marginal values associated with the
concentrations of the different species at the inlet to the demineralisation
plant.

Xvii

59

5.13

5.21

5.22

5.24

5.25

5.26

5.30

5.40

6.8

6.13



FicurEes cont.

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Al

A2

A3

A4

A5

A6

A7

A8

Graphical representation of the non-zero marginal values associated with the
concentration limits of the different species at the inlets associated with the
regeneration sequence of the demineralisation plant.

Concentration profile for HCI in the effluent emerging during the Regenerant
Displacement stage of the demineralisation plant regeneration
(cation-exchange resin bed).

Diagram showing the modified network configuration for the demineralisation
plant subsystem.

Concentration profiles of the regenerant and contaminant species in the
effluent emerging from the Pre-Inject & Regenerant Inject stage of the
regeneration procedure.

Graphical representation of the non-zero marginal values associated with the
concentration constraints of the different species at the inlets of process
modules in the chemical production subsystem.

Diagram showing the optimal network configuration for the cooling
circuit subsystem.

Schematic diagram showing the distribution of water and collection of
effluent from the subsystems of the chlor-alkali complex in its proposed
optimal configuration.

Block diagram of the demineralisation plant showing the normal cycle of
operation and the regeneration cycle of operation.

Block diagram of the brine circuit, together with the chlorine gas processing
operations, the hydrogen gas processing operations and the caustic
evaporators.

Block diagram of the hydrochloric acid synthesis plant showing the
hydrochloric acid synthesis unit and the hydrogen chloride gas scrubber.

Block diagram of the sodium hypochlorite synthesis plant.

Block diagram of the Hydecat destruction plant.

Block diagram of the caustic evaporators.

Block diagram of the four cooling circuits located on the chlor-alkali complex.

Block diagram of the support operations, point sources and demands located
on the chlor-alkali complex.

XViil

6.14

6.15

6.17

6.18

6.25

6.31

6.40

A2

A9

A38

A38

A43

A43

A47

A52



FicurEes cont.

C.1 Diagram of the model for the electrolyser process module. C2
C2 Diagram of the model for the primary dechlorination process module. C.7
C3 Diagram of the model for the secondary dechlorination process module. C.S8
Cc4 Diagram of the model for the precipitation process module. C.10
C.5 Diagram of the model for the clarification process module. C.11
C.6 Diagram of the model for the primary filtration process module. C.13
C.7 Diagram of the model for the secondary filtration process module. C.14
C38 Diagram of the model for the cation-exchange process module. C.15
C9 Diagram of the model for the caustic evaporation process module. C22
C.10  Diagram of the model for the hydrochloric acid synthesis process module. C.23
C.11  Diagram of the model for the Hydecat destruction process module. C.24
C.12  Diagram of the model for the cooling tower process module. C.25

X1X



TABLES

3.1

5.1

52

53

5.4

5.5

5.6

5.7

5.8

6.1

6.2

Summary of the results obtained from the initial Water Pinch Analysis study
carried out at the Sasol Polymers chlor-alkali complex at Umbogintwini.

Species considered in the Combined Water and Materials Pinch Analysis
investigation at the chlor-alkali complex with a justification for the
representation of these species in the problem and a categorisation of the
species in terms of their desirability.

The connectivity matrix of possible matches between process sources and
sinks for the demineralisation plant subsystem.

The connectivity matrix of possible matches between external sources and
sinks for the demineralisation plant subsystem.

Stream key for the model for the demineralisation plant process module.

The functions of the various building blocks associated with the model for the
demineralisation plant process module.

Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal network
configuration. A fixed amount of demineralised water is produced by both
configurations.

Comparison of the water and material requirements and effluent production
associated with the existing network configuration and the optimal network
configuration for the chemical production subsystem. This comparison only
reflects those areas of the subsystem considered in the optimisation.

Comparison of the water requirement and effluent production associated with
the existing network configuration and the optimal network configuration for
the cooling circuit subsystem.

Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal network
configuration. A fixed amount of demineralised water is produced by both
configurations.

Comparison between a single cycle of operation of the demineralisation plant
in its existing configuration and the proposed optimal configuration.

XX

3.12

5.2

5.12

5.12

5.14

5.15

5.22

5.37

5.39

6.10

6.11



TaBLES cont.

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

Comparison of the performance of the demineralisation plant in its existing
configuration and the proposed optimal configuration as projected over an
annual period (360 days). The comparison is based on a fixed amount of
demineralised water being available to the rest of the plant.

Comparison of the performance of the demineralisation plant in its existing
configuration and the modified optimal configuration as projected over an
annual period (360 days). The comparison is based on a fixed amount of
demineralised water being available to the rest of the plant.

Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal network
configuration for the chemical production subsystem. This comparison only
reflects those areas of the subsystem considered in the optimisation.

Listing of materials and factors contributing to the change in consumption of
these materials in the proposed network configuration.

Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal network
configuration for the chemical production subsystem. This comparison
reflects all areas of the chemical production subsystem, including those
elements not considered in the optimisation.

Comparison of water and material requirements and effluent production
associated with the existing network configuration and the modified optimal
network configuration for the chemical production subsystem. The
comparison only reflects those areas of the subsystem considered in the
optimisation.

Listing of the more economically attractive source-sink matches proposed by
the optimisation in order of descending ranking cost.

Listing of the more economically attractive reuse schemes as identified by an
analysis of the proposed source-sink matches.

Comparison of the water requirement and effluent production associated with
the existing network configuration and the optimal network configuration for
the cooling circuit subsystem.

Comparison of materials used and waste generated by the chlor-alkali complex
in its existing network configuration and the optimal network configuration.
These figures reflect the performance of the different subsystems in
combination with each other.

XX1

6.11

6.16

6.20

6.23

6.24

6.27

6.29

6.30

6.31

6.36



TaBLES cont.

6.13

6.14

A.l

A2

A3

A4

AS

A6

A7

A8

A9

A.10

A1l

A.12

A.13

Comparison of the total consumption of materials and waste generated across 6.38
all subsystems of the chlor-alkali complex in its existing network
configuration and the optimal network configuration.

Comparison of the percentage savings achieved by the three studies conducted 6.41
at the chlor-alkali complex. These studies are the initial study by Gardner

(1999), the Water Pinch Analysis study and the Combined Water and

Materials Pinch Analysis study.

Reconciled mass-balance for the demineralisation plant reflecting one A3
complete normal cycle of operation, lasting 16 hours, and one regeneration
cycle.

Reconciled mass-balance for the brine circuit, including the chlorine gas A.10
processing operations, the hydrogen gas processing operations and the caustic
evaporators. Both cycles of operation for the ion-exchanger are included in

the mass-balance.

Reconciled mass-balance for the hydrochloric acid synthesis plant. A.39
Reconciled mass-balance for the sodium hypochlorite synthesis plant. A4l
Reconciled mass-balance for the Hydecat destruction plant. A.44
Reconciled mass-balance for the caustic evaporators. A.46
Reconciled mass-balance for the four cooling circuits on the chlor-alkali A48
complex.

Mass-balance for the distribution of pump seal water on the chlor-alkali A.53
complex.

Mass-balance for pressure testing operations occurring at the chlor-alkali A.55

complex (time-averaged values).

Mass-balance for the cylinder steaming operation occurring at the chlor-alkali A.56
complex (time-averaged values).

Mass-balance for the plant washdown operations occurring at the chlor-alkali A.56
complex (time-averaged values).

Flow and composition data for point sources located on the chlor-alkali A.57
complex.
Flow and composition data for point demands located on the chlor-alkali A.57
complex.

XXii



TaBLES cont.

B.1

B.2

C.1

C2

C3

C4

(O}

C.6

C.7

(OR

(ORY)

C.10

C.11

C.12

C.13

C.14

C.15

Comparison of materials used and waste generated by the chlor-alkali complex
in its existing network configuration and the network configuration proposed
by the application of Water Pinch Analysis. These figures reflect the
performance of the different subsystems in combination with each other.

Comparison of the total consumption of materials and waste generated across
all subsystems of the chlor-alkali complex in its existing network
configuration and the network configuration proposed by the application of
Water Pinch Analysis. Only those items for which a change was observed are
reported.

Stream key for the model for the electrolyser process module.

The functions of the various building blocks associated with the model for the
electrolyser process module.

Stream key for the model for the primary dechlorination process module.

The functions of the various building blocks associated with the model for the
primary dechlorination process module.

Stream key for the model for the secondary dechlorination process module.

The functions of the various building blocks associated with the model for the
secondary dechlorination process module.

Stream key for the model for the precipitation process module.

The functions of the various building blocks associated with the model for the
precipitation process module.

Stream key for the model for the clarification process module.

The functions of the various building blocks associated with the model for the
clarification process module.

Stream key for the model for the primary filtration process module.

The functions of the various building blocks associated with the model for the
primary filtration process module.

Stream key for the model for the secondary filtration process

The functions of the various building blocks associated with the model for the
secondary filtration process module.

Stream key for the model for the cation-exchange process module.

XXI1i1

B3

B.S

C3

C3

C.7

C.7

C9

(ORY

C.11

C.11

C.11

C.12

C.13

C.13

C.14

C.14

C.16



TaBLES cont.

C.16

C.17

C.18

C.19

C.20

C.21

C.22

C.23

C24

C.25

D.1

D.2

D3

D4

D.5

D.6

The functions of the various building blocks associated with the model for the
cation-exchange process module.

The building blocks associated with various stages of the cation- exchange
regeneration sequence.

Stream key for the model for the caustic evaporation process module.

The functions of the various building blocks associated with the model for the
caustic evaporation process module.

Stream key for the model for the hydrochloric acid synthesis process module.

The functions of the various building blocks associated with the model for the
hydrochloric acid synthesis process module.

Stream key for the model for the Hydecat destruction process module.

The functions of the various building blocks associated with the model for the
Hydecat destruction process module.

Stream key for the model for the cooling tower process module.

The functions of the various building blocks associated with the model for the
cooling tower process module.

The material reuse matrix derived from the results of the optimisation of the
demineralisation plant subsystem in isolation from the other subsystems.

The material reuse matrix derived from the results of the optimisation of the
chemical production subsystem in isolation from the other subsystems. .

The material use matrix for materials not included in the optimisation model
for the chemical production subsystem.

The material reuse matrix derived from the results of the optimisation for the
cooling circuit subsystem in isolation from the other subsystems.

The material reuse matrix derived from the results of the optimisation of the
demineralisation plant subsystem in combination with the chemical production
subsystem.

The material reuse matrix derived from the results of the optimisation of the
demineralisation plant subsystem in combination with the chemical production
subsystem.

XX1V

C.17

C.21

C.22

C22

C24

C.24

C.25

C.25

C.26

C.26

D.2

D3

D.23

D.24

D.25

D.26



NOMENCLATURE

The nomenclature for this thesis is divided into two parts. The first part represents the

nomenclature used in the literature from the field of water-reuse networks, as reported in

Chapter 2. The second part is the general nomenclature which is used in the rest of the thesis.

NoMENCLATURE used in CHAPTER 2 - LITERATURE

C
Capparem pinch
Ce

Ci,km
Ci,kin’max
Ci,kom
Ci’kout,max
Cin

Cj ,kout
Cout

Cpin
Cpinch
Cpout
Cregen
CSTq
CST,,
Cwin

Cuk

C out
w

contaminant concentration

apparent pinch concentration prior to the inclusion of water losses and gains
environmental discharge concentration limit

concentration of contaminant k at the inlet of operation i

maximum inlet concentration limit for contaminant k in operation i
concentration of contaminant k at the outlet of operation i

maximum outlet concentration limit for contaminant k in operation i.
inlet concentration of contaminant

concentration of contaminant k at the outlet of operation j

outlet concentration of contaminant

contaminant concentration at the process inlet of an operation

pinch concentration

contaminant concentration at the process outlet of an operation
concentration of contaminant from regeneration

cost factor associated with the use of discharge point d

cost factor associated with the purchase of source w

contaminant concentration at the water inlet of an operation
concentration of contaminant k associated with freshwater source w

contaminant concentration at the water outlet of an operation
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NoMENCLATURE used in CHAPTER 2 - LITERATURE

CI,B
f(xy)
Fq

Fia

Fui
a(xy)
h(xy)
Kep.casos
m

mr

Am

AmT
Ami,k

RR;

upper concentration boundary for treatment operation 1
objective function

total flow of water associated with wastewater discharge point d
flow from operation i to wastewater discharge point d

inlet water flow associated with operation i

outlet water flow associated with operation i

flow from operation j to operation i

water flowrate through an operation (Equation 2.1)

total flow associated with freshwater source w (Equation 2.9)
flow of water from freshwater source w to operation i
inequality constraint

equality constraint

solubility product for calcium sulphate

mass-load of contaminant transferred to water stream

total mass-load of contaminant removed in treatment

mass-load of contaminant transferred from the process stream to the water
stream

mass-load of contaminant removed in treatment operation
mass-load of contaminant k transferred to the water over operation i
contaminant removal ratio for treatment operation 1

continuous variable

discrete variable

objective variable (Equation 2.3)

operating Cost (Equation 2.14)
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NoMENCLATURE used in CHAPTER 2 - LITERATURE

[Ca*] molar concentration of calcium

). .
4
[SO4~] molar concentration of sulphate

GENERAL NOMENCLATURE

A anion

Cnk concentration of species k associated with stream n in process module

Cx concentration of species k associated with the flow into a demand

CHM limiting (maximum or minimum) concentration at a demand

CH™M. limiting (maximum or minimum) concentration of species k associated with
sink j

CMAX maximum concentration of species k associated with sink j

CMAX, maximum concentration of species k permitted by a demand

CMIN minimum concentration of species k permitted by a demand

CPSRC, ¢ concentration of species k in primary source h

CREQ; required concentration of species k associated with sink j

CREQ concentration of species k required by a demand

CSNK concentration of species k associated with sink j

CSSRE concentration of species k in secondary source i

CSTPSRG, cost associated with the use of primary source h

CSTresiv resin replacement cost per regeneration

CSTSK, cost associated with the discharge of flow into sink j

CSTSSRG cost associated with the use of secondary source i

Cy" contaminant concentration at the water inlet of an operation (Equation 6.4)
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GENERAL NOMENCLATURE

(: out
W

fC S

FCS,cc

PSRC
F™=55

JFPSRCSNK.
hj

FSNKJ'
FSSRCi
FSSRCSNKLJ
Fw

HX

g(x)

contaminant concentration at the water outlet of an operation (Equation 6.4)

represents an infinitesimal change in the value of a constraint equation g(X)
(Equation 6.2)

mass flow associated with stream n in process module

caustic soda requirement for regeneration associated with a particular
operating configuration

quantity of caustic soda required for regeneration when the ionic load removed
from the influent water is equivalent to the exchange capacity of the
demineralisation plant

total mass flow from primary source h

mass flow from primary source h to sink j

total mass flow to sink j

total mass flow from secondary source i

mass flow from secondary source i to sink j

water flowrate through an operation (Equation 6.4)

hydrogen form of cation-exchange resin

constraint equation (Equation 6.1)

marginal value (Equation 6.3)

total ionic load removed from the influent water

exchange capacity of the demineralisation plant

lower limit for the mass flow between secondary source i and sink j

scalar multiplier which depends on the desirability of a species at a demand
matrix of parameters describing the desirability of species k at demand j
molar mass of species k

cation form of cation-exchange resin
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GENERAL NOMENCLATURE

MX,
M+
M2+
Am

NaX

XA

XOH

[Ca™]
[COs™]
[Mg*]

[OH-

divalent cation form of cation-exchange resin

cation

divalent cation

mass-load of contaminant transferred to the water stream (Equation 6.4)
sodium form of cation-exchange resin

maximum number of branches that secondary source i may be divided into
maximum number of branches which may combine to feed sink j
stoichiometric coefficient for species k in reaction q

molar extent of reaction q in reaction block

flow split ratio associated with branch n from flow separator

component split ratio associated with branch n from component separator
operating cost

upper limit for the mass flow between secondary source i and sink j

the set of variables adjusted during the course of the optimisation
(Equation 6.1)

anion form of anion-exchange resin
hydroxide form of anion-exchange resin

the constrained objective function as evaluated at the optimum (Equation 6.3)

binary variable corresponding to the existence or non-existence of a mass flow
between secondary source i and sink j

molar concentration of calcium
molar concentration of carbonate
molar concentration of calcium

molar concentration of hydroxide
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GENERAL NOMENCLATURE

Subscripts

h

Superscripts

LIM
MAX
MIN
PSRC
REQ
SNK

SSRC

primary source

secondary source

sink

aqueous species

stream number in process module

reaction

limiting
maximum
minimum
primary source
required

sink

secondary source
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ABBREVIATIONS

AECI

CD

CS

Demin

DWAF

FAO

FS

GAMS

GIS

HEN

IDE

IXR

LIM

LC

LP

MAX

MBC

MEN

MILP

MIN

MINLP

African Explosives and Chemical Industries

Compact Disc
Component Separator

Demineralised or demineralisation

Department of Water Affairs and Forestry, South Africa

Effluent

Food and Agriculture Organisation of the United Nations

Flow Separator

General Algebraic Modelling System
Geographic Information System
Heat-Exchange Network

Integrated Development Environment
Ion-Exchange Regeneration

Limiting

Liquid Chlorine

Linear Programming

Mixer

Maximum

Membrane Cell

Mass-Exchange Network
Mixed-Integer Linear Programming
Minimum

Mixed-Integer Nonlinear Programming
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ABBREVIATIONS cOnt.

MIP Mixed-Integer Programming
MSA Mass-Separating Agent
NLP Nonlinear Programming
PSRC Primary Source

R Reaction

REAMEN Reactive Mass-Exchange Network
REQ Required

RMINLP Relaxed Mixed-Integer Nonlinear Programming

SNK Sink

SSRC Secondary Source

TDS Total Dissolved Solids

TP Treatment Process

UMIST University of Manchester Institute of Science and Technology
UNEP United Nations Environment Programme

UOoS Umbogintwini Operational Services

USEPA United States Environmental Protection Agency
W Water

WAP Water/Wastewater Allocation Planning

WCAP Wastewater Cleanup Allocation Planning

WIN Waste Interception and Allocation Network
WRC Water Research Commission of South Africa
WUTN Water-Use and Treatment Network
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GLOSSARY

active constraint

bilinear

component separator
block

composite curve

concentration profile

connection

connectivity matrix

constraint

contaminant

decomposition

demand

external sink

external source

An equality constraint or inequality constraint which has reached its
bound.

A non-convex term in a mathematical equation which arises from
the product of two variables, in this case, flow and concentration.

An element of the process module which is used to represent
component separations. The species concentration in each branch
associated with a component separator block may be different.

A graphical representation of the performance of the system. This
is typically a plot of some quality factor versus some quantity
factor.

The set of species concentrations by which sources and sinks may
be characterised.

A path along which material flows between a source and a sink in
the process system.

A matrix of ones and zeros which correspond to the logical
possibility of a connection between a particular source and a
particular sink within the process system. This is used in the
GAMS modelling to eliminate inappropriate matches from the
superstructure considered by the optimisation.

A mathematical equation used to describe the performance of the
process system in the optimisation model.

Any property that prevents the direct reuse of water.

An approach to dealing with large process systems in which the
process system is divided into a number of smaller subsystems.

The point at which water or other materials are required by the
process system.

Used interchangeably with terminal sink. Represents a final
destination for material flow.

A source of water or material which is supplied from outside the
process system. External sources are all primary sources.
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flow separator block

hold-up volume

limit

marginal value

match

mixer

mixing block

network configuration

non-convexity

pinch

primary source

process intervention

process module

An element of the process module which represents the deliberate
division of a stream. The concentrations associated with each
branch of the flow separator block are equal.

A term used in the context of the regeneration sequences of the
demineralisation plant and the cation-exchanger. This refers to the
volume of fluid present in the ion-exchange bed at the point of
change from one stage of the regeneration sequence to the next.

Typically an inequality constraint which is used to describe a
maximum or minimum condition which must be satisfied in the
process system.

This provides an indication of the sensitivity of the objective
variable to an infinitesimal change in a constant in an active
constraint. Used interchangeably with sensitivity.

Used interchangeably with connection. The path along which
material flows from a source to a sink.

A conceptual element of the superstructure which represents the
point at which sources combine to feed a particular sink.

An element of the process module which represents the deliberate
combination of water or material streams.

The set of connections between sources and sinks which satisfies
the production objectives of the process system.

A characteristic of a term in a constraint equation which is
explained as follows: if two points on the boundary of the feasible
region are connected by a straight line, all points along this path are
not necessarily in the feasible region. Non-convex terms give rise
to multiple optima in the solution space.

The constraint or set of constraints which limits the performance of
the system under consideration.

A source for which the concentration profile is fixed.

A process technology change which is effected to the process
system.

A model which represents a particular unit operation, group of unit
operations or stage of a unit operation of the process system in the
optimisation problem. Process modules comprise mixing, flow
separator, component separator and reaction blocks.
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process source

process system

reaction block

regenerant

regeneration

secondary source

sensitivity

sink

source

splitter

subsystem

superstructure

supply

terminal sink

A source which is available from within the process system.
Process sources may be either primary sources or secondary
sources.

A set of operations which effects the transformation of raw
materials to products.

An element of the process module which represents the
transformation of species by chemical reaction.

A term used to describe a reagent used in ion-exchange
regeneration.

In the context of ion-exchange, a term used to describe the elution
of ions from the ion-exchange resin.

In the context of water, a term used to describe a treatment
operation which improves the quality of water such that is may be
reused further.

A source for which the concentration profile depends on the
operation of the process module from which it emerges.

A term used interchangeably with marginal value. Represents the
sensitivity of the objective variable to an infinitesimal change in a
constant of an active constraint.

A point at which material is consumed by the process system.

A point at which a supply of material is available to the process
system.

A conceptual element of the superstructure which represents the
division of a source into a number of branches which are routed to
mixers of the superstructure.

A subset of operations of the process system which arises from the
application of a decomposition strategy to the process system.

The set of inter-process flows between the various process
operations within the process system and the flows to and from the
external sinks and sources respectively.

A source of material available to the process system. Used
interchangeably with source.

A sink which is external to the process system. Represents a final

destination for material flow. Used interchangeably with external
sink.
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| NTRODUCTION

This thesis is concerned with the development and application of Combined Water and
Materials Pinch Analysisto the chlor-alkali industry. This chapter introduces this topic
and provides a context for this research. Section 1.1 examines the status of freshwater
in South Africa and highlights the need for conservation-oriented approaches to
water-use. Section 1.2 introduces the Cleaner Production philosophy and other related
concepts. The way in which water is used in industrial systems is considered in
Section 1.3. Section 1.4 provides an introduction to the field of Water Pinch Analysis
while Section 1.5 considers the application of current Water Pinch Analysis theory to
the problem presented by the chlor-alkali complex. The objectives of this study are
presented in Section 1.6 while Section 1.7 provides the outline of thisthesis.

1.1 THE STATUSOF WATER IN SOUTH AFRICA

The availability of an adequate supply of freshwater pervades all facets of modern-day society
and is critical to long-term economic development, human health, social welfare, and
environmental sustainability (Serageldin, 1996). South Africa is classified as a water-scarce
country with approximately 65% of the country receiving an annual rainfall of less than
500 mm (FAO, 2002). It is however with this limited supply of freshwater that South Africa
must satisfy, as best possible, all of its competing freshwater demands.

A recent analysis by the South African Department of Water Affairs and Forestry (DWAF)
showed that in the year 2000, 11 of the 19 water management areas in the country were
experiencing a water deficit (DWAF, 2002). In these areas, too much water was being used by
some user sectors, to the extent that either the ecosystems in these catchments were placed
under stress or other user sectors were unable to rely on their fair share of water. It is predicted
that by the year 2025, even more water management areas will be facing a water deficit
situation (DWAF, 2002).

One of the fundamental principles of the recently introduced National Water Act of South
Africa (DWAF, 1998) is the sustainable management of the country’s water resources. Here,
the primary objective is to achieve long-term, and environmentally sustainable, social and
economic benefits for society from the use of water (Leestemaker, 2001). In this framework,
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water is considered to be a public good, with only the allocation of water for basic human and
environmental needs receiving any priority. Other water users require authorisation to use
water through the issuing of permits by the state. These permits are issued for limited time
periods and are subject to renewal at the end of these periods.

Industry presently accounts for about 8% of the total amount of freshwater used in South
Africa (DWAF, 2002). Other user sectors include agriculture (60%), domestic use (11%) and
forestry (8%), with the balance being required to sustain the natural environment (13%). While
agricultural and urban runoff constitute a greater source of pollution overall (Fry and Rast,
1996), industry produces an extensive range of pollutants and some of these are extremely
hazardous to both humans and the natural environment, even at low concentration levels.

The recently proposed National Water Resource Strategy of South Africa (DWAF, 2002)
recognises that water resource management must take place around both water quantity and
quality. In a recent article on the challenges facing South Africa in terms of meeting its future
water demands, it is noted that the cost of water in South Africa is higher only than that of
Canada which enjoys a cheaper supply (Poggiolini, 2000). Johan Stoop, the demand manager
for Rand Water at the time of the article commented that the water tariff in South Africa is not
forcing people to conserve water. The cost of conserving water by minimising wastage and
treating wastewater to a standard acceptable for internal reuse remains high relative to the cost
of freshwater. Serageldin (1996) is of the opinion that the problem relates to water not being
perceived as an economic good. As such, the conservation of water will only be achieved
when the cost of water is set at a level which transforms it into a commodity worth saving (Fry
and Rast, 1996).

With the predicted increase in freshwater demand in South Africa, the cost of freshwater is
certain to increase as water resources come under increasing pressure. With more users having
to use this limited supply of freshwater, industry can expect to see more stringent restrictions
on the type and quantity of effluent it is able to discharge accompanying the increased
discharge tariffs. These measures are however reactive in nature and the opinion is held that a
proactive approach is also required to encourage industry to conserve water (Serageldin, 1996).
Such an incentive structure should reward practices which encourage the efficient use of
resources and promote measures that are proactive in pollution prevention rather than reactive
in pollution management. In particular, this involves the adoption of Cleaner Production
techniques such as waste minimisation through source reduction.

With a water crisis looming in the not too distant future, the availability of freshwater to
sustain local industry and foster its growth is no longer a certainty. It is however believed that
industry has an important role to play in overcoming the water crisis in terms of marshalling its
technology and management skills to aid society in managing its water resources (Fry and Rast,
1996). Of course this can only be achieved by industry setting the example for other users to
follow, and this involves implementing water conservation in the confines of its own
operations.
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1.2 CLEANER PRODUCTION AND RELATED CONCEPTS

The Cleaner Production philosophy represents a marked departure from previous attitudes to
pollution prevention, which saw pollution problems being dealt with at the end-of-pipe stage.
The formal definition of Cleaner Production, as defined by the United Nations Environment
Programme (UNEP) (UNEP, 2002a), is given as:

The continuous application of an integrated preventative environmental strategy to
processes, products, and services to increase the overall efficiency, and reduce risks
to humans and the environment.

e For production processes, Cleaner Production results from one or a
combination of conserving raw materials, water and energy; eliminating toxic
and dangerous raw materials, and reducing the quantity and toxicity of all
emissions and wastes at source during the production process.

* For products, Cleaner Production aims to reduce the environmental, health and
safety impacts of products over their entire life cycles, from raw materials
extraction, through manufacturing and use, to the “ ultimate” disposal of the
product.

* For services, Cleaner Production implies incorporating environmental
concerns into designing and delivering services.

Cleaner Production therefore embodies a preventative approach to dealing with pollution.
Instead of dealing with the pollution problem at the end-of-pipe stage, Cleaner Production
addresses the problem by preventing or minimising the amount of pollution created in the first
instance (source reduction).

Amongst the concepts related to Cleaner Production, both Pollution Prevention and Waste
Minimisation bear mentioning. Pollution Prevention is a term which is used interchangeably
with Cleaner Production; like Cleaner Production, it aims to reduce pollution and
environmental impact through source reduction (UNEP 2002b). Waste Minimisation is a
concept introduced by the United States Environmental Protection Agency (USEPA) and is
defined as the on-site source reduction of waste by changes of input raw-materials, technology
changes, good operating practices and production changes (UNEP 2002b).

While many waste minimisation strategies exist, most of these are based on a combination of
heuristics and experience. The success of these techniques is therefore subjective since
decisions are made on an ad hoc basis and the pollution prevention strategies proposed by these
methods are not necessarily optimal. One exception to this is the field of Process Integration.
Unlike many other methods, Process Integration recognises that a chemical process system is a
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highly integrated system of interconnected process units and streams and treats it as such.
Rossiter (1994) points out that the philosophies of Cleaner Production and Process Integration
are complementary to each other in that Process Integration techniques are inherently
conservation-oriented in terms of enhancing the efficiency of the process through the efficient
use of energy and materials.

El-Halwagi (1997) defines Process Integration as a holistic approach to process design,
retrofitting, and operation which emphasises the unity of the process. The definition continues
that Process Integration provides a unique framework for fundamentally understanding the
global insights of the process, methodically determining its attainable performance targets,
and systematically making decisions leading to the realisation of these targets. With this
approach, it is possible to design new processes and retrofit existing processes that operate
more efficiently and economically while simultaneously minimising the level of pollution
produced by the process system.

One of the areas falling under Process Integration is that of Pinch Analysis, the application of
which is one of the primary objectives of this thesis. Specifically, the application of Pinch
Analysis to the rational management of water and effluent in a chemical complex is considered.
However, before introducing this topic, it is necessary to consider the ways in which water is
used within the industrial complex and how it might be used more efficiently.

1.3 INDUSTRIAL WATER-USE

Mann and Liu (1999) describe the typical water-use pattern for the process industry. After
preliminary water treatment, water is distributed to three types of users within the process
system: process users, utility users and other users. In progressing through the process system,
the water may become contaminated with environmental pollutant species and emerges from
the various users as wastewater. Wastewater is collected and treated in a centralised effluent
treatment facility. Treated effluent emerges from the treatment facility and is discharged to the
environment. The schematic layout of these operations is illustrated in Figure 1.1.%

Apart from introducing process changes which bring about a reduction in the inherent demand
of a process system for freshwater, the reuse of water is widely recognised as a route to
reducing the amount of freshwater used and wastewater produced by a process system (Rabb,
1970; Santhanam, 1972; Takama et al., 1980; Wang and Smith, 1994, Dhole et al., 1996). This
implies using a certain quantity of water in the process system more than once, which in turn
suggests the use of a certain quantity of water for which the quality is lower than that of
freshwater. This quality is typically expressed in terms of the mass-load of species carried by
the water and in most cases it is the presence of these species which prevents or limits the

! With regard to the schematic diagram presented in Figure 1.1, it bears mentioning that this situation
represents an extremity which is unlikely in the South African context. Water is known to be scarce
and a certain level of reuse is probably exercised in many process systems already; however, most
systems are likely to conform to the schematic to some degree. It is probably also increasingly
old-fashioned in the US and European contexts.
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widespread reuse of the water (Santhanam, 1972). These species are therefore undesirable
from a water-reuse perspective and are termed contaminants.
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Figure 1.1. Schematic diagram of water-use in the process industry (Smith (1995)
referenced in Mann and Liu, (1999)).

In order to maximise the reuse of water within the process system (and thereby minimise the
amount of freshwater used and wastewater generated), it is necessary to identify which
water-users are able to accept and use water of a quality which is inferior to that of freshwater.
As such, each water-using operation may be characterised by a minimum water quality it
requires for efficient operation. This implies that a process is able to accept water of this
quality, or superior, to satisfy its water demand.

In terms of maximising the reuse of water, it is also necessary to consider the way in which the
wastewater from the various water-users is collected (Nelson, 1990; Douglas, 1992). In
process systems featuring once-through water-use, all of the wastewater is collected into a
common stream, which progresses to the centralised effluent treatment facility. However, the
quality of wastewater produced by the various water-users is different; for example, process
condensate will have a quality which is superior to that of boiler blowdown. By mixing these
two streams to produce a wastewater stream of intermediate quality and larger volume, two
opportunities are missed. Firstly, from the water-use side, the condensate could be recovered
and reused within the process system instead of being mixed with the blowdown effluent
source and sent to the effluent treatment facility. This results in a reduction in the amount of
freshwater required by the process system. Secondly, from the wastewater generation side, the
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reuse of the process condensate will result in the production of a lower volume of effluent
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requiring treatment. Since the costs associated with effluent treatment tend to be strongly
volume dependent, reducing the volume of wastewater requiring treatment is economically
attractive since effluent treatment facilities can be smaller in size. Moreover, from a
contaminant mass-load perspective, it is more cost-effective to treat a concentrated effluent

than a dilute effluent containing the same contaminant mass-load (McLaughlin et al., 1992).

The segregation of effluent streams further affords the possibility of using a distributed effluent
treatment facility rather than a centralised facility. Given that wastewater sources contain
different levels and types of contaminant species, and that a series of treatment steps is usually
required in dealing with these different species, distributed effluent treatment offers a means of
treating only those wastewater streams which require treatment for a particular species rather
than the entire effluent. Hence a portion of the effluent is treated in a particular treatment step
while the remainder bypasses that step. This results in lower treatment costs and smaller
treatment facilities. Figure 1.2 illustrates the difference between a centralised effluent

treatment facility and a distributed effluent treatment facility.

Centralised Effluent Treatment Facility
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Figure1.2. Schematic diagram of a centralised effluent treatment facility and a
distributed effluent treatment facility illustrating the differences
between the two systems.

Until this point, much of the discussion has focussed on the reduction of the volume of

freshwater used and wastewater generated by a process system. Aside from the undesirable
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contaminants present in the wastewater which limit the extent of water-reuse, certain useful
species may also be present in the water; these species are typically reagents and raw materials
which are used within the process system. However, through the typical practice of combining
and routing all wastewater streams to the effluent treatment facility, opportunities for recovery
of these species are lost.

In general, raw materials and reagents have a higher economic value than freshwater. Hence,
the routing of these species together with the combined effluent stream to the effluent treatment
facility represents an economic loss to the industry concerned prior to anything being spent on
treating these species for pollution abatement purposes. Moreover, these species tend to have
high environmental impacts, for the very reason that they are used in the industrial process,
namely that they have a high chemical affinity. Proactively, seeking reuse opportunities for
these streams and interception prior to their mixing with the combined effluent can yield
significant economic benefits through a lower effluent volume requiring treatment and
improved use of raw materials and reagents within the process system. In addition, the effluent
load delivered to the effluent treatment facility is reduced which brings with it further
economic benefits.

To date, all literature on the design of water-use systems has addressed the issue of minimising
the volume of freshwater used and wastewater generated by a process system but less
consideration has been given to the simultaneous minimisation of the effluent load. The work
presented in this thesis, by virtue of the case study considered which involves water acting as a
carrier medium for both reagents and raw materials, addresses both the minimisation of
freshwater and wastewater volume and the effluent load.

1.4 WATER PINCH ANALYSIS

A novel view of Pinch Analysis, in the broadest sense, is that it is concerned with the optimal
management of resources, whether they be material or energy, in a multi-process system. Pinch
Analysis originally developed as a tool for the design of energy-efficient heat-exchange
networks during the late 1970s and early 1980s in response to the sharp increase in the price of
energy. Since then, Pinch Analysis based techniques have found application in a wide range of
fields, including distillation column profiling, low-temperature process design, batch process
integration, emissions targeting and water and wastewater minimisation; a recent overview of
the field is provided by Linnhoff (1993).

In its original exposition, one of the principal characteristics of Pinch Analysis is the prediction
of realistic performance targets which are independent of the structure of the final design
(Linnhoff and Flower, 1978; Linnhoff et al., 1994). These performance targets, which in the
case of Heat-Exchange Network (HEN) Synthesis extend to the minimum heating and cooling
utilities required by the system, are predicted prior to any design work being carried out.
Designs which achieve the predicted performance targets are subsequently formulated.
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A further characteristic of the original exposition of Pinch Analysis as it pertains to the
synthesis of heat-exchange networks is the so-called pinch point (Linnhoff et al., 1994). For
heat-exchange between two fluids, thermodynamic equilibrium is established when a zero
temperature difference or driving-force exists between the fluids exchanging energy. This
situation corresponds to the maximum possible level of heat-exchange between the two fluids
(which minimises the amount of external utilities required by the overall system) but requires a
heat-exchanger of infinite heat-exchange area, and therefore capital cost. As a trade-off
between the capital cost (heat-exchanger area) and operating cost (external utilities) a
minimum temperature driving-force between the hot and cold streams in the heat-exchange
network is defined. The so-called pinch point then corresponds to the region in the
heat-exchange network where this minimum temperature driving-force is realised and thus
represents the overall thermodynamic bottleneck for heat transfer in the heat-exchange
network.

Hence, in its basic exposition, Pinch Analysis comprises two distinct stages - targeting
followed by design, with the pinch point representing a purely thermodynamic bottleneck for
the system. As such it is possible to achieve these abjectives with the graphical tools upon
which theinitial exposition of the approach is based.

The application of Pinch Analysis based techniques to the minimisation of freshwater-use and
wastewater generation in the process industry came to the fore in 1993 (Wang, 1993). This
work represents an extension of the work on Mass-Exchange Network (MEN) Synthesis
(El-Halwagi and Manousiouthakis, 1989), which in turn is an extension of the HEN Synthesis
theory (Linnhoff and Flower, 1978; Linnhoff et al., 1994), to systems involving water. |In this
initial work, graphical tools are used for targeting the minimum water flowrate for a system of
water-using mass-exchange operations with the design being carried out subsequent to the
prediction of the freshwater target. The pinch point in this case corresponds to the region of
the network a which a predetermined minimum concentration driving-force for the
mass-transfer of contaminant species to the water has been reached.

Since this initial Pinch Analysis based approach, the design of water-reuse networks has been
the subject of extensive research (Bagajewicz, 2000). Notably however, the use of graphical
techniques for predicting the minimum freshwater requirement for a system has been shown to
be somewhat limited in terms of the number of species and the types of water-using operations
that can be considered. As a result, the use of mathematical programming or optimisation
based approaches has become the preferred method for designing water-reuse networks. In
addition to allowing the incorporation of multiple contaminants and different water-using
operations, mathematical programming methods alow the incorporation of more complicated
congtraints such as forbidden or enforced connections in the network structure. While
mathematical programming is currently the approach of choice for water-reuse network design,
its use for this purpose was presented by Takama et al. (1980) over a decade before Wang's
Pinch Analysis based approach.



CHAPTER 1 - INTRODUCTION 1.9

One fundamental difference with the use of mathematical programming as opposed to Pinch
Analysis is that the distinction between the targeting and design phases no longer exists with
these being carried out simultaneously. In addition, the so-called pinch point may correspond
or arise due to some other constraint, for example, an enforced connection within the network,
rather than a thermodynamic bottleneck in the system. As a result, there is some debate as to
whether mathematical programming approaches may be referred to as Pinch Analysis and the
distinction between the two is often made (Rossiter, 1995). However, the present trend sees
the incorporation of insights from Pinch Analysis into the mathematical programming
approach. These insights involve the generation of a set of graphical system representations
which provide an overal view of the performance of the system.

The term Water Pinch Analysis itself has become popularised through the availability of
Linnhoff March’s commercial software package WaterTarget™ with its Pinch Analysis module
WaterPinch™ (Linnhoff and Tainsh, 1996). Academically too, the use of mathematical
programming in conjunction with insights from Pinch Analysis is gaining recognition as Water
Pinch Analysis (Alva-Argaez, 1998). As such, the work presented in this thesis follows this
trend, that is, combining the two approaches.

Mann and Liu (1999) see Water Pinch Analysis as one of three tasks. According to their
definition, Water Pinch Analysis involves the identification of the minimum freshwater and
wastewater targets for the system while the design of the network which achieves these targets
is termed Water Pinch Synthesis. The third task, Water Pinch Retrofit, involves the
modification of an existing water-use network such that water-reuse is maximised through the
introduction of effective process changes.

Related to the definition of Water Pinch Synthesis is that of Process Synthesis. Grossmann
(1996) states the Process Synthesis problem as follows:

Given the specifications of input and of output streams - which may correspond to
raw materials and desired products in flowsheets or simply to process streams in
subsystems - the problem consists in integrating a process system that will convert
the inputs into desired outputs so as to meet desired specifications while optimising a
given objective or goal function.

Seemingly, the efficient use of water and the minimisation of wastewater generation are
encompassed by the definition of Process Synthesis. However, a further aspect of Water Pinch
Analysis, and Pinch Analysis as a field, is the provision of powerful insight into the
performance or behaviour of the system and how changes can be made such that additional
improvements can be achieved (Linnhoff, 1993; Linnhoff et al., 1994; Buehner and Rossiter,
1996). This aspect is beyond the scope of Process Synthesis.
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1.5 WATER PINCH ANALYSISAND THE CHLOR-ALKALI COMPLEX

The problem presented by the chlor-alkali system is not a typical Water Pinch Analysis
problem as reflected by current theory. One of the main characteristics of current Water Pinch
Analysis theory is that the system may be segregated into a set of so-called process streams and
a set of water streams. As such, only the water-side of the problem is considered explicitly in
the Pinch Analysis with the process-side being represented implicitly. The situation presented
by the chlor-alkali complex is one in which water acts as a carrier medium for the raw materials
used and the products produced by the facility. It is therefore a process stream as well as a
water stream and the distinction required by classical Water Pinch Analysis theory is not
possible.

The species carried by the water add further complexity to the problem, both by their nature
and their function. The products produced by the chlor-alkali complex include the reagents
caustic soda and hydrochloric acid, both of which are also used within the process. Unlike the
contaminants which are undesirable, these reagent species are useful and have a specific
function in the process system. Using freshwater, these reagents are diluted from their supply
strength to the various strengths required by different areas of the process system. Within the
complex a number of effluent sources containing these reagent species are available and could
substitute for some portion of the fresh concentrated reagent which is presently used to satisfy
all of the reagent demands, thereby resulting in savings in both reagents and freshwater. Given
the economic value of the reagents relative to water, the reuse and recovery of these reagents is
extremely desirable and potentially more so than identifying the network design configuration
which uses the smallest amount of water. Hence, in addition to considering the optimal use of
water, the focus of the traditional Water Pinch Analysis problem, allowance must be made for
the reuse and recovery of these different reagents. In fact, in light of these considerations, it is
questionable whether the task at hand can be considered a Water Pinch Analysis problem at all.

A further characteristic of the species involved in the chlor-alkali system is their reactivity and
the way in which they interact with other species. Current Water Pinch Analysis theory deals
only with non-reactive contaminants. With these interactions being an intrinsic part of the
chlor-alkali system, it is however necessary to consider these effects in formulating the optimal
water and reagent use strategy.

1.6 PROJECT OBJECTIVES

This project is a component of a larger project entitled The Application of Pinch Technology to
the Rational Management of Water and Wastewater in an Industrial Complex (WRC Project
No. 851) (Brouckaert and Buckley, 2002) and the follow-up project The Further Application of
Pinch Analysis for Water and Effluent Management (WRC Project No. 1158) funded by the
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Water Research Commission of South Africa (WRC). Part of the objectives of the initial WRC
project included the application of Water Pinch Analysis to various industrial sites, with an

assessment of its applicability to the various situations encountered. The application of Water
Pinch Analysis to the Sasol Polymers chlor-alkali complex located at Umbogintwini, south of
Durban, South Africa, is thus a central objective of this project.' In applying Water Pinch
Analysis to the complex, the specific aims are:

* The provision of an assessment of the suitability of the current techniques and
tools in dealing with the situation presented by the chlor-alkali complex; this
includes the presence of desirable and reactive species

* Given the limitations in the existing theory already highlighted in this chapter,
the development of an approach that it is able to deal with:
* it not being possible to differentiate between so-called process
streams and water streams in some situations in the complex
* the presence of desirable species in the system and the optimal use of
reagents and raw materials in addition to freshwater
* reactive species

* The application of this approach to determine the cost optimal strategy for
water, reagent and raw material use and effluent generation at the chlor-alkali
complex

* The assessment of the significance of the pinch for the situation involving
desirable and undesirable species, some of which are of a reactive nature.

1.7 THESISOUTLINE

Chapter 1 provides an introduction to the research project presented in this thesis. The scope
and context of the work is outlined and the specific approach defined. In particular, some of
the shortcomings of the existing theory in dealing with the situation presented by the
chlor-alkali complex are highlighted.

Chapter 2 aims to establish the various key concepts used in this study and presents alongside
these concepts a review of the relevant literature. This review begins with an examination of
the conceptual approaches and progresses through to the use of mathematical programming for
the design of water-reuse networks.

" During the course of this study, the Sasol Polymers chlor-alkali complex ceased operation at
Umbogintwini due to logistical reasons (April 2001). However, all the required data for the
completion of the study had been assimilated by this date and the closure of the complex therefore
does not influence the results of the study.
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Chapter 3 provides an assessment of the suitability of the existing theory on Water Pinch
Analysis to the situation presented by the chlor-alkali complex. The chlor-alkali complex is
introduced in greater detail and the results and findings of a previous Water Pinch Analysis
study (Gardner, 1999) are reviewed. The conceptual ideas behind Utility-Water Pinch Analysis
and Process-Water Pinch Analysis are introduced as enhancements to the Water Pinch Analysis
ideology. Finally, the Combined Water and Materials Pinch Analysis methodology is
introduced.

Chapter 4 develops the methodology for Combined Water and Materials Pinch Analysis. The
use of mathematical programming tools for the solution of this problem is considered and the
mathematical model developed. The approach utilises a modular structure in which process
modules are incorporated into a general superstructure of the network.

Chapter 5 considers the application of Combined Water and Materials Pinch Analysis to the
problem presented by the chlor-alkali complex. The decomposition of the system into three
subsystems is motivated and the modelling of the various process modules associated with
these subsystems is discussed.

Chapter 6 presents the results obtained from the application of Combined Water and Materials
Pinch Analysis to the chlor-alkali complex. The chapter begins with an interpretation of the
significance of the pinch as it pertains to Combined Water and Materials Pinch Analysis. The
results obtained from the optimisation of the various subsystems in isolation from each other
are then considered in terms of three aspects. Firstly, the proposed network configuration is
considered. The solution provided by the optimisation is then analysed such that insight is
provided into which process interventions should be made to the system to enhance its
performance further. Lastly some consideration is given to the implementation of the identified
reuse strategy. Having considered each of the subsystems in isolation from each other,
attention shifts to their functioning in combination with one another. Finally, a comparison is
drawn between the results achieved for the chlor-alkali complex using Combined Water and
Materials Pinch Analysis, those obtained from the initial study carried out by Gardner (1999)
and those which would be achieved from the application of standard Water Pinch Analysis
tools and theory.

Chapter 7 brings this investigation to a close with conclusions and recommendations from the
study.
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L ITERATURE

A significant amount of research has been carried out in the field of industrial water
system design; this chapter presents a conceptual review of this field. Section 2.1
presents some of the basic concepts from the field and outlines the structure of this
review in greater detail. There are three general approaches to water system design;
these are conceptual approaches, heuristic and algorithmic approaches, and
mathematical programming. The conceptual approaches developed from the field of
mass-exchange networks and the coinciding link between this area of research and that
of water system design is reviewed in Section 2.2. Section 2.3 reviews the conceptual
approaches while the heuristic and algorithmic approaches to water system design are
reviewed in Section 2.4. The use of mathematical programming for water system
design isreviewed in Section 2.5. Section 2.6 reviews the work which has been carried
out in the field of combined resource system design. The optimisation of systems
involving desirable and/or reactive species is reviewed in Section 2.7. Finally, some
concluding comments on this chapter are presented in Section 2.8.

It is noted that due to difficulties in reconciling the different notations of the various
authors, a special section, which pertains specifically to the notation presented in this
chapter, isincluded in the Nomenclature section at the start of thisthesis.

2.1 BASIC CONCEPTSIN EFFICIENT WATER-USE SYSTEM DESIGN

This section establishes some of the basic concepts in efficient water-use system design. It is
around these concepts that the remainder of the review is structured. Section 2.1.1 considers
the overall problem associated with water minimisation while the various routes to minimising
the amount of water used in an industrial process are considered in Section 2.1.2; factors which
inhibit the reuse of water are considered in Section 2.1.3. Section 2.1.4 presents the various
conceptual models for industrial water-systems while Section 2.1.5 outlines the different

approaches to water-system design. The structure of the remainder of this review is considered
in Section 2.1.6.
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2.1.1 Water Minimisation - The Overall Problem

According to Takama et al. (1980a) the overall problem associated with reducing the amount of
freshwater used by an industrial complex, and consequently the amount of wastewater
generated by that complex can be divided into two complementary problems. One of these
problems, referred to by the authors as the water planning problem, is associated with the
optimal allocation of water to the water-using and wastewater treating units within the process
system. The complementary problem, referred to as the water design problem, involves
determining the optimal process conditions in these units for a given water allocation. In their
research, Takama et al. make the assumption that the process conditions are optimal and
consider only the first problem. This assumption is implicit in all subsequent research in the
field.

2.1.2 Routesto Water Minimisation

Several authors have recognised water-reuse and process changes as two routes to reducing the
amount of freshwater used by a process system (Rabb, 1970; Santhanam, 1972; Takama et al.,
1980a; Wang and Smith, 1994a; Dhole et al., 1996). Within this definition of reuse, Rabb,
Santhanam, Takama et al. and Dhole et al. include the possibility of water-reuse which is either
direct or indirect following wastewater treatment. Wang and Smith (1994a) differentiate
between these reuse patterns and include the following categorisations on reuse:

* Reuse - wastewater is reused directly within the process system subject to its
quality being acceptable to operations within the process system.

* Regeneration Reuse - wastewater is partially treated to remove contaminants,
the presence of which currently limits the reuse of the water. This water is
reused in operations in which it has not previously been used.

* Regeneration Recycling - contaminants are removed from the wastewater via
regeneration. This water is allowed to enter operations in which it has

previously been used.

A term sometimes used interchangeably with regeneration is interception (El-Halwagi et al.,
1996; Dunn and Wenzel, 2001; Dunn et al., 2001). By interception, El-Halwagi et al. refer to
the use of a mass-exchange operation, for example, an absorber, for the selective removal of a
particular species from a species-laden stream. Dunn and co-workers (Dunn and Wenzel,
2001; Dunn et al., 2001) consider a more general definition of the term interception. These
authors equate it to the use of a technology which will allow the recycling and reuse of a
wastewater stream at a particular location in the process system once the composition of the
water has been reduced to a level acceptable to the receiving operation. This definition
therefore encompasses that of El-Halwagi et al..
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Two concepts related to water minimisation are System Closure and Zero Discharge. System
Closure is a term which finds use particularly in literature from the paper industry (Sorin and
Bédard, 1999b; Bédard and Sorin, 2000; Shafiei et al., 2001; Jacob et al., 2002). Jacob et al.
explain that the objective of System Closure is to minimise the freshwater consumption and
wastewater discharge to the environment by a process system. Goldblatt et al. (1993) consider
the various definitions of Zero Discharge. Literally taken, Zero Discharge implies that no
waste is produced by the process system; a situation that corresponds to an ideal and physically
impossible process. Other definitions of Zero Discharge include the elimination of priority
pollutants, toxic substances or even liquid effluent from the process system. Zero liquid
discharge has been given specific consideration by Dericks et al. (2001). A more flexible
description of Zero Discharge however extends to a process system producing a volume of
wastewater which may not necessarily be small, but remains safe and benign to the receiving
environment. In practice, it is concluded that the complete elimination of all waste in an
existing process system is prohibitively costly. Some reduction in the level of waste
production by the process system, through the low cost options of reuse and recycling, is
however possible. An example of zero liquid discharge through a symbiotic relationship
between industries is provided by Brouckaert et al (2001). In this example, a coal fired power
station uses effluent from the affiliated coal mine as part of its water make-up, while all
effluent from the power station is used to suppress dust on the mine dumps.

2.1.3 Factors|nhibiting Water-Reuse

The quality of wastewater in terms of the species it carries is recognised universally as the
primary factor which limits the extent to which wastewater can be reused within the process
system (Rabb, 1970; Bishop and Hendricks, 1971; Santhanam, 1972; Pingry and Shaftel, 1979;
Takama et al., 1980a; Ocanas and Mays, 1981; Nelson, 1990; Wang and Smith, 1994a). These
species are recognised as pollutants or contaminants, the presence of which is undesirable.
More specifically, a contaminant is defined as being any property that prevents the direct reuse
of wastewater (Linnhoff March Limited, 2001). In general, the contaminant species considered
in the literature and the water-use network design tools presently available have the attributes
that they are of a non-reactive nature, that they blend linearly with each contaminant obeying
the conservation of mass, and that they have linear measurement units (Linnhoff March
Limited, 2001). pH is a nonlinear quality measurement which cannot be represented in
water-use network design since it disobeys the linear mixing rules; it may however remain a
decisive factor in determining the reusability of a water source at a particular location
practically. It should be noted that the assumption of a dilute system is universally applied. As
such, the mass of the contaminant is considered insignificant relative to that of the mass of
water and its contribution is thus ignored. A workaround for this is however noted by
El-Halwagi and Manousiouthakis (1989).

Recognition of desirable species carried by the water is given by a number of authors
(El-Halwagi et al., 1992; Ostfeld and Shamir, 1992; Smith and Petela, 1992b; Gardner, 1999;
Sorin and Bédard, 1999b; Baetens and Tainsh, 2000; Bédard and Sorin, 2000; Shafiei et al.,
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2001; Brouckaert et al., 2002; Jacob et al., 2002). Consideration of reactive species is given by
a few authors (El-Halwagi and Srinivas, 1992; Srinivas and El-Halwagi, 1994a; Warren et al.,
1995; Gardner, 1999; Huang et al., 1999b; Brouckaert et al., 2001). The approach to dealing
with these reactive and desirable species will be considered further in Section 2.7.

It should be noted that in practice, the overall quality of a water source is expressed in terms of
many quality factors. In the context of water-use system design, Wang and Smith (1995a)
caution against the inclusion of too many contaminants into the analysis since the intention is
not to simulate the process system, but only to represent those factors which prevent
water-reuse; this is considered a key concept. It is therefore sometimes possible to represent
the system entirely in terms of a single contaminant species. Where this is not possible, it is
necessary to represent multiple contaminant species.  Problems involving multiple
contaminants are of a higher dimensionality than those for single contaminants; the solution
methods are correspondingly different and more complex for multiple contaminants.
Aggregated contaminants such as total dissolved solids (TDS) allow the consideration of
multiple quality factors using a single contaminant approach (Sorin and Bédard, 1999b; Bédard
and Sorin, 2000). Consideration of both single contaminant and multiple contaminant
approaches will be presented in more detail within this review.

The use of entropy as an indicator of the reuse potential of water is considered by Thomas et al.
(2000).

2.1.4 Conceptual Models for Water Systems

One conceptual model of the process system in the context of waste minimisation is the
so-called Onion Diagram which was conceived by Linnhoff and co-workers and the first
representation of which appeared in 1982 (Linnhoff et al., 1994). In their attempt to provide a
structured approach to putting waste minimisation into practice in the process industry, Smith
and Petela (1991a,b; 1992a,b,¢) present the Onion Diagram as a representation of the hierarchy
of the components of a chemical process (Figure 2.1). The chemical reactor resides at the core
of the onion and the design of this component determines the separation and process recycle
problem which forms the second layer of the onion. These two layers determine the material
and energy balances of the system and allow the design of the heat recovery system which
makes up the third layer. Having exploited all of the opportunities for heat recovery, utilities
are added to close the system energy requirement and the utility layer makes up the outer layer
of the onion. Two classes of waste are identified, namely process waste, which originates from
the two core layers, and utility waste, which originates from the two outer layers. Process
waste comprises waste by-products and purge streams while utility waste includes flue gas and
ash from fuel combustion and waste from boiler feed treatment and boiler blowdown.

In the context of water minimisation, two conceptual models have been presented. The
difference between the two models relates to the way in which the treatment of the wastewater
is viewed. Kuo and Smith (1998a) represent the water system as being composed of three
interacting subsystems, namely the water-using subsystem, the regeneration subsystem and the
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wastewater treatment subsystem (Figure 2.2a). Huang et al. (1999b) and Benké et al. (2000)
comment that while water treatment processes may differ according to their role being
end-of-pipe treatment or regeneration, both roles are common in effecting the removal of
contaminants from the wastewater they treat. As a result, these authors do not consider a
distinction between the regeneration and wastewater treatment subsystems and represent the
water system as being composed of a water-using subsystem and a wastewater treatment
subsystem (Figure 2.2b). A similar view is held by Takama et al. (1980a), Alva-Argaez (1999)
and Brouckaert et al. (2001).

Utility
Waste
Heat Recovery Network

Separation &
Process Recycle

Figure2.1. The Onion Diagram as a conceptual model of the hierarchy of the
components of a chemical process (Smith and Petela, 1991a).

Different approaches exist in terms of handling the interactions between these different
subsystems in the overall design of the water system. Wang and Smith (1994a) see the task of
water management as being made up of two tasks. The first task involves minimising the
amount of freshwater used, and therefore wastewater generated, by the process system through
water-reuse and regeneration. The second task, which is distinct from the first, involves
treating the generated wastewater to an acceptable discharge standard, with the objective being
to minimise the overall treatment cost. A significant majority of the work in the field carries
this distinction with researchers either considering only the first task or only the second
(Bagajewicz, 2000). A few authors consider both tasks simultaneously (Takama et al.,
1980a,b; Alva-Argaez, 1999; Huang et al., 1999b; Brouckaert et al., 2001). The problem
associated with the design of the water-use system is also referred to as the Water/Wastewater
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Allocation Planning (WAP) problem (Bagajewicz and Savelski, 2001) while the wastewater
treatment problem is referred to as the Wastewater Cleanup Allocation Planning (WCAP)
problem (Bagajewicz and Savelski, 2001). Huang et al. (1999a,b) refer to the problem in
which the water-using and water treating operations are considered simultaneously as the
Water-Use and Treatment Network (WUTN) problem.

Water-use Water-use

Regener ation ' . Wastewater Wastewater
9 Treatment Treatment

@ (b)

Figure 2.2. Conceptual models of the water systemin an industrial plant.
(a) Three-subsystem conceptual model (Kuo and Smith, 1998a).
(b) Two-subsystem conceptual model.

Regardless of whether the water system is conceptualised as being composed of two
subsystems or three, certain elements are common to both. Aside from water-using operations
and wastewater treatment operations, water sources supply water to the process system and
water sinks receive water from the process system. More generally, a water source is defined
as the point at which a supply of water is available to the process system while a water sink is
the point at which water is consumed by the process system (Linnhoff March Limited, 2001).
Parthasarathy (2001) offers a generic definition of a source as being any stream in the process
system which carries with it a species of interest. A sink is correspondingly any unit within the
process system which is capable of handling the species of interest. Sources are subsequently
categorised by Parthasarathy into fresh sources, which contain fresh species and are typically
obtained externally, and process sources, which have been generated within the process system.
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2.1.5 Design Approaches for Water Systems

In a recent review on the field of water-reuse networks, Bagajewicz (2000) identifies two
approaches for the design of water-use networks, namely conceptual approaches and
mathematical programming. Conceptual approaches include primarily the Pinch Analysis
based graphical targeting and design methods in which system targets, for example, the
freshwater flowrate target, are set ahead of the design stage. The advantage of these methods is
that they provide valuable conceptual insight into the performance or behaviour of the system
under consideration. The approach has however shown limitations when dealing with complex
systems. Mathematical programming sees the targeting and design stages being performed
simultaneously. Being a computer based tool, the problem under consideration can be of a
more complex nature. However, much of the conceptual insight available through the Pinch
Analysis based approach is lost.

Ponton (1999) makes a general comment on all computer tools that while they provide answers
that may be correct or appropriate, they fail to give an explanation or provide understanding of
why a particular solution is good. As such, Ponton criticises the fact that optimisation
packages provide a single answer and claim it to be the best solution, since this provides no
information on the relative superiority of the solution and is dependent on the specific criteria
for what is considered best. Recent approaches to the design of water-use systems see a
combination of the two approaches with the insight from the conceptual Pinch Analysis based
approaches being incorporated into the formulation of mathematical programming models
(Bagajewicz, 2000). Bagajewicz comments that the field has developed from one in which
conceptual insight was used to obtain a design to one in which mathematical programming is
used to produce a design with a graphical representation of the system being obtained from this
solution.

A third approach to the design of water-use systems, distinct from the conceptual and
mathematical programming approaches, has emerged in heuristic/algorithmic based
approaches. The characteristic of these approaches is that they do not have a distinct targeting
and design stage, nor do they rely on mathematical programming. Instead the design and the
system target evolve simultaneously through the implementation of a systematic procedure.
The use of the heuristic/algorithmic approach in combination with the mathematical
programming approach has also found application.

2.1.6 Review Structure

This section has established a number of key concepts in the design of water systems around
which the rest of the review will be structured. The different approaches will be considered
separately and in the order of conceptual approaches, heuristic/algorithmic approaches and
mathematical programming approaches. The conceptual approaches will be used to establish
key ideas which have been transferred to the other approaches. Distinction will also be made
regarding the method of analysis in terms of separate and simultaneous consideration of the
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water-using and wastewater treatment subsystems. Finally differentiation between single
contaminant and multiple contaminant approaches will be made. The remainder of the review
begins with a brief review of the Mass-Exchange Network (MEN) Synthesis theory from which
the conceptual approaches have developed.

2.2 MEN SYNTHESIS

The development of conceptual methods for water-use system design has been influenced by
the theory from MEN Synthesis. Section 2.2.1 examines the coinciding link between MEN
Synthesis and water minimisation. A number of other concepts and ideas carried over from the
field of mass-exchange networks to the field of water-use system design are presented in
Section 2.2.2.

2.2.1 TheLink between MEN Synthesis and Water Minimisation

The analogy between heat transfer and mass transfer mechanisms has long been recognised.
El-Halwagi and Manousiouthakis (1989) recognised that there were similarities, but also
differences, between the mass transfer of species from a set of species-rich streams to a set of
species-lean streams, and the transfer of energy from a set of hot streams to a set of cold
streams. These similarities suggested that a similar design method to that developed for
heat-exchange networks (Linnhoff and Flower, 1978; Linnhoff and Hindmarsh, 1983) might be
possible for the design of mass-exchange networks. The differences between heat transfer and
mass transfer mechanisms however indicated that the design of mass-exchange networks
involves a problem of higher dimensionality due to the differing criteria for thermal

equilibrium and phase equilibrium.

Thermal equilibrium between a pair of hot and cold streams is established when the
temperatures of both the hot stream and cold stream are the same and does not depend on the
nature of either stream; only one conserved quantity is transferred, namely energy, and thus
temperature represents the sole equilibrium criterion for the system. For mass-exchange, the
distribution of species between two phases is determined by the phase equilibrium
characteristics of the solute-solvent system. In addition, the number of conserved quantities
which are exchanged in mass transfer can be large. Thus, in addition to the temperature of the
different phases being the same, phase equilibrium is dependent on the nature of the
solute-solvent system and the distribution of species between the phases.

MEN Synthesis is defined as the systematic generation of a cost-effective network of
mass-exchangers with the purpose of preferentially transferring certain species from a set of
rich streams to a set of lean streams (El-Halwagi and Manousiouthakis, 1989). The
mass-exchangers that this definition refers to include almost any countercurrent, direct-contact
mass transfer operation that uses a Mass-Separating Agent (MSA) for the selective transfer of
certain solutes; for example, absorption, liquid-liquid extraction and ion-exchange, to name but
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a few. MEN Synthesis thus has application in the chemical process industry in the areas of
feed preparation, product separation, material recovery and pollution prevention. For pollution
prevention, MEN Synthesis extends to the transfer of certain undesirable species from a set of
rich streams (containing a high concentration of the undesirable species) to a set of lean
streams or MSAs (containing a low concentration of the undesirable species). The problem, in
its basic form, may be stated as follows (El-Halwagi, 1997):

Given a set of rich streams and a set of MSAs (lean streams), synthesise a system of
cost-effective mass-exchangers that can preferentially transfer certain undesirable species from
the rich streams to the MSAs. The flowrate of each rich stream and its supply and target
composition are known, as are the supply and target composition of each MSA. The flowrate
of each MSA is unknown and is to be determined so as to minimise the network operating cost.
The set of MSAs comprises Process MSAs, which are already available on the plant site and
can be used at very low cost, and External MSAs which have to be purchased. Minimising the
operating cost for the network therefore extends to maximising the use of the Process MSAs
and minimising the amount of External MSAs required to achieve the overall mass-exchange
task. The flow of Process MSAs is however limited according to their availability on the plant.

El-Halwagi and Manousiouthakis (1989) solve this problem using a two-stage approach for a
system in which separation targets can be set for a single component. The minimum amount of
external MSA required to achieve the overall mass-exchange task is determined in the first
stage (without there being any commitment to a particular design configuration) while the
design featuring the minimum number of mass-exchangers required to achieve the targeted
flow of external MSA is determined in the second stage. The method is directly analogous to
that proposed by Linnhoff and co-workers for the design of heat-exchange networks (Linnhoff
and Flower, 1978; Linnhoff and Hindmarsh, 1983).

Not all MEN Synthesis problems involve Process MSAs; in such cases only External MSAs are
used to achieve the mass-exchange task. In the event of only one External MSA being used
(whether in combination with Process MSAs or not) the task of synthesising a cost-optimal
mass-exchange network degenerates into one of minimising the amount, and therefore the cost,
of External MSA wused to accomplish the mass-exchange task (El-Halwagi and
Manousiouthakis, 1989). Water minimisation, in which water is used as the sole MSA
associated with the removal of a certain contaminant species from a set of rich streams in a
system of mass-exchange operations is thus an example of this kind of problem (Hallale and
Fraser, 1998), and the starting point of the work on the design of optimal water-use systems by
Wang and Smith (1994a).

Having reviewed the coinciding link between MEN Synthesis and water minimisation, the
remainder of the field of MEN Synthesis is not reviewed here. A number of final concepts and
ideas from MEN Synthesis are however noted. Reviews and overviews of the field of MEN
Synthesis are provided by El-Halwagi (1997; 1999), El-Halwagi and Spriggs (1998), Spriggs
and El-Halwagi (2000). An overview of capital cost targeting in MEN Synthesis is provided by
Fraser and Hallale (2000) while Grossmann et al. (1999) provide an overview of the
application of mathematical programming to MEN Synthesis.
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2.2.2 Final Concepts and I deas from MEN Synthesis

Analogous to the minimum temperature difference specified in heat-exchange network design,
a minimum concentration difference is specified in MEN Synthesis. This concentration
difference ensures that there is sufficient driving-force for mass transfer and represents a
compromise between capital and operating costs. Where the pinch point in heat-exchange
network design corresponds to that region of the heat-exchange network in which the minimum
temperature driving-force for heat-exchange is reached, the pinch point in MEN Synthesis
corresponds to that region of the mass-exchange network at which the minimum concentration
driving force for mass-exchange is reached. Thermodynamically, it is thus the most
constrained region of the system.

The problem considered by El-Halwagi and Manousiouthakis in their initial research involves
once-through MSAs only (El-Halwagi and Manousiouthakis, 1989), for which there is neither
an economic nor environmental incentive to force either the recovery of the transferred species
or the regeneration and recycle of the MSA. For the case of regenerable MSAs however,
strong economic and/or environmental incentives exist for the recovery of the transferred
species and/or the regeneration of the MSA. El-Halwagi and Manousiouthakis (1990a) give
consideration to this situation and propose a two-step procedure for the simultaneous synthesis
of mass-exchange and regeneration networks involving a single (key) contaminant.

A further notable extension to the MEN Synthesis field sees the use of chemical MSAs, which
have higher selectivities and capacities compared to physical-type MSAs, to achieve the
required separation task (El-Halwagi and Srinivas, 1992; Srinivas and El-Halwagi, 1994a;
Warren et al., 1995). The use of chemical MSAs which involves chemical reactions together
with interphase mass transfer and the mass-exchange synthesis task is termed Reactive
Mass-Exchange Network or REAMEN Synthesis.

The concept of Waste Interception and Allocation Network (WIN) Synthesis was introduced by
El-Halwagi et al. (1996) as an extension of the MEN Synthesis concept. Instead of dealing
with pollutant species at the terminal waste stream stage, the possibility of intercepting these
pollutant-laden streams, through the introduction of mass-exchange operations, within the
process system is considered. Apart from providing a single framework for dealing with both
gaseous and liquid forms of pollution, the approach recognises that the pollutant load of a
particular species in the gaseous phase is interrelated to that in the liquid phase. As such it may
be easier to solve a pollution problem that exists in the liquid phase by intercepting a gaseous
stream containing that pollutant before the transfer to the liquid stream takes place, and vice
versa. Figure 2.3 contrasts the schematic representation of a waste interception and allocation
network with that of a mass-exchange network (El-Halwagi et al., 1996). In addition to the
basic objectives of MEN Synthesis, WIN Synthesis aims to identify which of the process
streams, gaseous or liquid, should be intercepted, the extent to which the pollutant should be
removed from these streams, and which of the candidate MSAs should be employed to
accomplish the task.
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Figure 2.3. Schematic diagram contrasting the WIN Synthesis and MEN Synthesis
problems (El-Halwagi et al., 1996).

2.3 CONCEPTUAL APPROACHESTO WATER SYSTEM DESIGN

Water system design via conceptual approaches involves two stages. During the first stage, a
target is identified for the water system without any commitment to a particular network design
configuration; the second stage involves the design of a network which achieves the predicted
target. This section reviews the conceptual approaches to water system design. Section 2.3.1
considers the water minimisation problem while Section 2.3.2 considers the effluent treatment
problem. Approaches which consider both the water minimisation and effluent treatment

problems simultaneously are reviewed in Section 2.3.3.

2.3.1 Separate System Design - Water Minimisation

Wang and Smith (1994a) present a two-stage graphical approach to minimising the amount of
water used by a process system comprising mass-exchange operations. An overriding
assumption in this approach is the division of the process system into a set of so-called process
streams and a set of water streams. The nature of the process streams is such that their
flowrates, inlet and outlet contaminant concentrations are set by the process system. Given that
the mass-load of contaminant transferred via mass-exchange from the process streams is equal
to the mass-load of contaminant received by the water streams, only the water streams are
considered in the analysis. The process streams are represented by fixed mass-loads of
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contaminant transferred to the water streams together with contaminant concentration limits
applied to the water streams, which take the place of the more rigorous mass-exchange
equilibrium relationships that exist between the process streams and the water streams.
Figure 2.4a shows a single mass-exchanger and the contaminant concentration profiles for the
process stream and water stream. The corresponding representation of this mass-exchanger in
Wang and Smith’s approach is presented in Figure 2.4b.
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Figure 2.4. The representation of a mass-exchanger in the conceptual approach of
Wang and Smith (1994a). (a) A single mass-exchanger and the
associated contaminant concentration profiles for the process stream
and the water stream. (b) The representation of the same
mass-exchanger in the approach of Wang and Smith with only the
water profile of the operation considered explicitly.

Thermodynamic feasibility is not the only reason for the imposition of contaminant constraints
on the water stream. Other factors which necessitate the imposition of contaminant constraints
include avoiding precipitation, fouling and corrosion amongst other effects (Wang and Smith,
1994a).

Mathematically, the relationship between the water flowrate through the operation and the inlet
and outlet contaminant concentrations may be expressed by:

Am =F, (C™ -C™M) 21
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where Am is the mass-load of contaminant transferred from the process stream to the water
stream, F,, is the water flowrate (which is considered to be constant across the operation), and
C,/" and C,* are the contaminant concentrations at the inlet and outlet respectively.

Although the flowrate, inlet and outlet contaminant concentrations for the process stream are
fixed, that is, the contaminant concentration profile for the process stream is fixed, there is a
range of contaminant concentration profiles for the water stream that will achieve the required
mass-exchange task (Figure 2.5a). As such there is a range of feasible flowrates and inlet and
outlet contaminant concentrations for the water stream. At the limit of this range is the limiting
water profile (Wang and Smith, 1994a) which represents the boundary between feasible and
infeasible process operation. Water-reuse from other operations within the process system will
be maximised if water enters an operation at the maximum inlet concentration that operation
will tolerate. The limiting water profile for an operation then corresponds to the minimum
amount of water required to achieve the mass-exchange task when water enters the operation at
its maximum or limiting inlet concentration. This minimum flowrate further corresponds to the
water leaving at its maximum or limiting outlet concentration. Feasible process operation will
therefore be realised by any water supply line which lies at or below the limiting water profile
as shown in Figure 2.5b.
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Figure 2.5. Diagramillustrating the concept of the limiting water profile (Wang
and Smith, 1994a). (a) Different water profiles with different water
flowrates and contaminant concentrations may be able to satisfy the
requirements of the process. (b) The limiting water profile alongside
feasible and infeasible water profiles.

The significance of the limiting water profile is that it allows a common basis for the analysis
of a range of operations for which the concentration constraints arise due to different effects,
for example, corrosion or mass transfer driving-force (Wang and Smith, 1994a). It is noted that
it is inherently assumed by this approach that the functioning of the process operation is
independent of the concentration of contaminants present in the water. The only requirements
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are that the contaminant concentrations in the water entering and leaving the process operations
are below or at the limiting values. This assumption is almost universally applied in all
subsequent research in the field.

The targeting of the minimum water flowrate for a system of water-using mass-exchange
operations involves the construction of a composite curve. Here the limiting water profiles of
all the water-using operations are plotted on contaminant concentration versus contaminant
mass-transferred axes. These profiles establish concentration intervals which coincide with the
end points of the various limiting profiles. Figure 2.6a shows the limiting water profiles for
four mass-exchange operations plotted on contaminant concentration versus contaminant mass
transferred axes together with the concentration intervals established by these profiles. The
construction of the limiting composite curve is completed by summing, within each
concentration interval and across all limiting profiles, the mass-load of contaminant transferred
within that interval, as shown in Figure 2.6b. The minimum amount of freshwater required by
the system is determined by rotating a line about the contaminant concentration of the
freshwater supply (Figure 2.6¢) such that it becomes tangential to the limiting composite curve,
as shown in Figure 2.6d. The inverse of the slope of this water supply line represents the
minimum flowrate of water necessary to satisfy the mass transfer requirements of the system.
The concentration at which the water supply line touches the composite curve is termed the
pinch point.
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Figure 2.6. Graphical targeting of the minimum water flowrate for a system of
mass-exchange operations (Wang and Smith, 1994a). (a) Placement
of the limiting water profilesfor the individual operations.

(b) Construction of the limiting composite curve. () Rotation of the
water supply line about the water supply concentration. (d) Minimum
water flowrate water supply line with pinch point.
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Pinch points arise at each point of contact between the water supply line and the limiting
composite curve. This point of contact represents a region in the system where a further
reduction in the water consumption by the system is not possible due to some contaminant
concentration limit having been reached.

Wang and Smith (1994a) propose two strategies for obtaining designs which achieve the
predicted target, namely the maximum driving-force method and the minimum number of water
sources method. These methods involve the design of an initial flow network based on
information obtained from the targeting stage. This network is evolved, through the breaking
of loops in the network, to remove unnecessary network complexity. It should be noted that the
minimum number of water sources refers to the number of sources feeding a particular
operation; the system as it is considered in the initial exposition of the approach has only a
single freshwater source. The water flow network derived from the minimum number of water
sources method for the example presented in Figure 2.6 is presented in Figure 2.7.

@ (b) ©

Figure2.7. The minimum water sources design method for obtaining a design
which achieves the predicted target (Wang and Smith, 1994a). (a)
Limiting composite curve with water supply line. (b) Grid diagram
showing the water-use network with loops. (c) Final network following
networ k evol ution through loop breaking.

Wang and Smith (1994a) extend the graphical targeting methodology to systems involving
multiple contaminants. Here, the multiple contaminant nature of the problem is incorporated
into the analysis by adjusting the limiting water profiles for the various operations such that at
each concentration interval boundary, at least one of the contaminants is at its limiting
concentration. The procedure begins with the selection of a reference contaminant and a
reference process. Making the assumption that the mass-exchange of one contaminant is
linearly related to that of another, all of the other processes and contaminants are shifted
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relative to these references. As was the case for the single contaminant situation, the limiting
composite curve is formed from the limiting water profiles of the individual operations and the
placement of the water supply line proceeds as previously. The approach for multiple
contaminants is systematised by an algorithmic procedure (Wang and Smith, 1994a). While
the assumption is made that at least one contaminant is at its limiting concentration at each
concentration interval boundary, others are not necessarily at their limits. This key concept is
formalised by Alva-Argaez (1999) who introduces the definitions of limiting and non-limiting
contaminants. As such, limiting contaminants refer to those contaminants which reach their
maximum limits and determine the water demand for the operation. Non-limiting contaminants
emerge from the operation at a concentration below their maximum limits and do not affect the
water demand for that operation.

Having identified the minimum freshwater flowrate in the targeting procedure, the possibility
of reducing the amount of freshwater needed by the process system via the introduction of a
regeneration process is considered by Wang and Smith (1994a). The introduction of the
regeneration process allows some of the effluent, which would otherwise have been prevented
from being used, to be reused within the process system. In this way, freshwater-use is reduced
beyond the level of water-reuse alone. Accompanying the regeneration process is a cost
associated with regeneration. Hence, in addition to determining the minimum freshwater flow
required by the process system, the minimum flowrate of water to be regenerated must be
determined. The targeting and design procedure is thus extended to include regeneration
processes and two cases are considered, namely regeneration reuse and regeneration recycling.
The placement of the regeneration process is shown to be optimal if it accepts water at the
pinch concentration; this water is then regenerated to a quality below the pinch concentration.
Regeneration processes with fixed outlet concentrations and mass-load removal ratios are
considered. Figure 2.8 illustrates the inclusion of a regeneration process in the graphical
targeting method. It is noted that from Figure 2.8a it appears that the water supply line crosses
the limiting composite curve thereby reflecting an infeasible operating situation. However, by
creating a composite of the water supply lines as shown in Figure 2.8b, feasibility is
re-established.

Various shortcomings or oversights of this initial theory on regeneration targeting have been
reported and further work carried out by Castro et al. (1999) and Mann and Liu (1999).

The use of multiple freshwater sources of different qualities is considered in an extension to
the basic methodology presented by Wang and Smith (1995a). The assumption is made that
there is an infinite amount of the different water sources available and that the cost of the water
increases with improving water quality. With a single freshwater source available, targeting
the minimum freshwater flowrate minimises the water cost simultaneously. However, when
multiple water sources are involved, targeting aims to minimise the overall water cost. As a
result, the water supply line is matched against the limiting composite curve such that the use
of high cost water (high quality) is minimised. Figure 2.9a illustrates the composite curve and
water supply line for the case where three different freshwater sources of different qualities are
available and for which the costs are proportional to improving quality.
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Figure 2.8. Theincorporation of a regeneration operation into the graphical
targeting procedure (Wang and Smith, 1994a). (a) Regeneration of
water at the pinch concentration. The water supply line appearsto
cross the limiting composite curve reflecting an infeasible operating
situation. (b) The composite water supply line resolves the apparent

feasibility violation.
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Figure 2.9. Two extensions to the basic graphical targeting approach. (a)
Graphical targeting for a system with three freshwater sources of
varying quality. There are no availability constraints on these sources;
the costs of the sources vary with quality with F; being most expensive
and F; being least expensive (Wang and Smith, 1995a). (b) The effect of
water losses and gainsin the prediction of the minimum freshwater

target.
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The incorporation of finite water sources, that is, water sources for which there is a fixed
availability into the graphical targeting procedure is indirectly presented by Wang and Smith in
their consideration of operations with finite water losses and water gains (Wang and Smith,
1995a). For these operations, the assumption is made that water losses occur at the limiting
inlet concentration and water gains occur at the limiting outlet concentration. The targeting
procedure for determining the minimum water requirement for the system involves targeting
the minimum water flow for the system without water losses and gains. Losses and gains are
subsequently incorporated into the water supply line. Mann and Liu (1999), who give further
consideration to this problem, comment that the pinch point determined without consideration
of the losses and gains is an apparent pinch point since it may change once the flowrate losses
and gains are incorporated into the targeting procedure. According to Mann and Liu (1999),
water losses below the so-called apparent freshwater pinch concentration will generally result
in an increase in the overall freshwater requirement for the system and correspondingly a
decrease for water gains. As such, the change in the freshwater consumption of the system
depends on the level of contamination present in the water lost or gained. Above the apparent
freshwater pinch, a water gain has no effect on the overall freshwater target for the system,
however a water loss may or may not increase the freshwater target. If the loss of water above
the apparent freshwater pinch concentration is sufficiently large, an increase in the overall
freshwater target and a change in the location of the pinch concentration will occur.
Figure 2.9b illustrates the effects of finite water gains and water losses on the water supply line
and the prediction of the minimum freshwater target for the system.

The work on the incorporation of water losses and gains into the targeting procedure is
subsequently pursued by Savulescu (1999) who highlights shortcomings in the method of
Wang and Smith related to the accurate prediction of the freshwater target. It should be noted
that for systems in which flowrate changes occur, the volume of freshwater used by the process
system is different from the volume of wastewater produced (Mann and Liu, 1999).

A key assumption made by Wang and Smith in their approach is that the process operation’s
functioning is not affected by changes in the flowrate of water used to accomplish the
mass-exchange task. The incorporation of fixed flow operations into the analysis is
subsequently considered (Wang and Smith, 1995a). Here it is demonstrated that the
established targeting approach remains applicable and that the amount of water required by the
fixed flow operations can be achieved by local recycling (around the operation) or, in cases
where this is not allowed, splitting the operation in such a way that water from one part of the
process operation is used in the next part. Savulescu (1999) extends the work of Wang and
Smith on minimum water flowrate targeting for fixed flow operations for which local recycling
and operation splitting are not allowed.

With many operations not permitting a wide range of flowrates and others not falling into the
mass-exchange category, a different graphical targeting approach, called the Two-Composite
Plot, is introduced by Buehner and Rossiter (1996) and Dhole et al. (1996). With this
approach, each water-using operation is conceptualised as being made up of inlet streams
(water demands) and outlet streams (water sources) and the possibility does exist that there are
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several of each of these, and that each may have a different water quality associated with it.
All of the input streams are plotted on axes of purity versus water flowrate and combined to
form the Demand Composite. Similarly, the outlet streams are plotted and combined to form
the Source Composite. In determining the minimum freshwater flowrate required by the
system, the Demand Composite is shifted horizontally such that it just makes contact but does
not cross the Source Composite; the point of contact between the two composites is termed the
pinch point.

The overlap between the Source Composite and Demand Composite defines a region of
water-reuse, the further expansion of which is limited by the pinch point. To the right of this
region, the demand for high purity water exceeds the available supply and the deficit is made
up using freshwater. To the left of this reuse region, the water sources constitute the
wastewater produced by the system owing to there either being insufficient demand for this
water or a restriction on the reuse of this water due to its associated quality. Mann and Liu
(1999) suggest slightly different definitions of the pinch point for the Two-Composite Plot
(termed the Water-Source and -Demand Plot by these authors). According to these authors, the
freshwater pinch, which corresponds to a vertical line on the (relative) flowrate axis, designates
the boundary between the region of water-reuse and that of freshwater make-up while the reuse
pinch identifies the boundary between the water-reuse region and that of wastewater
production. Figure 2.10 shows an example of the Two-Composite Plot with the pinch point
along with the various regions of the plot indicated. It should be noted that the numbers on the
purity axis decrease since purity is measured according to the level of contamination present in
the water source; freshwater, which corresponds to absolute purity, thus occupies the highest
point on the axis.

In achieving a network design which achieves the targeted freshwater flowrate, Dhole et al.
(1996) note that sources should provide water to demands on the same side of the pinch point.
The use of a water source above the pinch to satisfy a water demand situated below the pinch
will result in the freshwater target being exceeded. The use of freshwater below the pinch

produces a similar effect.

One attribute common to both the Wang and Smith approach and its extensions and the
Two-Composite methodology is that it identifies those regions of the system which have the
greatest impact on the overall water consumption by the system (or the cost associated with
water-use in the system) (Wang and Smith, 1995a; Buehner and Rossiter, 1996; Dhole et al.,
1996; Mann and Liu, 1999; Polley and Polley, 2000). More generally, the provision of this
global insight is a common attribute of all Pinch Analysis based approaches (Linnhoff, 1993;
Linnhoff et al., 1994; Buehner and Rossiter, 1996).

One approach to increasing the level of reuse within the system involves the mixing of water
sources located adjacent to the pinch point (Buehner and Rossiter, 1996; Dhole et al., 1996).
This results in the formation of a water source of intermediate quality, but of suitable quality to
satisfy the demand currently creating the pinch. Water-reuse is increased and correspondingly
freshwater-use and wastewater production decreased. Figure 2.11a illustrates these effects.
Polley and Polley (2000) propose that this mixing strategy be such that it maximises the uptake
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of contaminant by the water demand. By mixing the water sources such that the contaminant
concentration is just sufficiently less than the demand’s limiting concentration, the overall use
of freshwater by the system will be minimised at the same time.
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Figure 2.10. The Two-Composite Plot for minimum freshwater flow targeting with
the pinch point and regions of water-reuse, freshwater-use and
wastewater production indicated (Buehner and Rossiter, 1996; Dhole
et al., 1996; Mann and Liu, 1999).
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Figure2.11. Graphical representation of the effects of process changes on the
freshwater target. (@) The effect of mixing sources adjacent to the
pinch point. (b) The effect of relaxing the concentration limit on the
demand adjacent to the pinch point.
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In addition to mixing water sources on either side of the pinch point, Mann and Liu (1999)
propose the relaxation of the inlet concentration limit directly adjacent to the pinch point as a
route to increasing the level of reuse within the process system. By effecting a process
technology change to the demand currently creating the pinch, that is, a change which allows
the demand to accept water of a lower purity, the level of water-reuse in the system is
increased. This effect is illustrated in Figure 2.11b.

A more general philosophy to guide process changes which bring about a reduction in the
freshwater flowrate target is the so-called Plus-Minus Principle, initially conceived to guide
process changes in heat integration (Linnhoff and Vredeveld, 1984) and extended by Mann and
Liu (1999) to water systems. The discussion presented by these authors is based on effecting
process changes to a system of water-using mass-exchange operations for which the freshwater
target is predicted via the approach of Wang and Smith (1994a). As a general principle, an
increase in the limiting inlet and outlet concentrations of an operation will result in an increase
in the concentration driving-force for mass transfer of the contaminant; this corresponds to a
lower area requirement for mass-exchange and thus a lower capital expenditure. Process
changes that are effective in reducing the freshwater requirement of the system should begin in
the region below the freshwater pinch and should aim to shift the pinch concentration to a
higher value. In targeting process changes for operations that exist across or directly below the
freshwater pinch, increasing the maximum inlet or outlet concentrations will either reduce the
mass-load of contaminant to be removed below the freshwater pinch, shifting the difference
across the pinch concentration, or increase the freshwater pinch concentration. Both situations
result in a reduction in the system’s freshwater requirement.

In motivating the use of the Two-Composite methodology as opposed to the Wang and Smith
approach, Polley and Polley (2000) characterise water demands as being either quality or
quantity controlled. For quantity controlled operations, the amount of water is fixed regardless
of the contaminant concentration whereas quality controlled operations have a varying water
demand which depends on the level of contamination present in the influent water. As such,
water-use systems may be characterised as being comprised of only quantity controlled
operations, quality controlled operations, or both. The Two-Composite methodology is
deemed suitable for systems which consist only of quantity controlled operations. This view is
consistent with that of Mann and Liu (1999) who regard the approach as being suited to
freshwater targeting for systems with fixed flow operations. The use of the approach to assess
the retrofit potential of an existing water network is also noted (Mann and Liu, 1999).

In concluding this subsection on the conceptual approaches for the design of water-using
systems, mention should be made of some of the other targeting and design approaches
presented in the literature. These methods include: the targeting approach of Kuo and Smith
(1998b); the Mass Problem Table of Castro et al. (1999), also termed the Concentration
Interval Diagram by Mann and Liu (1999), the Water Sources Diagram reported by Castro et
al. (1999); the Evolutionary Table, Design Table and Cascade Technique of Sorin and Bédard
(1999a,b; 2000); and, the approach based on the Water Surplus Diagram reported by Hallale
(2000; 2002). Other design procedures include those proposed by Oleson and Polley (1997),
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the Water Mains Concept of Kuo and Smith (1998a) and the Mass Content Diagram reported
by Mann and Liu (1999). Conceptual targeting methods for batch processes are proposed by
Wang and Smith (1995b) and applied and extended by Majozi (1999).

As a final point to this subsection, Oleson and Polley (1996) give consideration to the
conceptual targeting and design of systems involving geographical distance constraints. Here,
the overall site is divided into different zones. Freshwater targeting is performed on the overall
system and each of the individual zones and the pinch concentrations compared. Should the
pinch concentration for a particular zone differ from that for the overall system, additional
freshwater savings could be effected to that particular zone through the exchange of water
between different zones.

2.3.2 Separate System Design - Wastewater Treatment

Having minimised the volume of freshwater used, and thus the amount of wastewater produced
by the process system, attention becomes focussed on designing a network which will achieve
the required level of treatment for the generated wastewater as economically as possible. The
scope of this task extends to determining the optimal flow arrangement of wastewater streams
between the different treatment operations; it does not however involve the screening of
wastewater technologies and guidance on this issue is presented by Zinkus et al. (1998). The
performance characteristics of the treatment operations are therefore known prior to the design
being carried out. Two basic treatment models are considered, namely the fixed outlet
concentration model and the mass-load removal ratio model (Wang and Smith, 1994b). The
fixed outlet concentration model produces a treated effluent with a fixed outlet concentration
regardless of the concentration of wastewater entering the operation. The quality of the treated
effluent produced by the mass-load removal ratio model varies according to the mass-load of
contaminant carried by the wastewater entering the operation. Figure 2.12a shows the basic
process model for effluent treatment. The concentration profiles for a range of inlet
concentrations are shown for both the fixed outlet concentration model and the mass-load
removal ratio model in Figure 2.12b and Figure 2.12¢ respectively.

A two-stage conceptual design procedure, based on the targeting and design procedure for
water minimisation, is presented by Wang and Smith (1994b) for the design of distributed
effluent treatment systems. Based on the environmental discharge contaminant concentration
limit, the mass-load of contaminant to be removed from each wastewater stream is determined
and plotted on the concentration versus mass-load removed axes. Figure 2.13a shows the
contaminant mass-load removal requirements for a system comprising four wastewater streams.
The wastewater composite curve is constructed by summing the mass-load of contaminant to
be removed from all of the wastewater streams in each concentration interval, as illustrated in
Figure 2.13b. These concentration intervals are defined by the environmental discharge limit
and the contaminant supply concentrations of the various wastewater streams. For the case
where the treatment cost decreases continuously with decreasing flowrate, the minimum flow
of wastewater requiring treatment is determined by rotating the treatment line about a specific
point such that it just touches the wastewater composite curve as shown in Figure 2.13c. The
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inverse of the slope of this treatment line represents the minimum flow of wastewater requiring
treatment for the discharge concentration limit to be achieved. The specific location of the
point about which the treatment line is rotated is determined by the nature of the treatment
operation in terms of whether it may be characterised by a fixed outlet concentration or a
mass-load removal ratio. Figure 2.13c shows the treatment line for an operation with a fixed
outlet concentration while Figure 2.13d shows the treatment line for an operation with a
mass-load removal ratio. The point at which the wastewater composite curve and the treatment
line meet is called the treatment pinch concentration.
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Figure2.12. The basic treatment model and the contaminant concentration
profiles associated with different treatment models (Wang and Smith,
1994b). (a) The conceptual model for a water treatment operation.
(b) The concentration profile of a treatment operations characterised
by a fixed outlet concentration. (c) The concentration profile of a
treatment operation characterised by a mass-load removal ratio.

In designing a network which achieves the targeted treatment flowrate, the wastewater streams
are classified into three groups according to whether their supply concentrations are below the
pinch concentration, above the pinch concentration or at the pinch concentration. Those
wastewater streams with concentrations above the pinch concentration are fully treated while
those with concentrations below the pinch concentration bypass treatment. Wastewater
streams at the pinch concentration are partially treated with some of the wastewater from these
sources bypassing the treatment operation; the amount requiring treatment is determined via
mass-balance. In their discussion on the significance of the treatment pinch concentration,
Wang and Smith (1994b) note that it simply divides the system into two halves in terms of
whether the wastewater is treated or not. The argument is presented that the wastewater
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composite curve represents the mass-balance for the wastewater streams requiring treatment
while the treatment line represents the mass-balance for the treatment operations.
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Figure2.13. Graphical targeting for distributed effluent treatment system design
for a system of four wastewater streams (Wang and Smith, 1994b).
(a) Placement of the individual wastewater streams on concentration
versus mass-load axes (b) Construction of the wastewater composite
curve. (c) Rotation of the treatment line for a treatment operation
with a fixed outlet concentration. (d) Rotation of the treatment line for
a treatment operation with a contaminant mass-load removal ratio.

In one extension to the approach, treatment operations with maximum inlet concentration limits
are considered. In addition, the approach is extended to deal with multiple treatment
operations and wastewater streams involving multiple contaminants. For multiple treatment
operations, the operation sequence is determined either by concentration constraints or
economic considerations. Multiple contaminants are dealt with by considering the treatment
requirements for each of the individual contaminants in turn and then taking the maximum
treatment flowrate over all the contaminants.

The approach for the targeting and design of distributed effluent treatment systems is
re-examined and developed by Kuo and Smith (1997). It is noted that for situations in which
multiple treatment operations are required, the approach presented by Wang and Smith
produces designs which are serial in nature, with the outlet of one treatment operation feeding
the inlet of another. The composite treatment line, formed by combining the treatment lines of
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the individual operations, is introduced to overcome this limitation. With this construction it is
possible to identify those designs which feature the parallel operation of treatment operations.

In reviewing the approach proposed by Wang and Smith (1994b) for the design of distributed
effluent treatment systems involving multiple contaminants, Kuo and Smith (1997) note that
the approach does not always produce a feasible network design. In particular, the practice of
combining all the designs based on single contaminant targeting to account for multiple
contaminants fails to produce a feasible design if there exists a conflict between the aims for
the removal of the different contaminants. Single contaminant targeting provides information
as to how the wastewater streams should be segregated from the perspective of removing that
particular contaminant. It does not however take into account how the wastewater streams
should be segregated from the perspective of the other contaminants. The design based on
single contaminant targeting is therefore likely to feature some degree of stream mixing, termed
wastewater degradation, which is inappropriate from the perspective of other contaminants.
The use of mixing exergy loss is proposed as a means of determining the optimal design for
multiple contaminant treatment problems. This is done by minimising the mixing exergy loss
over all contaminants in the positioning of treatment operations.

2.3.3 Simultaneous Systems Design

Kuo and Smith (1998a,b) motivate the use of an approach which considers the water-use,
regeneration and effluent treatment subsystems simultaneously since it provides insight into the
effect of design decisions, made for one subsystem, on the other subsystems. While
wastewater minimisation through reuse and regeneration does result in a decrease in the
volume of wastewater, the mass-load of contaminant present in the wastewater remains the
same; as a result, the wastewater produced by the system is more concentrated. Depending on
the extent of this increase in concentration, additional treatment units may be required in the
effluent treatment system such that the required discharge concentration is achieved. The
number of treatment operations required may be predicted in advance of designing the effluent
treatment system by calculating the greatest effluent concentration that could be accepted by
the operation based on the discharge limit and the performance of the treatment operation.
Mathematically, this is given by:

" 1-RR, 22

where C,p is the upper concentration boundary for the first treatment operation, RR; is the
contaminant removal ratio which characterises the treatment operation and C. is the
environmental discharge concentration limit. If more treatment units are required, C. is
replaced in the formula by the upper concentration limit of the previous treatment operation.
These concentration boundaries are plotted on the composite curve as shown in Figure 2.14a
and identify the minimum number of treatment units required to treat the effluent. An
assessment of the freshwater penalty required to reduce the number of treatment units is
therefore possible.
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Figure2.14. Targeting methods for simultaneous systems design. (a) Prediction of
the minimum number of treatment units required to treat the
generated wastewater, with the freshwater penalty for reducing the
number of treatment units indicated (Kuo and Smith, 1998b). (b) The
sealing off of pockets on the composite curve provides information for
the design of the effluent treatment system (Kuo and Smith, 1998a).

In their targeting approach for water minimisation through reuse and regeneration Kuo and
Smith (1998b) target the minimum freshwater-use and minimum regeneration flowrate as
separate problems. If an increase in the freshwater flowrate is not considered a viable option in
terms of reducing the number of treatment operations, it is proposed that some of the mass-load
to be removed via effluent treatment be shifted to the regeneration system.

Kuo and Smith (1998a) introduce the Water Mains Concept as a simpler way of producing a
network design which achieves the predicted flowrate target. This approach requires the
sealing off of pockets on the limiting composite curve. The curve created by the sealing off of
pockets is termed the lowest cost composite effluent treatment curve (Figure 2.14b). At each
change of slope on this curve, a particular amount of water becomes available to the system; a
portion of this water is reused while the rest is sent to effluent. The sealing off of pockets on
the composite curve thus provides information about the nature of the wastewater streams
generated by the system prior to the design of the water-use system being carried out. It is
therefore possible to design the wastewater treatment system in advance of the water-use
system. The impact of decisions made in the design of the water-use system on the wastewater
treatment system can thus be quantified at an early stage of the design procedure.
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2.4 HEURISTIC AND ALGORITHMIC APPROACHESTO WATER SYSTEM
DESIGN

This class of approaches for the design of water systems has emerged primarily due to
limitations encountered in applying the conceptual approaches to real systems, particularly in
the area of multiple contaminant problems, and issues surrounding the optimality of solutions
provided by mathematical programming approaches.

Liu (1999) defines heuristics as a set of rules based on engineering knowledge and experience
which are widely used in chemical process design. These rules are a way of simplifying a
complicated problem by using insight gained from a fundamental understanding of the problem
(O’Young and Natori, 1999). According to the Oxford Dictionary, algorithmic approaches
typically comprise a set of steps or rules for calculating a solution to a problem (Allen, 1991).
The characteristic that sets these approaches apart from both conceptual design methods and
mathematical programming approaches is that the system target and the design evolve
simultaneously as the set of rules or steps is applied. It is noted that heuristic approaches
which adopt an ad hoc attitude towards water minimisation, which further tend to be system
specific, are not included in this classification.

Heuristic and algorithmic approaches have only given attention to the problem associated with
the design of the water-use system; effluent treatment and simultaneous systems design
approaches have not been considered. Contributions in the field of water minimisation include
those by Liu (1999), Dunn and co-workers (Dunn and Bush, 2001; Dunn and Wenzel, 2001)
and Bagajewicz and co-workers (Bagajewicz et al., 1999, 2000; Savelski and Bagajewicz,
2001).

25 MATHEMATICAL PROGRAMMING TECHNIQUESFOR WATER SYSTEM
DESIGN

Conceptual approaches to water system design have shown limitations in dealing with the more
complicated systems, particularly those involving multiple contaminants. The use of
mathematical programming for water system design overcomes these limitations and has found
wide application in the field as a result. Conceptual approaches have however established
some key concepts which have been carried over to the mathematical programming approach.
This section considers the use of mathematical programming techniques for water system
design. Section 2.5.1 presents some introductory concepts in mathematical programming while
Section 2.5.2 examines some of the issues involved in the application of mathematical
programming to the water system design problem. Section 2.5.3 reviews the application of
mathematical programming to the water minimisation problem while Section 2.5.4 reviews the
use of mathematical programming for wastewater treatment system design; the use of
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mathematical programming for combined system design is considered in Section 2.5.5. The
interpretation and representation of results from mathematical programming, as a means of
delivering insight into the performance of the system, is reviewed in Section 2.5.6. Some
concluding remarks on the use of mathematical programming for water system design are
presented in Section 2.5.7.

2.5.1 Introductory Conceptsin Mathematical Programming

According to a recent review by Wright (2000), the term mathematical programming was
coined around 1945 and is synonymous with optimisation. In their review on the advances in
mathematical programming with respect to process design and synthesis, Grossmann et al.
(1999) identify three steps associated with the use of mathematical programming approaches to
design, integration and operation problems. The first step involves the representation of the set
of possibilities from which the optimal solution will be selected. The mathematical
programming problem, which typically involves both continuous and discrete variables is
formulated in the second stage while the third is concerned with the solution of the
optimisation problem and the identification of the optimal solution.

Papadimitriou and Steiglitz (1982) classify optimisation problems according to whether they
contain continuous variables or discrete variables. Those problems containing discrete
variables (possibly in addition to continuous variables) are referred to as combinatorial
problems. According to Grossmann et al. (1999), design and synthesis problems give rise to
discrete/continuous optimisation problems, which, when represented algebraically, correspond
to mixed-integer optimisation problems of the form:

min Z = f(Xy)
such that  h(x)y) =0
g(xy) <0
xOR; yO{o,} 23

where Z is the objective variable; f(X,y) is the objective function (e.g. cost); h(x,y) = 0 is the set
of equality relationships or constraints describing the performance of the system (e.g. mass-
balances); g(x,y) < 0 is the set of inequality relationships that describe the specifications or
constraints which correspond to feasible choices for the system; X is the set of continuous
variables; and Y is the set of discrete variables, the values of which are restricted to zero or one.
Continuous variables correspond to the selection of the operating levels for the system while
discrete variables are associated with the selection of the system configuration in terms of the
logical selection of an item or action or not. Some of the logical decisions covered by these
constraints include: the selection of a single item, a maximum of one item, or at least one item;
conditional selection, that is, if a particular item is selected, then a second item should also be
selected; and, the activation and deactivation of continuous variables (Grossmann, 1996). The
approach to formulating logical decisions is presented by Grossmann (1996) while the
integration of logical decisions such that only the necessary constraints are included in the
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model is considered by Raman and Grossmann (1993). Discrete variables are also referred to
as binary variables or integer variables.

Depending on the nature of the constraints and the types of variables involved in the
optimisation problem, different algorithms are required to solve the different optimisation
problems which arise. Linear programming (LP) problems contain only continuous variables
and the constraints and objective function are all linear. The solution techniques available for
LP problems are guaranteed to find the global (as opposed to the local) optimum solution.
Mixed-integer linear programming (MILP) problems contain both discrete and continuous
variables but the objective function and the constraint equations remain linear. Solution
algorithms for MILP problems are similarly guaranteed to converge to the global optimum.
Should any of the constraint equations or the objective function in either the LP or MILP
problems be nonlinear, these problems are designated as nonlinear programming (NLP) and
mixed-integer nonlinear programming (MINLP) problems respectively. Solution methods for
both NLP and MINLP problems are likely to converge to local optima which may or may not
coincide with the global optimum; the exception to this is the case of convex NLP problems for
which any local optimum is also the global optimum (Edgar et al., 2001). Problems containing
only discrete variables are termed mixed-integer programming (MIP) problems.

The set of possibilities, amongst which the optimal solution is to be found, is typically
postulated as a superstructure. More specifically, the superstructure allows a representation of
the possibilities which can be screened in a systematic way such that the optimal solution can
be determined. According to Grossmann (1996), Umeda et al. (1972) were probably among the
first to propose the optimisation of superstructures for process synthesis. Grossmann et al.
(1999) cite two major considerations in the formulation of the superstructure. The first
consideration relates to the type of representation that could be used and the implications this
would have on the modelling of the system. The second consideration involves the inclusion of
all feasible possibilities within the selected representation such that the global optimum is not
excluded from the analyses. A review on the postulation of superstructures for Process
Synthesis is presented by Grossmann (1996).

In terms of the formulation of mathematical programming problems, Grossmann et al. (1999)
identify three categories according to the level of detail included in the model. Aggregated
models are high level representations of the system in which the associated problem is
simplified by a particular aspect or objective which characterises the problem. Examples of
aggregated models include the transshipment model used for HEN and MEN Synthesis; for
MEN Synthesis, the transshipment problem represents the transport of a commodity (mass of
species) from sources (species-rich streams), through warehouses (concentration intervals), to
destinations (MSA streams) (Mann and Liu, 1999). Short-cut models include a greater level of
detail in the superstructure for purposes of cost optimisation. Here, unit operations are
modelled using simple nonlinear equations for reasons of avoiding excessive computational
cost and possibly the exploitation of the algebraic structure associated with the equations.
Rigorous models represent detailed superstructures in which the performance of unit operations
is described by complex models. Grossmann et al. (1999) note that the aggregated models
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often give rise to simpler types of optimisation problems in LP, NLP and MILP models, as
opposed to MINLP problems which tend to arise from short-cut and rigorous models.

In solving mathematical programming models, Grossmann et al. (1999) identify two solution
strategies, that is, simultaneous optimisation and sequential optimisation. Simultaneous
optimisation involves the solution of a single problem in which all trade-offs are considered
simultaneously. Sequential optimisation involves the solution of a sequence of sub-problems
of increasing detail rather than a single large problem. Sequential optimisation is less rigorous
than simultaneous optimisation; the sub-problems are however easier to solve.

2.5.2 Some Preliminaries on Mathematical Programming for Water System Design

Since the conceptual approach shows limitations where complex systems are involved, and
particularly in the area of systems involving multiple contaminants, mathematical programming
has become the method of choice for water-system design (Bagajewicz, 2000). However, the
use of mathematical programming for water-system design is not without its own problems.

Typically, the set of candidate network designs is formulated as a superstructure comprising
freshwater sources, wastewater sinks, unit operations, mixers and splitters (Figure 2.15). In
this framework, each operation is preceded by a conceptual mixer and followed by a
conceptual splitter. Each freshwater source is similarly followed by a conceptual splitter and
each wastewater sink preceded by a conceptual mixer. The water demand for a particular
operation is thus supplied by a combination of water from the freshwater sources and water
from the operations within the system. The water emerging from the operations within the
system is diverted to other operations within the system or sent to the wastewater sink. The use
of the superstructure for the water minimisation problem is presented by several authors
(Rossiter and Nath, 1995; Doyle and Smith, 1997; Alva-Argaez, 1999; Mann and Liu, 1999;
Thevendiraraj et al., 2001, 2002). Kuo and Smith (1997), Galan and Grossmann (1998, 1999)
and Alva-Argaez (1999) consider the use of superstructures for addressing the distributed
wastewater treatment problem while superstructures featuring both water-using and water
treatment operations have been proposed by a number of authors (Takama et al., 1980a,b;
Alva-Argaez et al., 1998a,b; Alva-Argaez 1999; Huang et al., 1999a,b; Benké et al., 1999,
2000; Brouckaert et al., 2001).

The optimisation of the superstructure is usually formulated as an NLP problem which may or
may not involve discrete variables. The source of these nonlinearities is the contaminant
material balance equations which involve bilinear terms arising from the multiplication of the
water flowrate by contaminant concentration (Quesada and Grossmann, 1995). Bilinear terms
are non-convex and result in the presence of several local optima in the solution space. The
presence of these local optima makes the application of standard NLP techniques ineffective in
determining the global optimum. In addition, numerical singularities arise when flows take on
values of zero making it difficult for the NLP algorithms to converge to a feasible solution.
Wright (2000) comments that there are a number of approaches available for global
optimisation, but efficient implementation of these strategies is heavily dependent on the
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exploitation of the structure of the problem under consideration; nevertheless, these methods
remain computationally intensive. A review on global optimisation techniques is presented by
Floudas and Pardalos (2000). Other reviews of note include a review of LP and NLP
algorithms by Wright (2000) and reviews on MINLP algorithms by Grossmann and co-workers
(Grossmann and Kravanja, 1995; Grossmann, 1996; Grossmann et al., 1999; Grossmann and
Hooker, 2000).

B

O— —O
Freshwater Wastewater
Source Sink

Figure2.15. Anillustration of the superstructure concept as it pertains to water
minimisation
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Despite not being able to determine the global optimum with certainty, achieving solutions
which are seemingly coincidental to, or in the vicinity of the global optimum remain an
important aspect of the use of mathematical programming for water system design. Edgar et al.
(2001) comment that the performance of NLP solvers is strongly influenced by the point from
which the solution process is initiated. Initial values for the variables which satisfy most of the
constraints and which, if possible, are located in the same region of space as the global
optimum are more likely to converge to the global optimum (GAMS Development Corporation,
2001). Other approaches however see the manipulation of the NLP problem such that LP
algorithms, which guarantee global optimality, can be used. Examples of this type of approach
include those by Vaidyanathan et al. (1998) and Jacob et al. (2002). Grossmann (1996)
proposes measures which reduce the size of the superstructure and thus the solution space of
the search. Such measures include the state-space approach introduced by Bagajewicz and
Manousiouthakis (1992) and preliminary screening of alternatives.
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2.5.3 Mathematical Programming for Water Minimisation

While the work of Takama et al. (1980a,b; 1981) is regarded by Bagajewicz as the seminal
work in the application of mathematical programming to water system design in the industrial
context (Bagajewicz, 2000), its consideration is deferred until Section 2.5.5 since it considers
the water-use and water treatment subsystems simultaneously.

The basic model for the water-use system comprises a number of freshwater sources of
different quality and a number of water-using operations which are typically characterised by
fixed mass-loads of contaminants transferred to the water, with concentration limits applied to
the water entering and leaving the operations (Alva-Argaez, 1999). The objective of the
synthesis problem is then to supply each of the water-using operations with water of suitable
quality in the most efficient manner, whether this efficiency is measured in terms of total water
use, operating cost or overall investment cost. It should be noted that where only a single water
source is available, the operating cost minimisation problem is equivalent to reducing the
amount of water used by the system (Doyle and Smith, 1997). The representation of the
operations only in terms of the water-side of the problem relies on the concept of the limiting
water profile, an insight gained from the conceptual approach (Doyle and Smith, 1997,
Alva-Argaez, 1999).

In expressing this model mathematically, a mass-balance is carried out for each contaminant
over each conceptual mixer and splitter and each operation in the system. Typical forms of
these balances are:

Mixer Balances for Operations:

Fim — ZFﬁ + ZFWJ 24
j w
E" [T = ZFj,i [Cx +ZF wi o =
j w

Mixer Balances for Wastewater Discharge Points:

Fy = ZFi,d 2.6
Fy Gy, = ZFi,d fnﬁt 2.7

Splitter Balances for Operations:

E = ZFi,j + Zd:Fi,d 2.8

i
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Splitter Balances for Freshwater Sources:

F, =2 Fy 2.9

Balances across Operations:
F™ =E" 2.10
Am;, = FM [T - F" [T}, 211

where Fi" and F are the inlet and outlet water flows associated with operation i; F;; is the
flow from operation j to operation i; F,; is the flow of water from freshwater source w to
operation i; Fiq is the flow from operation i to wastewater discharge point d; F,, is the total flow
associated with freshwater source w; and Fy is the total flow of water associated with
wastewater discharge point d. C; " is the concentration of contaminant k at the inlet of
operation i; C;;®" and C;®" are the concentrations of contaminant k at the outlet of operation i
and operation j; and Cyx is the concentration of contaminant k associated with freshwater
source wW. Amyy is the mass-load of contaminant k transferred to the water over operation i.
Equation 2.9 is written for all freshwater sources while Equation 2.6 and 2.7 are written for all
wastewater discharge points. Equations 2.4, 2.5, 2.8, 2.10 and 2.11 are written for all
mass-exchange type operations. The maximum contaminant concentration limits applied to the

inlet and outlet contaminant concentrations respectively, take the form:

in in, max 2.12

ik =Gk

out out,max 2.13
Ci,k < Ci,k

where C; ™™ and C;**™> correspond to the maximum inlet and outlet concentration limits for
contaminant k in operation i.

It should be noted that the Equations 2.4 to 2.13 are not taken directly from any particular
source and correspond to generic versions of those presented in (Takama et al., 1980a,b; Doyle
and Smith, 1997; Alva-Argaez, 1999); their inclusion within this review is to create a context
for the discussion of approaches used in dealing with the water minimisation problem. The
formulation of the model is completed by the inclusion of a suitable objective function. For the
minimisation of operating cost, this takes the form:

Z=Y CST, [F, + ) CST, [F, 2.14
w d
where Z is the operating cost; CST,, is the cost factor associated with the purchase of

freshwater source w and CSTy is the cost factor associated with the use of wastewater
discharge point d.
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Equations 2.4 to 2.14 correspond to an NLP formulation of the water minimisation problem.
The balance over the water-using operation establishes a relationship between the flowrate and
quality of the water entering the operation and the flowrate and quality of water leaving the
operation (Equations 2.10 and 2.11). One approach to applying LP to the water minimisation
problem involves fixing the total water flow to and from each operation and the outlet
concentrations from each operation. This results in Equation 2.5 becoming linear and
circumvents the need for Equations 2.10, 2.11 and 2.13. This approach is applied by
Vaidyanathan et al. (1998) and Jacob et al. (2002) who conceptualise the system as being made
up of water sources of fixed quantity and quality and demands with fixed water flow
requirements and maximum concentration limits. Nobel and Allen’s (2000) use of GIS
(Geographic Information System) software for determining the optimal reuse strategy for
industrial wastewater-reuse on a regional basis amounts to the same problem. Here LP is used
to determine the optimal allocation of water from industrial sources of fixed quality and
quantity to demands with fixed water requirements and quality limitations in a geographic
region rather than an individual industrial site.

A similar conceptualisation of the problem in terms of water sources and water demands is
presented by Shafiei et al. (2001) but a genetic algorithm is used in conjunction with linear
programming to determine the optimal water management strategy for a pulp and paper mill.
This formulation further seeks to minimise the fibre-loss from the system in addition to the
reducing the amount of water used; fibre is a desirable component in the paper industry.

Doyle and Smith (1997) use a slightly different approach to linearising the NLP problem
formulation; their motivation for linearising the problem is however to generate a suitable
starting point for the solution of the NLP problem. According to this approach, the outlet
concentrations from the operations are set at their maximum values and Equation 2.11 is
changed to an inequality, given that water may enter the operation at a concentration lower than
the limiting inlet concentration. Given that the left-hand side of Equation 2.11 is determined
by the process-side of the operation and is thus a fixed value, Equation 2.11 will only be
feasible if it is possible for the right-hand side to be greater than the left-hand side and hence
the inequality.

Bagajewicz and Savelski (2001) use the necessary conditions of optimality for single
contaminants (Savelski and Bagajewicz, 2000) to convert the NLP problem formulation to an
LP formulation. The necessary conditions of optimality comprise a set of theorems formulated
and proven initially for systems involving single contaminants which guarantee the global
optimum solution to the problem associated with the design of the water-use network for
systems involving mass-exchange type operations. Bagajewicz and Savelski (2001) eliminate
the bilinearities in the equations using the necessary condition of maximum outlet
concentrations for the operations present in the system and the conversion of certain equalities
to inequalities through the incorporation of Equation 2.12 into the appropriate mass-balance
equations. This linearisation of the problem forms the first step of a two-step approach for the
design of the water-use system. In the second step, the number of connections is minimised via
an MILP problem formulation which incorporates the minimum freshwater flow target, as
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determined from the first step, as a constraint. Two other objective functions for the MILP
formulation are considered — one which minimises the fixed annualised cost while the other
gives attention to forbidden and compulsory matches, which are significant in the retrofit
problem. The approach is extended to consider the inclusion of a regeneration process and a
linear formulation of this problem is presented. The same approach is presented and applied by
Dericks et al. (2001).

Linear programming is used in a slightly different way by Bagajewicz et al. (1999) in
determining the optimal allocation strategy for a system of water-using operations involving
multiple contaminants. This approach is an extension of the maximum reuse algorithm
presented previously for single contaminants (Savelski and Bagajewicz, 1999; 2001) and relies
on the necessary conditions for optimality as presented for multiple contaminants. Here a
linear programming step is incorporated into the algorithm to account for the presence of
multiple contaminants such that the amount of freshwater required by the evolving network is
minimised as the algorithm proceeds.

Rossiter and Nath (1995) consider the solution of the NLP problem formulation without
manipulating it such that it becomes an LP problem. These authors comment that while the
approach is not guaranteed to locate the global optimum, its location is relatively easy to find in
problems not involving regeneration. Where regeneration is involved, multiple starting points
are recommended as a way of finding the global optimum. It should be noted that here,
knowledge of the location of the global optimum is derived by comparison of the solutions
obtained via mathematical programming and those obtained using the conceptual approach.
Multiple initialisations as a method of locating the global optimum is also recommended by
Edgar et al. (2001).

The solution of the water minimisation problem via NLP is also considered by Mann and Liu
(1999) and Dunn et al. (2001). The model considered by Dunn et al. (2001) is an extension of
the LP model presented by Vaidyanathan et al. (1998) but it becomes nonlinear due to some of
the sinks being able to accept variable as opposed to fixed water flowrates. Consideration of
the presence of a regeneration process is given by Mann and Liu (1999).

Alva-Argaez (1999) formulates the water minimisation problem as an MINLP problem which
includes integer constraints in the formulation. Using the insight, gained from the conceptual
approach to water minimisation, that the concentration of at least one of the contaminants will
have reached its limiting value in the optimal solution, the problem is solved via a
decomposition procedure which sees the successive solution of two sub-problems. In the first
sub-problem, the outlet contaminant concentrations for all contaminants are set at their limiting
values and slack variables are introduced to account for contaminants which do not reach their
limiting concentration; this formulation is thus an MILP problem which is solved to global
optimality. The second sub-problem is an LP problem which seeks to update the outlet
concentrations of the contaminants which were set at their limits in the first sub-problem. The
contaminant outlet concentrations obtained from the solution of this second sub-problem are
used in the first sub-problem in the succeeding iteration. Iterations continue until a tolerance
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criterion has been met. It has been noted by Bagajewicz (2000) that the solution procedure is
similar to that of Takama et al. (1980a,b; 1981).

A completely different approach to the water minimisation problem sees the problem being
formulated as a transshipment problem. Mann and Liu (1999) present a model which is
equivalent to that proposed ecarlier by El-Halwagi and Manousiouthakis (1990b) for MEN
Synthesis. Alva-Argaez et al. (1999) present a transhippment model for the water minimisation
problem for a system involving multiple contaminants.

2.5.4 Mathematical Programming for Wastewater Treatment

Some of the early developments in the application of mathematical programming to the design
of wastewater treatment systems are reviewed by Mishra et al. (1975). In this review, three
types of studies are identified, namely unit process design, process subsystem design and
complete system design. Unit process design refers to the design of individual process units.
Process subsystem design extends to the design of a certain stage of the treatment system. As
such, it deals with more than one individual process and the interactions between these
operations. The complete system design considers the design of more than one subsystem,
together with the sequencing of these subsystems and the interactions between them, in
forming the treatment system capable of meeting the required effluent discharge criteria. It is
pointed out that the studies concerned with system design have tended to optimise a fixed
structure of multiple stages although a few studies have included the possibility of stream
branching and recycle.

Kuo (1996) is credited as the first author to suggest the formulation of the wastewater
treatment problem as a superstructure (Alva-Argaez, 1999). Superstructure formulations are
also presented by Galan and Grossmann (1998; 1999) and Alva-Argaez (1999). Galan and
Grossmann (1998) outline the problem as follows:

Given a set of process liquid streams of known flowrate and pollutant concentrations and a set
of technologies of differing performance and treatment costs which is capable of removing the
pollutants, identify the interconnections of technologies and the corresponding flowrates which
will achieve the required discharge specifications at minimum cost.

Galan and Grossmann (1998; 1999) formulate this problem as an NLP problem and use a
heuristic search procedure together with mathematical programming to locate the global
optimum. In motivating this approach, it is pointed out by the authors that the basic procedure
for rigorous global optimisation involves a spatial branch and bound algorithm which relies on
the use of linear underestimators as approximations for the bilinear terms. While these
methods are computationally intensive, the global optimum is often located from the initial
relaxation, with the remainder of the effort being spent confirming the optimality of this initial
solution. The heuristic procedure, however, circumvents this problem by solving a relaxed LP
formulation of the problem with different objective functions, as a means of generating a range
of starting points for solving the NLP formulation. The relaxed LP formulation of the problem
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used is that presented previously by Quesada and Grossmann (1995) for the global optimisation
of networks comprising splitters and mixers and involving multiple component streams. In this
formulation, the bilinearities are eliminated from the model by exploiting the maximum and
minimum limits on the flows and concentrations. The solution obtained via the heuristic search
approach to global optimisation (Galan and Grossmann, 1998; 1999) is compared with that
obtained by rigorous global optimisation by Zamora and Grossmann (1998) and shown to be
similar. In an extension to the original formulation, Galan and Grossmann (1998) present an
MINLP formulation for the problem which includes integer constraints for the selection of
treatment operations among different candidate treatment technologies.

The solution approach presented by Alva-Argaez (1999) for the design of the distributed
wastewater treatment network is similar to that proposed previously for the design of the water
network (Alva-Argdez, 1999). The decomposition approach is however slightly more
complicated with the inclusion of a penalty function into the first sub-problem, the value of
which is increased after each iteration.

The design of distributed wastewater treatment networks via mathematical programming is also
addressed by Mann and Liu (1999) who consider an NLP formulation of the problem.

2.5.5 Mathematical Programming for Combined Systems

This subsection addresses the application of mathematical programming to the design of
systems featuring both water-using and water treatment operations. Before addressing the
industrial situation as presented initially by Takama et al. (1980a,b; 1981) mention should be
made of some of the other applications of mathematical programming to water system design.

Bishop and Hendricks (1971) present an LP transshipment model for water-reuse planning at a
regional level. The scope of the problem extends to determining the optimal allocation of
water between different origins and user sectors with water treatment being applied if
necessary. Consideration of the costs associated with water transport and treatment are
included in the formulation. In their consideration of the problem, Pingry and Shaftel (1979)
present a NLP formulation of the water-reuse planning problem for water management at a
regional level. These authors point out that in many previous models, water quality is not
given explicit consideration in the selection among several recycling configurations. In this
formulation of the water-reuse planning problem, the quality of the water is explicitly
considered and the possibility of recycling amongst treatment operations, water-users and
disposal sites is included. The model is reformulated as a transhippment problem and solved;
some degree of linearisation is suggested and a solution algorithm, which involves the
successive solution of LP problems, presented. The water-reuse planning problem at a regional
level is also considered by Ocanas and Mays (1981). This formulation, proposed and solved as
an NLP problem, considers the recycle of water to its origin; in effect sources and discharge
points are thus the same.
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Takama et al. (1980a) consider the application of mathematical programming to industrial
systems comprising both water-using and water treatment operations and involving multiple
contaminants. The water-using operations are characterised by a fixed contaminant mass-load
addition while the treatment operations are characterised by a contaminant removal ratio. In
their first publication (Takama et al., 1980a), a direct search method, termed the complex
method, is used to solve the problem. This method involves the transformation of the problem
into a sequence of modified problems without inequality constraints and the introduction of a
penalty function effective for those contaminant concentrations not complying with their
maximum limits. During the course of the optimisation, the value of the penalty function is
increased and simultaneously, uneconomical features of the network removed. It is noted
however that exclusion of uneconomical features of the network at each step may lead to
topology traps (Alva-Argaez et al., 1998a). In a subsequent publication, Takama et al. (1980b)
point out that the direct search method proposed in their previous publication is limited to
relatively small problems and propose an iterative LP approach to dealing with larger
problems. The approach is described in a more formal mathematical context in Takama et al.
(1981).

In considering the application of mathematical programming to the combined system,
Alva-Argéez et al. (1998b) note that the route to water minimisation is via reuse, regeneration
reuse and regeneration recycle. It should be pointed out that the only route to water
minimisation where no treatment/regeneration operation is present is via reuse which may
include direct recycle as illustrated in Figure 2.15. The combined problem involving
water-using and water treating operations (Alva-Argaez et al., 1998b; Alva-Argaez, 1999) is
formulated as an MINLP problem and solved using the approach presented previously for the
water minimisation and distributed effluent treatment design problems.

Benk6 et al. (1999, 2000) formulate the problem involving water-using operations and
treatment operations as an NLP problem. The proposed solution strategy involves the use of
two different NLP algorithms, with the solution obtained from the use of the one algorithm
serving as the initialisation point for the other.

In their consideration of the problem involving water-using and water treatment operations,
Huang et al. (1999a,b) present a modified version of the superstructure presented by Takama et
al. (1980a,b) which includes multiple water sources and water sinks. The possibility of a water
loss, which may occur at any concentration, is included in the unit operation model for both
water-using and water treatment operations. In addition, the notion of reacting solutes is
recognised via the inclusion of a fixed mass-load term in the unit operation model; this
mass-load term is however equivalent to the usual contaminant mass-load addition term
included in the standard mass-exchange model. The problem is formulated as an NLP and
solved using standard NLP algorithms.

The study by Brouckaert et al. (2001) into the optimal placement of membrane treatment
facility in a power station via mathematical programming similarly considers both the
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water-using and water treating subsystems simultaneously. The problem is formulated and
solved as an NLP problem.

2.5.6 Interpretation and Representation of Results from Mathematical Programming

A common criticism of the mathematical programming approach and one made by several
authors is that while it provides answers to problems associated with water system design, it
does not provide the insight into the performance of the system that the conceptual approach
offers (El-Halwagi, 1995; Buehner and Rossiter, 1996; Dhole et al., 1996; Doyle and Smith,
1997; Mann and Liu, 1999; Ponton, 1999). To overcome this problem, the trend is towards the
construction of graphical representations of the system or composite curves which are derived
from the mathematical programming solution. Bagajewicz (2000) notes that this sees a change
in the function of the composite curves; where previously they were used to predict targets for
the system, in this role they provide insight into the performance of the system.

Doyle and Smith (1997) present a methodology to represent the solution obtained via
mathematical programming for the water minimisation problem involving mass-exchange type
operations and multiple contaminants on a set of graphical axes. The approach is based on the
selection of a reference contaminant and involves concentration shifting for other contaminants
relative to this reference. It is however not evident from this construction which of the
contaminants have reached their limits. Wenzel et al. (2002) present a tabular representation in
which the suitability of matches between sources and sinks is tracked in terms of the
contaminants carried by the sources. Different symbols are used to indicate whether a single
component is limiting or multiple components are limiting.

A common practice adopted by some commercial computer software (Linnhoff March Limited,
2001; American Process Inc, 2002) for representing the mathematical programming solution
graphically is to represent it via the source and sink purity profiles introduced by Buehner and
Rossiter (1996) and Dhole et al. (1996). These curves are plotted separately for each
contaminant. The UMIST software WATER presents the shifted profiles as presented by
Doyle and Smith (1997) (Thevendiraraj et al., 2002).

Other insights into the sensitive areas of the system are however also available from the
mathematical programming solution via the marginal values (Brooke et al., 1998; Mann and
Liu, 1999). These values give a measure of what the effect would be on the objective variable
if the value of a particular constraint, for example, a particular contaminant concentration limit,
were to be changed by a small amount. This information provides insight into those areas of
the system which have the greatest impact on the objective function, whether it be cost or
water-consumption based. The use of sensitivity indicators is also highlighted by Rossiter and
Nath (1995), Tainsh and Rudman (1999), Nobel and Allen (2000) and Linnhoff March Limited
(2001).
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2.5.7 Concluding Remarks on Mathematical Programming for Water System Design

A number of other studies involving the use of mathematical programming for water system
design, whether by commercial packages which serve as a front end to the mathematical
programming software or not, have been reported. These references include those by Tripathi
(1996); Paris (1998), Baetens and Tainsh (2000), Koufos and Retsina (2001), Malpei et al.
(2000), Thevendiraraj et al. (2001, 2002), Brouckaert et al. (2002) and Schneider (2002).
Consideration of the application of mathematical programming to water minimisation for
systems involving batch operations is presented by Almato et al. (1997; 1999a,b), Puigjaner
et al. (1999; 2000), Majozi et al. (1998a,b) and Majozi (1999).

Jodicke et al. (2001) comment that the methods for determining the optimal water system
design require a large amount of data to be collected and frequently suggest a design which is
rejected due to factors which were not considered in the analysis, or due to prohibitive capital
costs. To overcome this obstacle, these authors propose an MILP model which uses data which
is easily available on the plant, requiring only the location of the process, its current water
demand and binary information on the reuse potential of water from the various sources and
sinks within the system. This binary information is expressed as a connectivity matrix of ones
and zeroes with a one representing the possibility of a particular water source being used for a
particular sink. The model attempts to minimise the operating cost (freshwater, wastewater
treatment and pumping) and investment costs (piping and holding tanks). The assumption is
made that all wastewater has to pass through a holding tank prior to reuse which increases the
possibility that the resulting network design will be robust. It should be noted that the
superstructure for this model is completely different to that presented in Figure 2.15. As such,
the superstructure comprises two parts: one part describes the possible piping from the water
sources to the tanks while the other describes the possible piping from the tanks to the water
sinks.

2.6 COMBINED RESOURCE SYSTEM DESIGN

Multiple resources are usually required by a chemical process system for the transformation of
raw materials to products. The optimal design of combined resource systems has started to
gain some attention as a result. This subsection reviews the developments in this research area.
Section 2.6.1 considers the developments in combined resource system design in MEN
Synthesis while Section 2.6.2 reviews the developments in thermal-water system design.
Section 2.6.3 reviews the area of Combined Water-Oxygen Pinch Analysis.

2.6.1 Combined Resource System Design and MEN Synthesis

In the context of mass-exchange networks, Srinivas and El-Halwagi (1994b) give consideration
to systems in which temperature targets accompany the mass-exchange targets. Here, the task
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involves the synthesis of a mass-exchange network which can preferentially transfer a certain
species from a set of rich streams to a set of lean streams while simultaneously achieving a
specific heat transfer task in a cost-effective manner. Combined mass and energy integration is
also considered by Papalexandri and Pistikopoulos (1995).

2.6.2 Thermal-Water System Design

Recently the design of water-use networks involving other resources in addition to water has
been considered. The approaches presented in Section 2.3 to Section 2.5 do not include
temperature as a consideration in producing a design for the water system. It has however been
suggested, though not applied, that heat content could be treated as a contaminant (Baetens and
Tainsh, 2000). Savulecu (Savulescu, 1999; Savulescu and Smith, 1999; Savulescu et al., 2001,
2002) presents a graphically based conceptual approach for the design of a water system
involving mass-exchange operations which require water at a range of temperatures. Initially
isothermal operation of the different process operations is assumed, but the approach is
extended to include operations with heat and water losses (Savulescu, 1999). The dual role of
steam as a heating utility and a water source is considered (Savulescu, 1999). The use of
mathematical programming for solving the problem is considered by Savulescu (1999), who
presents an MILP formulation of the problem, and Bagajewicz et al. (2002), who present an
approach comprising an LP problem, which uses the necessary conditions of optimality
(Savelski and Bagajewicz, 2000), and a heat transhippment model. This approach utilises the
state-space approach introduced by Bagajewicz and Manousiouthakis (1992).

Combined water and energy integration is also considered by Koufos and Retsina (2001).
Consideration of the design of distributed effluent cooling systems for effluent temperature
reduction is presented by Savulescu (1999), Kim et al. (2001) and Kim and Smith (2001).

2.6.3 Combined Water-Oxygen Pinch Analysis

The notion of combined water-oxygen pinch is presented by Zhelev and co-workers (Zhelev
and Bhaw, 1999; Zhelev and Ntlhakana, 1999). Oxygen pinch is concerned with the optimal
utilisation of oxygen for more cost effective wastewater treatment. It is noted by Zhelev and
Bhaw that the application of Water Pinch Analysis results in a decrease in the wastewater flow
and therefore volumetric cost but a degradation in the wastewater quality. With the cost
associated with wastewater treatment being inversely proportional to the quality, this
degradation results in an increase in costs. The application of a combined methodology allows
these competing effects, that is, savings from wastewater volume reduction versus additional
costs due to wastewater degradation, to be considered simultaneously.
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2.7 OPTIMISATION OF SYSTEMSWITH DESIRABLE AND/OR REACTIVE
SPECIES

Of the reported instances of desirable species being present within the water system, it is the
cases from the pulp and paper industry (Sorin and Bédard, 1999b; Bédard and Sorin, 2000;
Shafiei et al., 2001; Jacob et al., 2002) that predominate in terms of the attempts made to
include these factors alongside the water minimisation problem. While Sorin and Bédard
(Sorin and Bédard, 1999b; Bédard and Sorin, 2000) take note of the value of fibres and fines,
these factors are not included in the targeting procedure. Shafiei et al. (2001), through the
application of their genetic algorithm in conjunction with LP, arrive at solutions which feature
superior fibre conservation in addition to water minimisation. It is however not clear whether
fibre-loss is rigorously targeted. Jacob et al. (2002) make allowance for the targeting of
fibre-loss within their LP formulation of the water minimisation problem. The fibre is however
subject to maximum constraint limits in all operations which is equivalent to the constraints for
the other contaminants.

Parthasarathy (2001) considers the problem associated with minimising the cost of recycling in
chemical processes. Streams recycled to the various process units usually have to meet certain
process requirements such as flowrate and composition. The focus of the work is thus directed
towards determining the minimum amount of fresh materials to be added to the recycled stream
such that these process requirements are satisfied. Parthasarathy conceptualises the system as
being made up of sources and sinks. It is noted that in practice, the flowrates and compositions
of sources and sinks can fluctuate and as such it is more appropriate to describe an operating
range for each source and sink. An NLP formulation of the problem is proposed for the
minimisation of the cost of multiple sources.  This problem is solved via a two-level strategy.
The one level involves the transformation of the problem into an LP formulation via the fixing
of flowrates and compositions for the sources and sinks while the other involves determining
the appropriate levels at which these flowrates and compositions should be set.

Gardner’s study on the chlor-alkali industry (Gardner, 1999) involves species which are both
reactive and desirable. In particular, the species HCI (hydrogen chloride) and NaOH (sodium
hydroxide) cannot coexist within the same stream. However, it was recognised that effluents
carrying these species could potentially be reused within the system; given the economic value
of these reagents relative to water, the recovery of these effluents was desirable. To overcome
the reactivity problem, Gardner proposed a decomposition of the system into three divisions:
one comprising streams and operations tolerant of HCI; one comprising streams and operations
tolerant of NaOH; and, one comprising the other operations and streams. An iterative graphical
targeting approach was proposed as a means of determining the freshwater and concentrated
reagent (HCl or NaOH) target for the system. The design of the network satisfying the
freshwater and reagent target evolves from the graph.



CHAPTER 2 - LITERATURE 2.43

While reactivity of species carried by the water is recognised by Huang et al. (1999b) no
specialised treatment of these aspects is given in the formulated model which represents the
reaction via a fixed mass-load term. The study conducted by Brouckaert et al. (2001) into the
optimal placement of a membrane treatment plant at a power station however deals with a
number of aspects related to the reactivity of species. In this study, sodium, calcium, chloride
and sulphate are considered as contaminants. Within the model for the process system, the
cooling circuit, the ion-exchange plant and the reverse osmosis plant are considered as process
models in the analysis. Water from the cooling circuit is exposed to the atmosphere and thus
continuously absorbs carbon dioxide. Lime softening, which involves the addition of calcium
hydroxide to the water, is used to control the concentration of carbonate in the cooling system
via the precipitation of calcium carbonate. With the absorption of carbon dioxide from the
atmosphere being fixed, a fixed amount of lime is required for softening. With the amount of
carbonate removed being determined according to the solubility product of calcium carbonate,
the concentration of calcium and carbonate are fixed for the cooling circuit, and hence this
process model is represented using a fixed outlet concentration for calcium. Another solubility
product consideration is present in the reverse osmosis model. The reverse osmosis plant
produces a good quality permeate and a poor quality retentate from the influent water. As
such, the operation of the membrane plant requires that no precipitation of calcium sulphate
occur on the membranes. This is controlled by the introduction of a constraint of the form:

[Ca* ]0S0,” 1= Ky, cuso, 215

where [Ca?'] is the molar concentration of calcium, [SO,*] is the molar concentration of
sulphate and K casos is the solubility product for calcium sulphate. In his review of the field,
Bagajewicz (2000) cites operations with outlet concentrations controlled by solubility limit
considerations as being an area in which additional research is required.

The ion-exchange process involves the reaction between cations removed from the influent
stream and anions from the ion-exchange resin and vice versa. As the process proceeds it
becomes necessary to regenerate the ion-exchange resin. As such, the greater the concentration
of ions to be removed in the influent stream to the ion-exchange process, the greater cost
incurred through regeneration chemicals used and effluent generated. This situation is dealt
with by determining an equivalence between the load of ions in the influent water and the cost
of removing that load in terms of regeneration and effluent production. This operation is thus
an example of a situation in which cost (regeneration chemicals and effluent production) is
proportional to effluent load, that is the concentration of ions in the influent water.

Apart from its contribution in the area of systems involving reactive species, a few other points
should be noted from the study conducted by Brouckaert et al. (2001). Firstly, instead of being
solely concerned with freshwater and wastewater reduction, this study seeks to determine the
optimal location of a membrane treatment operation. A second point relates to the use of a
connectivity matrix of ones and zeroes indicating the permissibility of connections between



CHAPTER 2 - LITERATURE 2.44

particular sources and sinks; this is used as a tool to eliminate those connections which are
known to be infeasible from the problem.

2.8 CONCLUDING REMARKS

This chapter has reviewed the concepts and literature on the field of water system design.
Subsequent chapters will draw on these concepts as an approach is established for dealing with
desirable and reactive species which accompany the undesirable contaminants present within
the chlor-alkali complex. While this approach uses mathematical programming, the conceptual
understanding of the problem remains important, particularly with reference to the
interpretation of the results and the significance of the pinch for systems involving desirable
and undesirable species.
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THE CHLOR-ALKALI COMPLEX

The application of Pinch Analysis to water and wastewater management at the Sasol
Polymers chlor-alkali complex was first proposed as part of a project funded by the
Water Research Commission of South Africa (WRC Project No. 851) (Brouckaert and
Buckley (2002). As part of thisproject, a Water Pinch Analysis study at the chlor-alkali
complex was conducted by Gardner and commenced in 1997 (Gardner, 1999).
Motivated by the results from this study and with a number of process changes having
been effected to the chlor-alkali complex, the follow-up study commenced at the start of
1999. This chapter provides an introduction to the chlor-alkali complex and considers
the Water Pinch Analysis problem presented by the chlor-alkali system. Section 3.1
presents a description of the chlor-alkali complex and examines the way in which water
is used within the complex. Section 3.2 reviews the initial Water Pinch Analysis study
and highlights the changes which have been effected to the chlor-alkali complex since
this study. Section 3.3 presents a detailed analysis of the system in the context of the
applicability of the current Water Pinch Analysis theory and tools. Finally, some
concluding remarks on this chapter as it relates to the objectives of this study are
presented in Section 3.4.

3.1 THE SASOL POLYMERSCHLOR-ALKALI COMPLEX

The Sasol Polymers chlor-alkali complex comprises a number of smaller plants producing a
range of products. Section 3.1.1 presents a brief history of the chlor-alkali complex while the
various plants which make up the chlor-alkali complex are described in Section 3.1.2.

3.1.1 A Brief History and I ntroduction

The Sasol Polymers chlor-alkali complex, formerly operated by Polifin Limited and previously
by AECI Chlor-Alkali and Plastics Limited, is located within the Umbogintwini Industrial Site
some 25 km south of Durban, South Africa. During its period of operation, which extended
from 1955 to 2001, the complex produced chlorine and caustic soda, together with a range of
other derived products. It was also in this period that the complex underwent a number of
changes as processes were upgraded and decommissioned. As it stood at the time of its
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closure, the complex produced caustic soda, chlorine, hydrogen, hydrochloric acid and sodium
hypochlorite. It should be noted that unless otherwise indicated, references to the plant refer to
its configuration as it stood at the point of closure.

3.1.2 Complex Description

Figure 3.1 presents a schematic diagram of the various plants which make up the Sasol
Polymers chlor-alkali plant at Umbogintwini. Central to the activities of the complex is the
brine circuit which converts raw salt to caustic soda, chlorine and hydrogen. Part of the
chlorine and hydrogen generated from the circuit is used for the production of hydrochloric
acid in the hydrochloric acid synthesis plant. Chlorine is further utilised, along with caustic
soda, in the manufacture of sodium hypochlorite in the sodium hypochlorite synthesis plant.
Two other plants located within the complex are the demineralisation plant, which produces a
high quality water for use within the complex, and the Hydecat destruction plant which
destroys surplus or below-specification sodium hypochlorite along with other

chlorine-containing effluents.
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Figure3.1. Schematic diagram of the Sasol Polymers chlor-alkali complex at
Umbogintwini showing the inter dependencies between the different
plants on the complex.
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A brief description of the plants which constitute the chlor-alkali complex is presented below.
The order of presentation of these plants is as follows: the brine circuit (Section 3.1.2.1); the
hydrochloric acid synthesis plant (Section 3.1.2.2); the sodium hypochlorite synthesis plant
(Section 3.1.2.3); the Hydecat destruction plant (Section 3.1.2.4); the demineralisation plant
(Section 3.1.2.5); and, miscellaneous operations (Section 3.1.2.6). Reconciled mass-balances
and block diagrams for these plants are provided in Appendix A.

3.1.2.1 TheBrine Circuit

Figure 3.2 presents a simplified process flow diagram of the brine circuit. The electrolyser is
the core process of the circuit and the operation in which sodium chloride is converted to
chlorine gas and caustic soda, with hydrogen gas being generated simultaneously. The
electrolyser is preceded by a series of raw material purification operations (precipitation,
clarification, filtration and ion-exchange) which condition the brine solution to a standard
acceptable to the electrolyser. The electrolyser is followed by various product processing
operations (chlorine processing, hydrogen processing and caustic evaporation) and brine
recycle conditioning operations (physical and chemical dechlorination and resaturation).

Raw Salt,
Water Na,CO, j NaOH _l Flocculant _l
Calcium Magnesium . Brine
> s > .. > —»
Resaturator Precipitator Precipitator Clarifier Siudge
A
Brine | Primary
Purge Filtration
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| Chemical
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i pha- Secondary
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Waste Cl, T
Physical .
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Chlorinated el 1 L cLH,
Condensate NaOH

Figure 3.2. Schematic diagram of the brine circuit at the Sasol Polymers
chlor-alkali complex at Umbogintwini.
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Raw Material Purification

Raw salt is dissolved in a solution made up of recycled brine and demineralised water in the
resaturator. The salt contains predominantly sodium chloride but also some trace impurities,
amongst which are calcium and magnesium cations. Brine from the resaturator
(~25% m/m NaCl) passes through the calcium precipitator, where dilute sodium carbonate
(~16% m/m Na,CO;) is added to precipitate the calcium as calcium carbonate, and the
magnesium precipitator, where dilute caustic soda (18% m/m NaOH) is added to precipitate the
magnesium as magnesium hydroxide. A flocculant is added ahead of the clarifier where the
precipitated material is removed from the brine stream as brine sludge. The clarified brine
passes through the anthracite filters (primary filtration stage) where residual insoluble matter
and precipitate (not removed by the clarifier) and a small quantity of the remaining calcium and
magnesium are removed. This filter is backwashed periodically with polished brine and the
backwash stream returned to the precipitation stage. The filtered brine passes through the brine
polishing filters (secondary filtration stage). These filters use alpha-cellulose as a filter aid and
small residual quantities of calcium and magnesium are removed. The polished brine is heated
before it enters the ion-exchanger where the calcium and magnesium concentrations are
reduced to levels acceptable to the electrolyser. The ion-exchanger consists of two
cation-exchange resin beds arranged in series. During the normal cycle of operation
(ion-exchange), the following metal cation removal reaction occurs:

2NaX +M?** - MX, +2Na* 31

where X represents a structural unit of the cation-exchange resin and M*" represents a divalent
cation. NaX is the cation-exchange resin in the sodium form and MX; is the cation-exchange
resin in the divalent cation form. Regeneration of each cation-exchange resin bed occurs every
72 h.

The Electrolyser

The electrolyser consists of three banks of membrane cells arranged in parallel. The
conversion of sodium chloride to chlorine proceeds at the anode as follows:

2NaCl - Cl, +2Na™ +2¢” 3.2

and the anolyte (brine solution) decreases in strength as the reaction proceeds. The chlorine
evolved at the anode is sent to chlorine processing.

The anode is separated from the cathode by a selectively permeable membrane which allows

the migration of sodium cations from the anode to the cathode. At the cathode, the following
reaction occurs:

2Na* +2H,0 +2¢” — 2NaOH +H, 3.3
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and the catholyte (caustic soda solution) increases in strength as the reaction proceeds. The
caustic soda produced at the cathode (~32% m/m NaOH) is either sent to caustic evaporation,
used within the plant, or diluted and recycled to the membrane cells. The hydrogen evolved at
the cathode is sent to the hydrogen processing operations.

Alongside the reaction which produces chlorine, chlorates and hypochlorites are generated via
side-reactions. Hypochlorites are generated within the electrolyser via:

Cl, +H,0 - HOCI+H" +CI~ 34
HOCI » H" +0CI” 35

Chlorates are generated via:
2HOC1+0OCIl” - ClO;” +2H" +2CI° 36

and to a lesser extent, electrochemically at the anode:

60C1” +3H,0 - 2CIO, +6H" +4Cl” +1.50, +6¢” 3.7

The level of chlorate in the circuit is controlled by a purge stream while the level of
hypochlorite is controlled by the dechlorination operations.

Raw Material Conditioning

The depleted brine solution (~20% m/m NaCl) leaving the electrolyser is saturated with
dissolved chlorine and chlorine-releasing species (hypochlorites), and is mixed with
chlorine-containing condensate from the chlorine processing operations. The cation-exchange
resin is extremely sensitive to oxidising species and all chlorine and chlorine-releasing species
must be eliminated before the brine is recycled to the ion-exchanger.

Dechlorination is carried out in two stages. In the primary stage, concentrated hydrochloric
acid (31% m/m HCIl) is dosed to the brine such that chlorine is liberated from the
chlorine-releasing species:

2HCl+NaOCI - NaCl+Cl, +H,0 38

Following acid dosing, the brine is passed through three dechlorinators in which the dissolved
chlorine is displaced by an air stream blown through the dechlorinators (physical
dechlorination). The displaced chlorine gas is routed to the sodium hypochlorite synthesis
plant. The pH of the brine leaving the primary dechlorination stage is corrected through the
addition of caustic soda (18% m/m NaOH).
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A residual quantity of dissolved chlorine remains in the brine stream following physical
dechlorination. This is removed by chemical (secondary) dechlorination. Chemical
dechlorination involves the addition of excess sodium bisulphite (10% m/m NaHSO;) to the
brine. The chlorine is destroyed via the following reaction:

Cl, +3NaOH + NaHSO, — Na,SO, +2NaCl+2H,0 39

The build-up of sulphate in the circuit is controlled via the brine purge. The depleted brine is
cooled and returned to the resaturator.

Cation-Exchange Regeneration

The cation-exchange regeneration sequence comprises seven stages: Brine Displacement,
Backwash, Acid Regeneration, Acid Rinse, Caustic Regeneration, Caustic Rinse and Brine
Replacement. During the Brine Displacement stage, brine is displaced from the
cation-exchange resin bed using demineralised water. The Backwash stage sees the resin bed
being flushed with demineralised water in the opposite direction to the brine flow. A weak
hydrochloric acid solution (7% m/m HCI) is used for the Acid Regeneration stage. During this
stage, the cation-exchange resin is converted from the divalent cation form to the hydrogen
form:

MX, +2HCI - 2HX + MCl, 3.10

where HX is the hydrogen form of the cation-exchange resin. The hydrochloric acid hold-up
from the Acid Regeneration stage is displaced from the resin bed using demineralised water
(Acid Displacement stage). A weak caustic soda solution (4% m/m NaOH) is used in the
Caustic Regeneration stage to convert the cation-exchange resin back to the sodium form:

HX +NaOH - NaX +H,0 3.11

The caustic soda hold-up from the Caustic Regeneration stage is displaced from the resin bed
using demineralised water (Caustic Displacement). The regeneration sequence is completed by
the replacement of brine in the resin bed (Brine Replacement). Effluent from the
cation-exchange regeneration sequence is sent to an acid pit where partial neutralisation of the
hydrochloric acid effluent by the caustic soda effluent occurs, prior to the effluent being
discharged to the effluent treatment facility.

Chlorine Processing

The chlorine gas stream emerges from the electrolyser at an elevated temperature (~87 °C) and
in a saturated state. The majority of this water condenses out of the chlorine gas stream in the
chlorine cooler with the residual quantity being removed by concentrated sulphuric acid drying.
The condensate from the chlorine cooler, which contains a quantity of dissolved chlorine, is
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blended with the depleted brine stream prior to the primary dechlorination stage while the dry
chlorine is either used within the complex or sent to storage.

Hydrogen Processing

The hydrogen gas stream leaves the electrolyser at an elevated temperature (~89 °C) and in a
saturated state. Most of the water is removed via condensation as the hydrogen stream is
cooled in the hydrogen cooler. Hydrogen gas leaving the cooler is either used internally within
the complex, bottled for sale or cooled further in the hydrogen chiller for export to the
hydrogen peroxide plant located on the Umbogintwini Industrial Site.

Caustic Evaporation

Caustic soda leaves the electrolyser at a strength of approximately 32% m/m NaOH. The
concentration is increased to saleable strength (50% m/m NaOH) in the dual-effect caustic
evaporation plant. Steam condensate and process condensate from the evaporators is recycled
to the brine resaturator.

3.1.2.2 The Hydrochloric Acid Synthesis Plant

The hydrochloric acid synthesis plant comprises two hydrochloric acid synthesis units, each
consisting of a burner and an absorption section. Chlorine gas is burnt in excess hydrogen gas
in the burner to produce hydrogen chloride gas:

H, +Cl, - 2HCI 3.12

The hydrogen chloride gas and unreacted gases rise into the absorption section of the unit
where the hydrogen chloride is absorbed in demineralised water to produce hydrochloric acid.
This is drawn off from the unit. The remaining gas stream is passed to a scrubber where a
weak caustic soda solution removes any residual hydrogen chloride and chlorine gas prior to
the gas stream being vented to the atmosphere.

3.1.2.3 The Sodium Hypochlorite Synthesis Plant

While sodium hypochlorite is produced for sale, the sodium hypochlorite synthesis plant has
the added function of being a reliable sink for any excess chlorine present within the various
process systems of the complex. All waste chlorine from the brine circuit and the chlorine
processing system is sent to the sodium hypochlorite synthesis plant where it is reacted,
together with a make-up chlorine stream, with dilute caustic soda (22% m/m NaOH) according
to:

2NaOH +Cl, - NaOCl+ NaCl+H,0O 3.13
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The sodium hypochlorite synthesis plant consists of five primary absorption towers, three of
which are on-line at any given time. The dilute caustic soda is circulated over the absorption
towers where it reacts with the chlorine. The batch is withdrawn from the towers when the
sodium hypochlorite has reached the required strength (~17.5% m/m NaOCl).

3.1.2.4 The Hydecat Destruction Plant

With some of the sodium hypochlorite production being forced to absorb excess chlorine from
the various process systems of the complex, the quantity of sodium hypochlorite produced
sometimes exceeds the saleable demand. In such situations, or when the quality of sodium
hypochlorite is off-specification, the waste sodium hypochlorite must be disposed of through
the effluent treatment facility. Before disposal however, chlorine-releasing species must be
destroyed so as to prevent downstream releases. This is done by processing the waste sodium
hypochlorite in the Hydecat destruction plant. Waste sodium hypochlorite is diluted with
Umbogintwini River water and preheated by direct steam injection. The dilute sodium
hypochlorite (4% m/m NaOCI) is passed over a nickel-based catalyst which destroys the
hypochlorite species, resulting in the evolution of oxygen:

2NaOCl - 2NaCl+0, 3.14

The effluent produced by the Hydecat destruction plant, a weak brine solution with trace
quantities of dissolved chlorine and nickel, is sent to the effluent treatment facility.

3.1.2.5 The Demineralisation Plant

The demineralisation plant provides a steady supply of high purity water to the various process
systems within the chlor-alkali complex. The plant consists of a cation-exchange resin bed and
an anion-exchange resin bed arranged in series. The raw water feed to the plant comprises an
equal-ratio blend of Umgeni Water (municipal supply) and water from the Umbogintwini
River.

During the normal ion-exchange cycle of operation, cations are removed from the influent

water in the cation-exchange bed and the cation-exchange resin is converted from the hydrogen
form to the cation form according to the reaction:

M* +HX - MX+H"* 3.15
where MX is the cation form of the cation-exchange resin. Anions are removed from the

influent water in the anion-exchange bed and the anion-exchange resin is converted from the
hydroxide form to the anion form according to the reaction:

A” +XOH - XA +0OH" 3.16
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where A" is an anion and XOH and XA are the anion-exchange resin in the hydroxide and
anion forms respectively. These reactions proceed until the exchange capacities of the
ion-exchange resins have been reached. Regeneration of the demineralisation plant takes place
every 16 h.

The regeneration sequence comprises five stages: Pre-Inject, Regenerant Inject, Regenerant
Displacement, Fast Rinse and Quality Rinse. The Pre-Inject stage establishes a flow of
demineralised water through the elution ducts. During the Regenerant Inject stage, dilute
caustic soda (~4% m/m NaOH) is used to convert the anion-exchange resin from the anion
form to the hydroxide form and dilute hydrochloric acid (~4% m/m HCI) is used to convert the
cation-exchange resin from the cation form to the hydrogen form. Demineralised water is used
to displace the hydrochloric acid and caustic soda hold-ups from the cation-exchange and
anion-exchange beds respectively during the Regenerant Displacement stage. Two rinse stages
complete the regeneration sequence: a Fast Rinse stage, using raw water, and a Quality Rinse
stage, using demineralised water. All effluent from the various stages, except that of the
Quality Rinse stage which is recycled, is sent to the effluent treatment facility.

3.1.2.6 Miscellaneous Operations

Miscellaneous operations include those activities within the chlor-alkali complex that do not
necessarily fall into the process systems described previously. These activities include: cooling
circuits, pump seals, plant washdown, cylinder and drum pressure testing and cleaning, effluent
pH correction and steam desuperheating.

Cooling Circuits

The complex has four cooling circuits: the Linde, the Sulzer, the Liquid Chlorine (LC) and the
Membrane Cell (MBC). The Linde and Sulzer cooling circuits are associated with the
liquefaction of chlorine while the LC cooling circuit meets the cooling requirements associated
with the use of the liquefied chlorine. The MBC cooling circuit satisfies the cooling
requirements of the brine circuit. All the cooling towers use water from the Umbogintwini
River as make-up; the blowdown is sent to the effluent treatment facility.

Pump Seals

Demineralised water is used to maintain the seal on several pumps within the complex. This
water is sent to the effluent treatment facility.

Plant Washdown

The plant is washed down once a week using Umbogintwini River water. This water is drained
to the effluent treatment facility.
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Cylinder and Drum Pressure Testing and Cleaning
The empty gas cylinders and drums are cleaned using steam and pressure tested using
Umbogintwini River water. Effluent from these activities is sent to the effluent treatment

facility.

Effluent pH Correction

The effluent treatment facility is owned and managed by Umbogintwini Operational Services
(UOS) which serves the industrial site as a whole. Excess hydrochloric acid present in the
effluent must be neutralised prior to the effluent leaving the Sasol Polymers site and this is
done through the addition of concentrated caustic soda (~32% m/m NaOH) at a point near the
boundary of the complex.

Steam Desuperheating

Steam is supplied to the Sasol Polymers site by UOS in a superheated form. This steam is
desuperheated by direct injection of demineralised water.

3.2 AREVIEW OF THE INITIAL STUDY AT SASOL POLYMERS

The set of processes described in Section 3.1.2 represents a subset of those considered by
Gardner in the initial Water Pinch Analysis study carried out at the chlor-alkali complex
(Gardner, 1999). In addition to these operations, the complex included a Cereclor plant, a
trichloroethylene-producing solvents plant, an acetylene generation plant and a vinyl
chloroacetate plant. These operations were decommissioned during the course of the initial
study and are therefore not included in this follow-up study.

In his analysis of the chlor-alkali system, Gardner noted that the reactivity of the HCI and
NaOH species present in the system introduces a further dimension to the problem of water
minimisation. With these species being much more valuable than water, their recovery is
desirable. As such, the situation presented by the chlor-alkali complex is one in which the
optimal design strategy relative to cost may not coincide with the one featuring the lowest
water consumption and effluent generation. Gardner noted further the presence of a number of
dilution-type operations on the complex. These operations involve the dilution of either
concentrated caustic soda or concentrated hydrochloric acid with freshwater such that a stream
or intermediate strength is produced. Gardner identified three utilisation patterns for the
diluted reagent stream: it could be used to manufacture a product, it could be sent directly to
the effluent treatment facility, or it could be sent to an operation in which the reagent is
completely or partially used, with the resulting stream being sent to the effluent treatment
facility. As such, the reagent-containing streams from the last two situations could be
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recovered and used for dilution purposes instead of freshwater; this practice would result in
savings in concentrated reagent and water-use, and effluent production.

Concentrated reagents usually have to be purchased by an industrial complex; in this case they
are produced on-site. Dilution operations are required to bring the concentrated reagent from
its supply strength to the various lower strengths required on the plant, as determined by
process requirements. As such, the flow and concentration of the stream produced by the
dilution operation are fixed and a specific quantity of water and a specific quantity of
concentrated reagent are needed to meet these requirements. From a different perspective, the
outlet stream of the dilution operation may be characterised by a fixed mass-load of reagent
species and a fixed flowrate, both of which are set by process requirements. In meeting these
requirements, there is a total flow balance and a reagent species balance for the dilution
operation which must be satisfied. Where only freshwater and concentrated reagent are used to
produce the dilute stream, the flow balance includes contributions from both the freshwater and
concentrated reagent streams; the reagent species balance is however satisfied completely by
the contribution from the concentrated reagent source. Where a reagent-containing effluent is
used for dilution purposes, the reagent species balance includes contributions from both the
effluent and concentrated reagent sources. As a consequence of the effluent’s contribution to
this species balance, a smaller quantity of concentrated reagent is required by the operation.
Hence, in order to meet the fixed flowrate requirement of the dilution operation, the amount of
dilution water, supplied either by the reagent-containing effluent or freshwater, must increase.

In summary, the use of a reagent-containing effluent for dilution purposes corresponds to a
decrease in the amount of concentrated reagent required by the dilution operation, but an
increase in the amount of dilution water required. Diluting the concentrated reagent using only
freshwater corresponds to the smallest amount of dilution water but the greatest amount of
concentrated reagent. Conversely, the smallest requirement for the concentrated reagent occurs
when the concentration of the reagent species in the reagent-containing effluent is at the
concentration produced by the dilution operation. The amount of dilution water required by
the operation is therefore dependent on the concentration of reagent species present in the
diluting stream.

In identifying an approach to targeting the optimal water and reagent use strategy for the
chlor-alkali complex, Gardner noted that most of the operations within the complex do not fall
into the mass-exchange category. For this reason, Gardner did not consider the use of the
Wang and Smith approach (Wang and Smith, 1994) or that proposed by El-Halwagi and
Manousiouthakis (1989). The reactivity issue, associated with the presence of HCl and NaOH,
was circumvented by classifying the complex’s streams and operations into three distinct
groups: one for HCl-tolerant streams and operations, one for NaOH-tolerant streams and
operations, and a third group for the remaining streams and operations. As it was pointed out,
this decomposition strategy inadvertently resulted in the problem being approached from a
single contaminant perspective. The decomposition was however justified by Gardner who
noted that the HCI concentration limit for an NaOH-tolerant operation would be zero and vice
versa. A further simplification was made by excluding those streams for which the flowrate
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fell below a particular threshold value from the analysis. This simplification was justified by
Gardner on the basis that it would be economically impractical to recover these streams.

The approach adopted by Gardner in addressing the problem presented by the chlor-alkali
complex was a modification of the Two-Composite methodology proposed by Buehner and
Rossiter (1996) and Dhole et al. (1996), and involved the construction of source and demand
composite curves with the reagent species as the contaminant. This modification was required
because the reagent demands are characterised by a fixed concentration requirement instead of
a maximum concentration limit. In representing the demands, the assumption was made that
the dilution operation was able to accept water of a quality up to the concentration of the
reagent species produced by that operation; this assumption was aimed at promoting the
recovery of reagent-containing effluents, which in turn represents the most effective total cost
strategy. Given that the water demand for an operation depends on the concentration of the
reagent species present in the dilution water, the targeting procedure became iterative.
Table 3.1 presents a summary of the results obtained by Gardner.

Table3.1. Summary of the results obtained from the initial Water Pinch Analysis
study carried out at the Sasol Polymers chlor-alkali complex at
Umbogintwini. (Gardner, 1999)

Original Flow New Flow Per centage
[kg/h] [kag/h] Saving [%]
NaOH Network
Water 4785 0 100
Effluent 5667 1971 65
Caustic Soda (100% m/m NaOH) 1180 1 146 2.9
HCI Network
Water 763 0 100
Effluent 5467 4114 25
Hydrochloric Acid (31% m/m HCI) 5963 5723 42

Non-NaOH/HCI Network

Water 9034 4 061 55

Effluent 11 047 6074 45
Overall Savings

Water 14 582 4 061 72

Effluent 22 181 12 159 45

Caustic Soda (100% m/m NaOH) 1180 1 146 2.9

Hydrochloric Acid (31% m/m HCI) 5963 5723 4.2
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In concluding his study, Gardner noted the suitability of the modified Two-Composite
methodology to the simultaneous targeting of water and reagent use. It was however
recommended that theory pertaining to the targeting and design of networks involving reactive
species be developed. In a further recommendation, Gardner pointed out that the modified
Two-Composite methodology developed for the study required extension to take into account
the multiple contaminant nature of the problem. Detailed economic evaluation in terms of
capital expenditure and a more comprehensive feasibility analysis of the proposed networks
were recommended prior to the implementation of the proposed water and reagent use strategy.

3.3 THE APPLICABILITY OF EXISTING TECHNIQUESAND TOOLSTO THE
CHLOR-ALKALI SYSTEM

Results from the initial Water Pinch Analysis study (Gardner, 1999) showed that there was
significant potential for savings to be effected on the chlor-alkali complex through the reuse
and recovery of water and reagents. However, the approach adopted by Gardner resulted in the
problem being considered from a single contaminant perspective; as such the optimality and
even the feasibility of the proposed network configurations could not be guaranteed from the
multiple contaminant perspective. Thus, with a number of changes also having taken place on
the complex in terms of the closure of certain plants, the follow-up study was proposed with
the intention of optimising water-use from the multiple contaminant perspective.

As evidenced by Gardner’s study, the chlor-alkali complex does not correspond to the typical
situation associated with the application of Water Pinch Analysis. Existing Water Pinch
Analysis tools and the theory from which they developed rely on the assumption that a clear
distinction can be made between so-called water streams and process streams. With this
distinction in place, only the water-side of the problem is considered in the Pinch Analysis with
the process-side being represented implicitly. As will however be illustrated by the following
discussion, it is not easy to distinguish between process streams and water streams in the
chlor-alkali complex.

Consider the brine circuit presented in Figure 3.2 in Section 3.1.2.1. The most sensitive region
of this circuit is the electrolyser for which there exists a range of strict concentration limits on
the various species in the brine stream, in particular calcium and magnesium cations. Calcium
and magnesium cations enter the brine circuit alongside the sodium chloride in the raw salt and
are removed from the circuit via the series of operations which precede the electrolyser. The
major portion of the calcium and magnesium load is removed via the precipitation stage.
During this stage, sodium carbonate is used to precipitate the calcium as calcium carbonate and
caustic soda is used to precipitate magnesium as magnesium hydroxide, both of which are
subsequently removed via clarification.
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Precipitation of calcium carbonate and magnesium hydroxide are controlled by their associated
solubility products. Thus, using the precipitation of calcium carbonate for the purposes of
discussion, to achieve a desired residual calcium cation concentration in the stream leaving the
precipitator requires an adjustment to the dose of sodium carbonate. The amount of sodium
carbonate required is further dependent on the concentration of calcium cations entering the
precipitator. Hence, if the calcium cation load entering the precipitator was to increase through
the reuse of water or the recovery of reagent, an additional amount of sodium carbonate would
be needed to produce the required residual concentration in the outlet stream. Thus a balance
must be struck between the savings achieved through increased reuse of water and reagents and
the penalties incurred through the need to remove additional contaminant loads from the
system.

This situation recurs in a number of other operations within the brine circuit, including the
ion-exchanger which precedes the electrolyser. The ion-exchanger reduces the concentration
of calcium and magnesium cations to a level acceptable to the electrolyser. Given that the
exchange capacity of the ion-exchange resin is fixed, an increase in the concentration of
calcium and magnesium cations entering the ion-exchanger will require an increase in the
regeneration frequency and thus the associated cost. A similar situation occurs in the
hypochlorite destruction step following the electrolyser. Here, the amount of hydrochloric acid
required to destroy the hypochlorite present in the depleted brine stream emerging from the
electrolyser is dependent on the concentration of hypochlorite present in the depleted brine.
Chemical dechlorination involves the same situation once more with the amount of sodium
bisulphite added to destroy the residual chlorine being dependent on the concentration of
chlorine present in the brine stream. Thus, as with the case of the precipitators, a compromise
must be reached between the savings due to increased water-reuse and reagent recovery and the
penalties incurred due to the additional effort required to remove the added contaminant load
from the system.

A further aspect of the above operations is the transformation of species via chemical reaction.
In each case, a reagent species is reacted with a contaminant species to effect the removal or
elimination of that contaminant species from the system. This corresponds to the appearance
and disappearance of species from the system. Individual species are therefore not
independently conserved as is the case with the non-reacting systems considered by Water
Pinch Analysis tools and theory. Chemical reactions do not only occur between reagent
species and contaminant species either. A range of by-products are generated via chemical
reaction in the electrolyser alongside the caustic soda, chlorine and hydrogen products. These
species are contaminants which must either be eliminated from the system or their
concentration controlled within the system. Further operations in which chemical reactions
take place include the hydrochloric acid synthesis plant, the sodium hypochlorite synthesis
plant, the Hydecat destruction plant, the demineralisation plant and the effluent pH correction
stage. In addition, the operating cost of the demineralisation plant and the effluent pH
correction stage is dependent on the contaminant load entering the operation.
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In light of the preceding discussion, it is possible to identify three key aspects to the problem
presented by the chlor-alkali complex which make the application of current Water Pinch
Analysis theory to the situation difficult. These aspects are:

* The interactions that exist between process streams and water streams. These
interactions make it difficult to distinguish between the two;

* The presence of multiple resources, in this case reagents and raw materials, in
addition to water. These resources carry species which have an economic value
to the system and are therefore desirable; and

* The chemical reactions taking place between the various species in the system.

While these aspects are noted, it is not to say that it is impossible to use Water Pinch Analysis
to identify water-use strategies for the chlor-alkali complex. Current Water Pinch Analysis
theory however relies on the distinction being made between process streams and water
streams and excludes desirable and reactive species. Given that these aspects cannot be
included, the water-use strategies that Water Pinch Analysis is able to identify will not be as
efficient as those identified using an approach which does take these aspects into consideration.
As a quantification of this, the use of standard Water Pinch Analysis tools to the problem is
considered in Appendix B.

In light of the identified limitations in the existing Water Pinch Analysis theory however, an
attempt has been made to provide a formal description of the approach required by the problem
presented by the chlor-alkali complex (Gianadda et al., 2000, 2002a,b). In particular, such a
description should provide a theoretical framework which incorporates both the new approach
and the existing theory such that it remains applicable to problems presently handled by the
existing methodology. In dealing with the first of the highlighted aspects, the concepts of
Utility-Water Pinch Analysis and Process-Water Pinch Analysis are introduced (Gianadda
et al., 2000; 2002a,b). Utility-Water Pinch Analysis is used to describe the existing theory
which relies on the process system being segregated into a set of process streams and a set of
water streams. The utility part of the definition comes from the observation that in such
systems, water functions primarily as a utility, often involved in the removal of contaminant
mass-loads from process streams. Process-Water Pinch Analysis is used to describe the
situations where a clear distinction between process streams and water streams cannot be
drawn. As such, the process part of the definition refers to the interactions between the
process-side and the water-side of the system. It is further important to note that Process-Water
Pinch Analysis is a superset of Utility-Water Pinch Analysis.

While the conceptual definitions of Utility-Water Pinch Analysis and Process-Water Pinch
Analysis provide a theoretical framework for the first of the identified aspects of the problem,
they do not include multiple resources. It is also debatable whether the task can still be
considered purely as a Water Pinch Analysis problem. While the presented approach does
draw on ideas for which the foundation lies within Water Pinch Analysis theory, in terms of the
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formulation of the problem and the interpretation of results, efficient reagent and raw material
use are not specific objectives of Water Pinch Analysis. For this reason, the concept of
Combined Water and Materials Pinch Analysis is introduced for systems involving water and
other resources. It is noted that these resources refer to raw materials and reagents and not
energy, and hence the use of the word material in the conceptual definition. As such this
approach secks to determine the cost optimal strategy for water, raw materials and reagents.
Given that reagents are included under this banner of materials the approach includes a means
of handling the chemical reactions that accompany the use of these materials

3.4 CONCLUDING REMARKS

In terms of the objectives of this study, Chapter 3 has provided an assessment of the suitability
of the current Water Pinch Analysis theory and tools to the problem presented by the
chlor-alkali complex. Three aspects of the problem which make the application of the current
theory difficult were identified. These aspects are that there is no clear distinction between
process streams and water streams in the process system, that multiple resources and desirable
species are involved in the problem, and that some of the species present in the system are
reactive. In addressing these issues, the conceptual definitions of Utility-Water Pinch Analysis
and Process-Water Pinch Analysis were introduced; these definitions provide a framework for
dealing with systems involving significant interactions between process streams and water
streams. These definitions however do not include efficient reagent and raw material use as
objectives; the concept of Combined Water and Materials Pinch Analysis was introduced as a
result. With reagents being included in the category of materials, the handling of chemical
reactions is included in this approach.
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M ETHODOLOGY

The analysis of the problem presented by the chlor-alkali complex has highlighted the
need for an approach which is able to consider water and material use simultaneoudly.
This chapter develops the methodology for Combined Water and Materials Pinch
Analysis. Section 4.1 presents the general problem statement for Combined Water and
Materials Pinch Analysis while Section 4.2 considers the general approach to
conducting a Combined Water and Materials Pinch Analysis study. Section 4.3
considers the formulation of the mathematical model for Combined Water and
Materials Pinch Analysis and Section 4.4 considers this model in the context of the
chlor-alkali complex. The formulated model consists of a superstructure, which
represents the flows between sources and sinks in the system, and a number of process
modules, which describe the performance of the individual process operations of the
system; only the superstructure formulation is considered in Section 4.3. The process
modules are made-up of combinations of four basic building blocks, namely mixing,
flow separation, component separation and reaction; Section 4.5 presents the
mathematical models for these building blocks. Finally, Section 4.6 presents some
concluding remarks on this chapter asit relates to the objectives of this study.

4.1 PROBLEM STATEMENT FOR COMBINED WATER AND MATERIALSPINCH
ANALYSIS.

The general problem statement for Combined Water and Materials Pinch Analysis may be
presented as follows:

The process system is characterised by a set of process operations which convert the raw
materials to the desired products at the desired production level. Within this process system, a
number of demands for water, reagent and raw materials are present, each of which may be
characterised by specific quantity and/or quality requirements which are established by the
process operations. These demands must be satisfied using sources of water, reagent or raw
material which are either available within the process system or supplied externally. Each
external source, whether it be water, reagent or raw material, is characterised by a composition
profile of contaminants and other species, a cost associated with its supply and possibly a finite
availability limit. Each source within the process system is similarly characterised by a
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composition profile of contaminants and other species and a finite availability limit, both of
which are dependent on the functioning of the various process operations within the process
system; these sources may also have a cost associated with their use. The process operations
do not conform to any one particular model and may have any number of associated sources
and demands. In addition, the various species present in the system may or may not be
chemically reactive. Finally, the process system is characterised by certain effluent discharge
limits, whether they be flowrate or composition based, which must be satisfied. As such, a
number of different treatment operations, each with an associated cost which may be volume
and/or load dependent, are available such that these discharge limits are satisfied. The task at
hand is then to satisfy the various demands within the process system together with the effluent
discharge requirements at the lowest overall cost.

The problem statement may be extended to include other considerations such as imposed and
forbidden matches, safety, controllability and plant geography. The overall cost may comprise
only operating costs or the total annualised investment cost. The assumption is made that
energy and pressure effects are not significant. The assumption is also made that the process
operations are functioning optimally for the current water allocation, that is, the optimisation
problem conforms to the planning problem rather than the design problem as described by
Takama et al. (1980a). As usual, this problem considers the system at steady-state.

4.2 THE GENERAL APPROACH TO COMBINED WATER AND MATERIAL PINCH
ANALYSIS.

While there exists a significant amount of literature on the design of water systems, little
guidance is provided on how exactly an investigation should proceed. In addition, much of the
literature tends to deal with relatively small and self-contained problems which appear
somewhat abstract in comparison to large and existing process systems. This section outlines a
structured approach to conducting a Combined Water and Materials Pinch Analysis
investigation on an existing process system. It should be noted that the approach is of a general
nature and equally applicable to the typical Water Pinch Analysis investigation.

Consideration of the approach to conducting a Water Pinch Analysis investigation is given by
Mann and Liu (1999), who consider a general strategy to the problem, and Tainsh and
co-workers (Tainsh and Rudman, 1999; Baetens and Tainsh, 2000), who outline a strategy
around the use of the software suite WaterTarget™ (Linnhoff March Limited, 2001). Gianadda
et al. (2000) outline the stages of a Water Pinch Analysis investigation for the retrofit of an
existing plant as follows:

1 Data acquisition and reconciliation
2 Pinch problem formulation

3 Optimisation
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4 Review of the practical/economic feasibility of results with new constraints
being imposed where necessary — this stage may involve different levels of
simulation

5 Return to Stage 3

6 Implementation

As is the case with any optimisation problem, it is necessary to represent the various options
available such that they can be analysed and the best set of options identified. In the context of
the water network retrofit problem, it is the existing network configuration from which this set
of possibilities arises. Stage 1 in the Combined Water and Materials Pinch Analysis
investigation therefore involves the collection of data from the plant. In practice, this exercise
takes place over a period of time during which operating conditions typically change. Given
that a steady-state frame of reference is required for Pinch Analysis, data reconciliation is
carried out to produce a consistent representation of the process system. It is from this
representation that the appropriate data are extracted and used to formulate the Pinch Analysis
problem (Stage 2), which is subsequently optimised in the following stage (Stage 3). It should
be noted that given the inherent complexity of the process system, the problem considered in
the optimisation stage is a simplified representation of the process system. As such, it
comprises only those factors which are likely to limit water-reuse (Wang and Smith, 1995) and
in this case reagent and raw material recovery. Instead of representing the various process
operations using rigorous process models, simplified models are derived from the existing plant
records and used to approximate the behaviour of these operations. The solution obtained from
the optimisation stage is analysed, possibly through various levels of simulation, to determine
the economic or practical feasibility of the proposed network configuration with additional
constraints being applied to the problem as and where necessary (Stage 4). This simulation
step is recommended to take account of those factors not considered by the optimisation step
but which may prove decisive in the end. Such factors may have been omitted from the
optimisation step due to an initial assumption that they were unimportant or due to difficulties
in representing these factors, for example, pH. Having imposed additional constraints, the
updated problem is solved and the solution analysed once more (Stage 5). This iterative cycle
continues until a suitable network configuration is established, which is then implemented

(Stage 6).

While this strategy is outlined as a series of distinct steps, it is important to note that these
steps are interrelated, particularly in the case of the first three steps (Gianadda, 2002). As such,
it is the capabilities of the optimisation tools or methods which determine the level of detail
required in data collection and strongly influence the way in which the problem is formulated.
Despite the importance of these steps however, little guidance on these areas is provided by the
literature. Some consideration is given to the area of data extraction for Pinch Analysis
(Linnhoff and Akinradewo, 1999) but in the context of energy integration. Some of the
principles outlined however remain applicable to the water and material minimisation situation
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and in particular the importance of identifying features inherent in the existing network
configuration. As such, these features may not be globally optimal and the problem should be
formulated in such a way that they are not carried over to succeeding network configurations,
unless deemed appropriate by the optimisation.

The area of problem formulation in the context of water minimisation is however not given any
consideration by the literature outside the scope of this study. This step involves the
postulation of the superstructure of possibilities from the existing network configuration.
Gianadda (2000) outlines a heuristic-based approach for transforming the existing process
network into a superstructure which is then optimised. Apart from assisting with the
formulation of the Pinch Analysis problem, the procedure, which is perhaps more appropriately
described as a conceptual guideline, provides insight into what data are required by the Pinch
Analysis and thus aids the data gathering stage. The success of the approach lies in a shift in
how the process system is viewed. Instead of viewing it as a sequence of process units, the
system is perceived as a collection of conceptual operations, sources and demands. These
conceptual operations, demands and sources may correspond to single unit operations, parts of
individual unit operations or groups of unit operations. These are established by taking note of
which areas of the process system are able to change during the course of the optimisation step.
Here it is noted that regardless of changes proposed by the optimisation step, the process
system still needs to produce the desired products from the available raw materials and at the
required production level.

4.3 MODEL FORMULATION FOR COMBINED WATER AND MATERIALSPINCH
ANALYSIS

This section presents a general mathematical model for Combined Water and Materials Pinch
Analysis. This model involves the representation of the various options as a superstructure, as
is the usual practice with this type of problem. Before presenting the model however,
consideration must be given to the inclusion of process operations not conforming to one
particular structure (Section 4.3.1) and the presence of desirable and reactive species in the
system; these issues are dealt with in Section 4.3.2 and Section 4.3.3 respectively.
Section 4.3.4 presents the general model for the Combined Water and Materials Pinch Analysis
problem while the representation of desirable species in the model is revisited in Section 4.3.5.

The approach used to solve the problem is outlined in Section 4.3.6.

4.3.1 The Modular Approach Concept

The superstructure for the water and materials minimisation problem represents the set of
inter-process flows between the various process operations within the process system and the
flows to and from the external sinks and sources respectively. The typical superstructure
encountered in the literature on water minimisation comprises only a single type of process
operation (Takama et al., 1980a,b; Doyle and Smith, 1997; Alva-Argaez et al., 1998;
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Alva-Argaez, 1999; Mann and Liu, 1999; Benkd et al., 2000; Dericks et al., 2001; Bagajewicz
and Savelski, 2001), that is, the fixed contaminant mass-load addition model considered by

Wang and Smith (1994). The majority of operations encountered on the chlor-alkali complex
however do not conform to one particular type of unit model. Apart from not being able to
describe the different operations according to a single performance characteristic such as mass
transfer, the operations do not have a common physical structure in terms of the number of
associated inlets and outlets. In formulating the superstructure for the model, it remains
desirable that the model framework be of a sufficiently general nature such that all process
operations can be integrated efficiently and easily. As such, the overall framework of the
superstructure should be independent of the types of process operations considered such that
the approach can readily be applied to any range of different process systems comprising any
range of different process operations. This is accomplished by formulating the superstructure
in such a way that it represents the set of all flows from any and all sources (supplies) within
the process system to any and all sinks (demands) within the process system. The models for
the individual process operations are then incorporated as modules within this framework and
hence the conceptual idea of the modular approach. The superstructure is thus described as
follows:

* Every sink, whether its destination is external or within the process system, is
preceded by a conceptual mixer.

* Every source, whether its origin is external or within the process system, is
followed by a conceptual splitter.

Figure 4.1 illustrates the superstructure framework for the modular approach.  The
incorporation of three process modules is illustrated in Figure 4.2.
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Figure4.1. An example of the superstructure framework for the modular approach
to Combined Water and Materials Pinch Analysis.
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Figure4.2. Anexample of the superstructure framework for the modular approach
to Combined Water and Materials Pinch Analysis with three process
modules included in the superstructure.

4.3.2 Considerations for Desirable Species

As has already been established, the species population associated with the chlor-alkali system
includes both desirable and undesirable species. Demands for water, reagents or raw materials
are usually characterised by a species concentration profile. This profile comprises maximum

limits or constraints for the concentrations of the undesirable species which take the form:
C, sCM¥, 4.1

where Cy is the concentration of species k associated with the flow into the demand and CMA%,
is the maximum concentration of species k permitted by the demand. Where a demand is
associated with the entry of raw materials or reagents into the system, the concentration profile
includes other constraints that ensure that the raw materials or reagents enter the system at the
appropriate concentrations. This calls for equality constraints of the form.

C, =CRFy 4.2
where CRQ is the concentration of species k required by the demand. Given the presence of

both desirable and undesirable species in the system, it is necessary to include both types of
constraints in the Combined Water and Materials Pinch Analysis model.
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4.3.3 Considerations for Reactive Species

As noted previously, a desirable mathematical characteristic of the optimisation model is that it
be as simple as possible such that it is readily solved by the optimisation algorithm. In keeping
with this concept, it is a common characteristic of all the models on water minimisation
presented in the literature that they involve species which blend linearly. While this
assumption is appropriate for many non-interacting species, reactive species do not blend
linearly in practice. The reactivity of species is however related to a more general problem of
incorporating the aquatic chemistry of the species present in the chlor-alkali system into the
model.

In practice, dissolved salts, acids and bases become dissociated to varying degrees into anions
and cations in water. As such, a single salt dissolved in water will dissociate to produce a
range of aquatic species, the distribution ratios of which depend on complex species equilibria.
For example, Na,SO, dissociates such that a solution of Na,SO, contains the species H*, OH,
Na*, SO, HSO, and NaSO, at equilibrium, as can be verified from elementary aquatic
chemistry (Snoeyink and Jenkins, 1980). When streams, which may possibly contain different
species, are mixed together at stream junctions, the proportions of these species change
according to a new set of equilibria. The implications of these phenomena are that the streams
do not blend linearly. Instead, the appearance and disappearance of species is described by
complicated nonlinear equilibrium relationships. A question thus arises as to how these species
should be represented in the optimisation model. Certainly, using the more complicated
nonlinear equilibrium relationships in the optimisation model adds further complexity to a
problem which is already difficult to solve and may render it near impossible to solve.

One way around this problem is to ignore the speciation effects in the optimisation model.
Referring once more to the aqueous solution of Na,SO,, it is certain that if a particular mass of
Na,SO; is dissolved in water, then the water will contain that mass of Na,SO, regardless of
how it becomes speciated. The entire speciated population may thus be represented by the
mass-load concentration of Na,SO,. If another solution containing a certain quantity of NaCl is
mixed with this Na,SO, containing solution, then the combined solution will contain the same
amount of Na,SO, and NaCl as the component solutions. Effectively, this re-establishes the
linear blending requirement at stream junctions. Issues of speciation are then addressed outside
of the optimisation step and during the simulation stage.

Of course the characteristics of the species involved are of significance and must be considered
when this modelling assumption is applied. For example, should a solution of NaOH be mixed
with a solution of HCI the resulting solution will not contain the equivalent amounts of NaOH
and HCI as the component solutions (Equation 4.3). Instead, the resulting solution will contain
a quantity of NaCl (speciated as Na* and CI) equivalent to the reaction between the species
NaOH and HCI, and a quantity of either NaOH or HCI, depending on which of the two species
is the limiting reactant. Given that the product of this reaction has different properties to the
reactants, and that these differences are significant to the system, it is necessary to represent
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certain species transformations in the model. Species transformations of this kind must
however be represented in some way such that the linear blending requirement is satisfied in
the model.

HCl+NaOH - NaCl+H,0 - Na* +Cl" +H,0 4.3

4.3.4 A General Model for Combined Water and Materials Pinch Analysis

The mathematical model for Combined Water and Materials Pinch Analysis problem is
presented below. No knowledge of the physical structure of the process modules is assumed in
this formulation. The outlet flows and concentrations from these process modules are however
assumed to be functions of the inlet flows and concentrations. Consideration of the elements
which make-up these process modules is provided in Section 4.5 and will not be considered
here. The actual structure of the various process modules of the chlor-alkali complex is
presented in Chapter 5. The model described here therefore corresponds to a description of
the superstructure into which the process modules are incorporated and includes the objective
function for the problem. It is noted that in this formulation of the superstructure, sources are
differentiated into two categories - those with constant species concentration profiles (primary
sources) and those for which the species concentration profile is variable (secondary sources).
External sources are primary sources while sources generated within the process system may be
either primary or secondary. Primary sources are designated with a PSRC superscript while
secondary sources are designated with a SSRC superscript; sinks are designated with a SNK
superscript.

The model is thus presented as follows:

Sets
H= { h|hisa primary source}
I ={ i]iis a secondary source}
1={j|jisasink}
K ={ k |k is an aqueous species}
Parameters

Concentration Parameters:

MAX . . . . . . .
C™ ik Maximum concentration for species k associated with sink j.

Species k is considered undesirable at sink j
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CREQj,k

PSRC
C hk

Cost Parameters:
CSTPSRE,
CST SSRC ;

CST SNK i

Required concentration for species k associated with sink j
Species k is considered desirable at sink j

Concentration of species k in primary source h

Cost associated with the use of primary source h

Cost associated with the use of secondary source i

Cost associated with the discharge of flow into sink j

Connection Existence Parameters:

Continuous Variables

Flow Variables:

FPSRCh
FSSRCi
FSNKj
FPSRCSNK hj

SSRCSNK
F

1]
Concentration Variables:
SSRC
C ik

SNK
C™ ™k

Objective Variable:

TC

Lower limit for the mass flow between secondary source i and
sink j - determines whether a connection is feasible or not

Upper limit for the mass flow between secondary source i and
sink j - determines whether a connection is feasible or not

Total mass flow from primary source h

Total mass flow from secondary source i

Total mass flow to sink j

Mass flow from primary source h to sink j

Mass flow from secondary source i to sink j

Concentration of species k associated with secondary source i

Concentration of species k associated with sink j

Operating cost
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Mixed-Integer Variables
Z Variable corresponding to the existence or non-existence of a
mass flow between secondary source i and sink j
Constraints
Mass-Balance Constraints around Splitters:
FPSRC = Z FPSROSNK, 44
i
FSSRC. — ZFSSRCSNKLJ 45
i
Mass-Balance Constraints around Mixers:
FSNKj = Z FPSRCSNK hj + z FSSRCSNKi,J’ 46
h i
FSNK [SNK | = ZFPSRCSNK by [CPSRC, + Z FSSRSNK, . [SSRC, 47
h i
Concentration Constraints - Undesirable Species:
CSNKJ’k < CMAXj’k 48
Concentration Constraints - Desirable Species:
CSNKj’k — CREQj,k 4.9
Mixed-Integer Constraints:
FOSRONE 5L 5 20 4.10
FSSRONE U 7, <0 4.11
Objective Function:
4.12

TC = ZCSTPSRCh D:PSRCh + ZCSTSSRCi D:SSRCi +Z CSTSNKj ESNKJ_
h i i
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Equations 4.4 to 4.11 represent a mixed-integer nonlinear programming (MINLP) formulation
of the superstructure into which the models for the process modules are incorporated. Before
considering a modification to the way in which desirable species are handled in this model, the

following comments are made regarding the above model formulation.

Where the models reported in the literature involve volumetric flows, the above
model formulation uses mass flows. Models in the literature only involve water
and the assumption is made that all streams are dilute; the densities of all
streams are thus equivalent to water and volumetric flows blend linearly at
stream junctions. Reagent and raw material species are however required at
higher concentrations and the densities of these streams are different to that of
water. In order to satisfy the linear blending requirement at stream junctions, it
is necessary that streams be represented in terms of mass flows.

Equations 4.10 and 4.11 (Grossmann, 1996; Alva-Argaez, 1999) together
constrain the value of FSSRNK, . to the range between the lower limit L;; and the
upper limit U;;. As such, a connection between secondary source i and sink j
will only be possible if the value of FSSRSNK, . falls within the feasible range.

FSSRESNE, - will be forced to zero by the binary

Outside of this range, the value of
variable Zi;. These constraints may be used in the Combined Water and
Materials Pinch Analysis problem to eliminate unrealistically small material
flowrates between sources and sinks from the final solution. Equations 4.10 and
4.11 further need to be present in the problem formulation if other
mixed-integer constraints are to be included in the model. Such constraints may
be formulated to limit the number of streams which combine at a mixer or the
number of streams branching at a splitter. Mixed-integer variable constraints
may also be used to eliminate direct and indirect recycles. Consideration of
these constraints is provided by Alva-Argaez (1999) while Grossmann (1996)
overviews the transformation of logical decisions into mathematical
relationships.

The objective function described by Equation 4.12 includes only operating
costs. Capital costs could be included by the addition of terms to Equation 4.12
together with a suitable annualisation factor as presented by Alva-Argaez
(1999).

4.3.5 Considerations for Desirable Species - Revisited

The representation of desirable species in the superstructure model described by Equations 4.4
to 4.11 is inconvenient since the desirability of a particular species at one point in the system
does not mean that it is universally desirable. For example, the species HCl is desirable where

! Equation 4.12 is the objective function of the optimisation problem and is not considered part of the

superstructure.
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the demand requires hydrochloric acid, but undesirable where the demand requires caustic
soda. The desirability of a species is thus specific to a demand and not to the species.
Demands may further have concentration constraints for both desirable and undesirable species
associated with them. Including concentration constraints in the above formulation would thus
require each demand to be addressed separately. In addressing these demands an assessment
would have to be made regarding the desirability of each species at that demand, with the
incorporation of the appropriate concentration constraint, that is, either Equation 4.8 or
Equation 4.9. This procedure is tedious.

In overcoming this problem, the observation is made that all raw materials and reagents species
have an inherent economic value to the system. It should thus be possible to represent the
desirable species in terms of an inequality constraint rather than an equality constraint. This
takes the form:

C, =CM"™y 4.15

where CM™

« 1s the minimum concentration of species k permitted by the demand. Given the
higher economic value of the reagents and raw materials relative to water for the chlor-alkali
system and that the objective function seeks to minimise the overall cost, the equality takes
effect. Hence, the minimum value on these constraints coincides with the specific

concentration at which the reagent or raw material is required by the demand, that is:
CMIN, = CREQ 4.16

Formulating the concentration constraints for desirable species as inequalities has the
advantage that it makes the representation of the model more concise. In particular, by the
introduction of a scalar multiple, the same constraint can be used to represent both desirable
and undesirable species concentration requirements of demands. This constraint takes the
form:

MIC, <M "™, 4.17

where M is a scalar multiple which takes values of 1 if the species is undesirable and -1 if the
species is desirable and C"™, is the limiting (maximum or minimum) concentration of species k
permitted by the demand.

The final model for the superstructure sees the combination of Equation 4.7 and Equation 4.17
as follows:

PSRCSNK LIM PSRC SSRCSNK LIM SSRC
MM, @) F hj OC"™Mjx =CP ) + D F i HC T -C i) 2 0
h i

4.18
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where MM is a matrix of parameters describing the desirability of species k at demand j and
CM™; is the limiting concentration (maximum or minimum) for species k at demand j. As
previously, MM takes a value of 1 if species k is undesirable at demand j and a value of -1 if
species k is desirable at demand j. The more concise representation of the superstructure now
involves Equations 4.4 to 4.6, 4.10 to 4.11 and 4.18.

It should be noted that while Equation 4.18 does provide a single equation for both desirable
and undesirable species, there are situations where the equality must be enforced for desirable
species. Such occasions occur when the desirable species enters an operation from which it
emerges having been only partially used. In these situations, the possibility of cascaded-use of
the reagent exists, that is, from one operation to another operation, and it may be necessary to
include an additional concentration constraint in the model such that the reagent is delivered to
the demand at the required concentration and not one higher than required.

4.3.6 Solution Approach

Equations 4.4 to 4.6, 4.10 to 4.12, and 4.18 represent an MINLP formulation of the Combined
Water and Materials Pinch Analysis problem. The general approach adopted by this research
was to solve the problem as a relaxed mixed-integer nonlinear programming (RMINLP)
problem. The RMINLP problem resembles the MINLP problem except that the solution
algorithm treats the mixed-integer variables as continuous variables. Should it be necessary to
enforce the mixed-integer constraints, then the MINLP model can be solved using the solution
from the RMINLP problem as a starting point'. Regardless of the strategy for handling the
mixed-integer constraints, the model is nonlinear and non-convex and, as a result, the
determination of the global optimum is inherently difficult. The nonlinearities in the
superstructure arise from the bilinear product terms of species concentration and flowrate.
Being non-convex, these terms result in the presence of a number of local optima in the search
space. It is these local optima which make the search for the global optimum difficult.

While it is not possible to identify the location of the global optimum with certainty, there are
certain measures which may be taken such that there is an increased probability that the local
solution the optimisation algorithm converges to will be coincidental to the global optimum.
These measures include efforts which bring about a reduction in the problem size, a reduction
in the number of variables taking zero as a value, and a reduction in the number of
non-convexities in the model, all of which are reported to produce difficulties for the
optimisation algorithm (Grossmann, 1996). The probability of locating the global optimum is
also increased by supplying different starting points to the optimisation algorithm (Edgar et al.,
2001).

! Asiit turned out, the mixed-integer component of the model was not used for this project; the model
could thus have been solved purely asan NLP. In the interests of providing a general formulation of
the problem however, the mixed-integer component of the model was kept and the model solved as an
RMINLP.



CHAPTER 4 - METHODOLOGY 4.14

4.4 COMBINED WATER AND MATERIALSPINCH ANALYSISFOR THE
CHLOR-ALKALI COMPLEX

Having presented the general mathematical model for Combined Water and Materials Pinch
Analysis in Section 4.3, attention now shifts to the application of this general model to the
chlor-alkali complex. In particular, consideration is given to implementing some of the
measures which bring about an improvement in the ability of the optimisation algorithm to
locate the global optimum (Section 4.4.1). Once these measures have been considered,
attention is given to the use of standard optimisation software for the problem in Section 4.4.2;
the specific optimisation software used for this research is GAMS (General Algebraic
Modelling System). Section 4.4.3 considers a feature of GAMS which is used to reduce the
size of the optimisation problem while Section 4.4.4 considers the model architecture for the
Combined Water and Materials Pinch Analysis problem as formulated in GAMS.

4.4.1 Measures for Improving the Solvability of the Combined Water and Materials
Pinch Analysis Problem

The superstructure described by Equations 4.4 to 4.6, 4.10, 4.11 and 4.18 assumes that material
may flow from any source within the process system to any sink within the process system.
The nature of the chlor-alkali process system is however one that does not allow flow from
every source to every sink within the process system. For example, since the species HCI and
NaOH cannot coexist within the same stream, no flow from a source containing the reagent
species HCI should be sent to a demand requiring NaOH, firstly for economic reasons but more
likely for operability reasons, and vice versa. As far as representing this situation within the
model is concerned, two options exist. The first option sees the formulation of a superstructure
that includes the possibility of flow from a source containing HCI to a demand requiring
NaOH. To ensure that no flow from the HCl-containing source enters the NaOH demand,
additional constraints are included in the model. These constraints either take the form of
integer constraints which forbid the matches directly, or other constraints which set the value
of the flows from sources containing the species HCl to demands requiring NaOH to zero.
Species concentration constraints may also be used. These measures however introduce further
complexity to the model and contribute to the number of variables which take values of zero.
The second option involves the formulation of a superstructure which excludes the possibility
of flow from a source containing HCI to a demand requiring NaOH from the outset. No
additional constraints are required and the model is simplified accordingly. This measure
reduces the size of the search space and thus improves the probability of locating the global
optimum.
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It has been noted previously that variables taking values of zero are problematic for the
solution of the optimisation model. For the solution of the RMINLP problem, the optimisation
algorithm CONOPT, a feasible path algorithm, is used (GAMS Development Corporation,
2001). Some insight into the functioning of feasible path algorithms is thus appropriate at this
point.

The directional search procedure of a feasible path algorithm is based on the strategy of first
finding an initial and feasible point, that is, one that satisfies all of the model constraints, and
then using the derivatives of the objective function at this feasible point to determine the search
direction that should be followed such that a better feasible point is found (GAMS
Development Corporation, 2001). This new point is used in the succeeding search step. Given
that the progress of the optimisation algorithm towards the optimal solution is via a series of
feasible solutions, each one better than the previous, the whole procedure relies on the initial
feasible solution and the derivatives at this point. In addition, given that non-convexities are
present in the model, multiple local optima may be present within the search space and thus an
initial point in the vicinity of the global optimal solution is more likely to converge to the
globally optimal solution (GAMS Development Corporation, 2001). Initial values of zero are
noted to be particularly problematic for nonlinear variables and especially if these appear in
product terms. In such cases, the value of the initial derivative becomes zero which suggests,
as far as the optimisation algorithm is concerned, that the objective function is independent of
that variable.

The nature of the chlor-alkali system is such that several variables within the model take values
of zero. In particular, because species like HCl and NaOH are unable to coexist in the same
stream, the value of at least one of these concentrations must always be zero, in reality. In
addition, these variables exist in the product terms of species concentration and flowrate in the
species mass-balances (Equation 4.7); this is thus problematic for the solution of the Combined
Water and Materials Pinch Analysis problem. Before introducing an approach which
circumvents this difficulty however, there is a further issue to be considered.

One of the characteristics of the chlor-alkali system is that it contains species for which
different orders of magnitude of concentration are significant. At the one end of the spectrum,
calcium and magnesium Ca®* and Mg*" are contaminants for which concentrations of
significance to the process system are of the order of parts per billion. However,
concentrations of significance for species such as NaCl, HCI and NaOH are of the order of
hundreds of grams per kilogram of solution, a difference of eight orders of magnitude® relative
to the concentrations of Ca** and Mg®*. The problem with this order of magnitude range is that
the optimisation algorithms require the variables to be well-scaled such that they are able to
function optimally. As such, it is recommended that all variables and derivatives have

! 1t should be noted at this juncture that this issue causes some difficulty in terms of the number of
significant figures considered during the data reconciliation and optimisation steps. With species
being linked via chemical reactions, it was considered appropriate from a cal culations perspective to
consider the entire order of magnitude range during data reconciliation and optimisation steps, even
if thisis considered inappropriate from a scientific perspective - see discussion in Appendix A
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expected values within two orders of magnitude of unity for optimal performance of the
optimisation algorithm (GAMS Development Corporation, 2001).

In dealing with the problems associated with the presence of species concentration variables
taking values of zero and the scaling of these variables, the following linear transformation is
proposed. Firstly the concentrations of all species are expressed as mass fractions and a value
of 1 is added to each species concentration. The modified concentration scale therefore has the
following properties:

* Values of 1 on the modified concentration scale represent a true concentration
of zero.

* Values of 2 on the modified concentration scale represent a true concentration
of unity, that is, pure substances.

The use of the modified concentration scale thus places all species concentration variables in
the range of unity and reduces the number of variables taking zero as a value in the model.
Being a linear transformation, the modelling requirement that the species blend linearly is
maintained.

A number of additional points should be made regarding the above transformation.

* The mathematically rigorous approach to scaling the variables involves the use
of a scaling factor which reduces the actual range spanned by the variables to
the range [0,1]. This implies that a different scaling factor would be required
for each species. Given that the species interact chemically, it would be
necessary to include these scaling factors when the chemical reactions are taken
into account. The above transformation, though not mathematically rigorous
circumvents this problem.

* While the value of the concentration variables is in the range of unity, the final
decimal places for Ca** and Mg*" are significant. The tolerance on the
optimisation algorithm must thus be set at an appropriate level to maintain this
level of significance.

4.4.2 Modelling Tools- GAMS

It is common practice to use a computer-based approach for the solution of mathematical
programming problems. Aside from the task of formulating the problem in a mathematical
sense, some effort is required to convert the problem into a format which can be handled by the
specific optimisation algorithm chosen to solve the problem, an activity which can prove
time-consuming.  Circumventing this step has been one of the primary motivations in the
development of the software language GAMS (General Algebraic Modelling System). GAMS
is a high-level language for the compact representation of large and complex optimisation
problems (Brooke et al., 1998). A key feature of the language is that the model may be
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described independently of the required solution algorithm. Thus, models are formulated using
a consistent notation and within a common development environment, termed the Integrated
Development Environment (IDE), which is independent of the nature of the problem, that is,
whether the problem conforms to an LP, MILP, NLP or MINLP problem, and independent of
the solution algorithm required to solve the problem. As new or improved solution algorithms
become available in time, their application to established models can be carried out without the
need to reformulate the problem. GAMS thus comprises two component parts - the first is the
Integrated Development Environment in which the model is developed while the second part
comprises the different optimisation algorithms which are called by GAMS according to the
model type, that is, LP, NLP etc..

A further characteristic of the software is that the optimisation problem can be expressed
independently of the data it uses (Brooke et al., 1998). This allows the size of the problem to
be increased without affecting the complexity of the model’s representation. Thus, the problem
structure for the Combined Water and Materials Pinch Analysis problem is independent of the
number of species considered and the number of process operations (sources and sinks)
involved.

Despite the infinite number of optimisation problems that could be considered, all GAMS

models have a common structure which is illustrated in Figure 4.3.

Sets e.g. the set of species
Scalars
Data Entry Parameters (listed data)

Tables (tabulated data)

Continuous & integer variables
Variables Objectivevariable
Upper & lower boundson variables

Initial valuesfor variables
such that equations arefeasible

Initialisation

Equalities & inequalities describing
Equations the performance of the system
Objective function

Selection of which eguations
Model & Solve Statements toincludein the model
Selection of solution method

Figure4.3. Schematic diagram of the general structure of a GAMS model.



CHAPTER 4 - METHODOLOGY 418

Like any programming language, GAMS has different data classes and these correspond to
sets, data entries, variables and equations. Sets constitute the simplest building blocks in the
GAMS model and correspond directly to the indices in the algebraic representation of the
model. Data constants are introduced into the GAMS model using one of the three data input
structures, namely scalars, parameters and tables. Scalars are used for single datum entries
while parameters correspond to lists of data; tables correspond to data presented in tabulated
form. The third section of the GAMS model corresponds to the definition of the model
variables, whether they be continuous or integer variables. The objective variable is declared
within this section and upper and lower bounds on the different variables imposed. The model
is initialised by providing a set of initial values for the variables such that all the model
constraints, which are present in the body of equations which follows this initialisation section,
become feasible. This body of equations includes both equalities and inequalities and
describes the performance of the system under consideration. It is further within this body that
the objective function is specified. The remaining part of the GAMS model involves the
specification of which of the equations should be considered by the optimisation algorithm and
which of the available optimisation algorithms should be called by GAMS to solve the
problem.

4.4.3 A GAMS Feature used in Combined Water and Materials Pinch Analysis

It has been noted that the problem presented by Combined Water and Materials Pinch Analysis
is difficult to solve and Section 4.4.1 considered some of the measures which may be employed
such that the probability of locating the global optimum is improved. This section considers
how a feature in GAMS may be used for this purpose.

In Section 4.4.1, it was noted that the nature of the chlor-alkali process system was such that it
does not allow flow from every source to every sink within the process system. As such, it was
proposed that in formulating the superstructure for the problem, all matches between sources
and sinks in the process system that are known to be inappropriate, be excluded from the
superstructure from the outset.

In implementing this option, it is noted that one of the functions of the IDE is to transform the
model from the standard compact notation of the IDE to the actual problem that is considered
by the optimisation algorithm. As such, logical operators available within the IDE can be used
to eliminate terms from the model as it is constructed for the optimisation algorithm, should
certain criteria for term inclusion not be met. Hence, by the introduction of a connectivity
matrix of ones and zeros, which correspond to the logical possibility of a connection between a
particular source and a particular sink within the process system, inappropriate matches can be
eliminated from the superstructure from the outset. The superstructure constructed by the IDE
for the optimisation algorithm therefore comprises only those matches between the various
sources and sinks which are realistic possibilities.
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At this point, some clarification on the differences between these logical parameters and the
mixed-integer variables already included in the problem formulation is appropriate. Both of
these are associated with the existence or non-existence of a connection between a source and a
sink. However the logical parameter corresponds to the decision, that a connection is feasible,
being made at the problem formulation stage, while the mixed-integer variable corresponds to
the decision being made during the course of the optimisation and by the optimisation
algorithm.

As a further point on the use of the connectivity matrix in reducing the size of the optimisation
problem, care should be exercised such that only those matches which are known to be
inappropriate are excluded from the problem. If matches which could be feasible are excluded
from the problem, the globally optimal water and material reuse strategy for the system under
consideration might be overlooked. This consideration, that the global optimum is included
amongst the set of possibilities represented in the optimisation model, is noted by Grossmann
etal. (1999).

4.4.4 Combined Water and Materials Pinch Analysis- GAMS Maodel Architecture

The model formulated for Combined Water and Materials Pinch Analysis does broadly
conform to the model structure shown schematically in Figure 4.3. However, as a result of
applying the modular approach concept, there are distinct areas of the model which are
associated with the establishment of the superstructure and other areas which are concerned
with the specific process modules. As such, there are parameters, variables and constraints
associated specifically with the superstructure and other parameters, variables and constraints
associated with the process modules. In addition, the objective variable and objective function
can be distinguished from the superstructure component and the process module component of
the model.

As noted previously, the model is formulated as an MINLP problem and solved initially as an
RMINLP problem. Structurally, it is possible to arrange the problem such that it is formulated
as an NLP with the mixed-integer component of the problem confined to a specific area.
Hence, if integer constraints are not a concern, the problem may be considered purely as an
NLP problem - the mixed-integer component is thus optional.

Figure 4.4 illustrates the structure of the overall model and distinguishes between the areas of
the model associated with the superstructure, the objective function and the different process
modules. Figure 4.4 also shows the structure of an individual process module and how
modules are incorporated in the model. The location of the optional mixed-integer component
in the model is also indicated.
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Set Declaration
& Element Assignment

Super structure Parameters

Superstructure Variables

Parameters common to Process M odule Parameters

all ProcessModules Process Module Variables

Process Module I nsertion <:| Initialisation - Process

Superstructure Constraints Module Variables

Mixed-I nteger Process Module Constraints

Component (Optional)

Objective Variable, Function
& Related Parameters

Modd & Solve Statements

Figure4.4. Schematic diagram of the structure of the GAMS model for Combined
Water and Materials Pinch Analysis with the various components of the
model indicated and the structure of the process module illustrated.

45 THE PROCESSMODULE COMPONENT

Process operations present in the process system are represented in the Combined Water and
Materials Pinch Analysis problem as process modules. Where the superstructure represents the
set of flows between the various sources and sinks within the process system, process modules
provide the informational link between the different sinks and sources. Thus, taking the simple
mass-load addition model as an example, the process module for this operation describes how a
mass-load of contaminant is added to the water entering the operation (sink), such that the
particular quantity and quality of effluent is produced by the operation (source).

One characteristic common to all process modules is that all cycles of operation of the
equipment are represented in the model. Thus a process module representing an ion-exchange
operation includes both the ion-exchange and regeneration cycles of operation together with
the relationship between these two cycles. Where certain of these cycles of operation are

noncontinuous, time averaged models are used.

Given that the process operations within the chlor-alkali complex are varied in terms of their
physical structure and operating characteristics, the discussion of specific process modules is
presented in Chapter 5 which deals with the specific case studies of the chlor-alkali complex.
However, each process module is made up of combinations of four basic building blocks,
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namely mixing, flow separation, component separation and reaction, as shown in Figure 4.5.
The mathematical models for these building block elements are considered in this section.

@ (b)

(© (d)

M - Mixer FS - Flow Separator
CS- Component Separator R - Reaction

Figure4.5. Diagram of the basic building blocks used to assemble a process
module in the Combined Water and Materials Pinch Analysis problem.
(a) Mixer (M). (b) Flow separator (FS). () Component separator (CS).
(d) Reaction (R).

In general, parameters and variables specific to the different process modules are defined
within each process module. Some of the variables common to the different building block
elements of the process module include the mass flowrates and concentrations of species
associated with the various streams of the building block elements. These are as follows:

f Mass flow associated with stream n in process module

Cok Concentration of species k associated with stream n in

process module

where n is a number assigned to a specific stream in the process module. The models for the
various building blocks are presented below alongside any additional parameters and variables
that are required. It is noted that species concentration is represented in these models in terms
of the modified concentration scale.
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Process Module Building Block - Mixing

The model for the mixing building block comprises a total mass-balance and component mass-
balances for all the species. The model is presented as follows for the situation in which three
streams combine to produce a fourth as shown in Figure 4.5a:
Mass-Balance Constraints for Mixer:

f, +f, +f, =1, 4.19

£ B:l,k +1, m:2,1( +1; B33,1< =f, @4,1( 4.20

The mixing building block is used to model the deliberate combination of streams and the
mass-load addition of species to streams within the process module.

Process Module Building Block - Flow Separation

The model for the flow separator comprises parameters representing the flow split ratios
together with mass-balance constraints. For flow separators, the concentration of the various
species is identical in each stream associated with the separator. The model is presented as
follows for the situation in which one stream is divided into three as shown in Figure 4.5b:

Parameters:
S Flow split ratio associated with branch n from flow separator
Mass-Balance Constraints:

f.o=s, 0  n0{2:3;4 4.21

n n

Cok =Cix n0{2;3:4 4.22

n.

Clearly the sum of the split ratios must be unity; for the situation depicted in Figure 4.5b, this

corresponds to:

4
Y8, =1 4.23
2

Equation 4.23 is not included as a constraint in the model but is observed when the model is
formulated.

Flow separators are used to model a deliberate division of flow within the process module. In
some situations, it is necessary to represent a fixed flow in one of the branches emerging from
the flow separator. The inlet flow to the flow separator is however able to vary. In this
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situation, it is not possible to represent the flow in the fixed flow branch via Equation 4.21 and
a different formulation is required. For a flow separator with only two branches, that is, f;
(fixed) and f;, this takes the form:

f, =£,° 4.24

f, =f, +1, 4.25

where £, is the required flow in branch 2 from the flow separator. In many cases, the flow
separator building block will involve a combination of the two models.

Process Module Building Block - Component Separation

Where the concentrations of the various species were identical in each stream associated with
the flow separator, the concentrations of the various species may be different in the streams
associated with a component separator. The model for the component separator comprises
parameters representing the component split ratios together with mass-balance constraints. The
model for the component separator is presented for the situation in which one stream is split
into three as shown in Figure 4.5c:

Parameters:

NI Component split ratio associated with species k in branch n
from component separator

Mass-Balance Constraints:

f, =f, > S, Mo, -1 nO{2:3:4 4.26
k

fo ey - =S, e, -1)  n 0{2:3:4 4.27

Similarly, the sum of the component split ratios must be unity for each component. This

corresponds to:

n=4
DS, =1 4.28
n=2

Equation 4.28 is not included as a constraint in the model but is observed when the model is

formulated.

Component separators are used to model separations taking place in the process module. For
example, a component separator is used to model the removal of water via drying from a moist

gaseous stream.
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Process Module Building Block - Reaction

The reaction building block is used to represent chemical transformations of species in the
process module. It comprises a single inlet and a single outlet as shown in Figure 4.5d. In
addition to mass flow and concentration variables, the model comprises a variable
corresponding to the molar extent of each reaction taking place within the block. Parameters
are used to represent the stoichiometric coefficients of the species involved in the chemical
reaction(s) associated with the reaction block. The stoichiometric coefficients of the reaction
products are considered to be positive while those for the reactants are considered to be
negative. Not all species are involved in the chemical reaction and two different species
balances are required to represent non-reactive and reactive species. The model for a reaction
block involving a single chemical reaction is presented below:

Parameters:
M, Molar mass of species k
N« Stoichiometric coefficient for species k in reaction q
Greater than 0 for products of reaction q
Less than 0 for reactants of reaction q
Variables:
r Molar extent of reaction q in reaction block

Mass-Balance Constraints:

f, =1, 4.30
Non-Reacting Species:
Cix =Coy 431
Reacting Species:
fi ey -+ Ny M, Ly =1, e,y -1) 4.32

There is one degree of freedom present in Equation 4.32. It is therefore necessary to specify
either the molar extent of reaction taking place, rq, or the concentration of a single (reference)
species at the outlet of the reaction block, c,x. This reference species may correspond to a
limiting reactant or one for which the concentration is known at the outlet of the reaction block.
While the model presented above involves only a single chemical reaction, multiple reactions
could be included. Each additional reaction associated with the reaction block however
corresponds to an additional degree of freedom which must be satisfied.
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Equations 4.31 and 4.32 could be combined into a single equation by introducing a logical
matrix similar to the connectivity matrix used for reducing the size of the superstructure. This
logical matrix would correspond to the logical involvement of a species in a particular reaction
in the reaction block.

Having presented the different building blocks involved in the assembly of the process
modules, it must be emphasised that each type of building block has a specific function,
whether that be mixing, flow separation, component separation or reaction. As such, the model
for the process module is constructed using only these single-functioned elements. Chapter 5
provides a more detailed description of the process modules involved in the chlor-alkali
system.

4.6 CONCLUDING REMARKS

In terms of the objectives of this study, Chapter 4 has provided the mathematical framework
for Combined Water and Materials Pinch Analysis. This methodology is able to deal with
systems in which there are significant interactions between process streams and water streams,
multiple resources, desirable and reactive species; this approach uses mathematical
programming. The representation of the process system in the optimisation model comprises
two parts, that is, the superstructure and the process modules. The superstructure represents
the set of all possible flow configurations between sources and sinks within the process system.
The process modules represent the various operations which make up the process system and
are assembled from four basic building blocks, namely, mixing, flow separation, component
separation and reaction. Chapter 4 has presented the superstructure part of the optimisation
model and the mathematical models for the basic building blocks which constitute the process
modules; the specific process modules for the chlor-alkali complex are given consideration in
Chapter 5.
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CASE STUDIES

Having presented the general approach and mathematical formulation for Combined
Water and Materials Pinch Analysis in Chapter 4, this chapter addresses the
application of the methodology to the chlor-alkali complex. Section 5.1 defines the
scope of the study at the chlor-alkali complex and identifies the species of significance
to the system which are considered in the Pinch Analysis. The chlor-alkali complex is
a large and complicated system and certain measures need to be taken to make the
application of the methodology tractable; Section 5.2 presents the decomposition
strategy used for handling the size and complexity of this problem. This decomposition
strategy leads to the system being divided into a number of subsystems and Section 5.3
considers the modelling of the process modules associated with these subsystems and
the optimisation of the subsystems in isolation from each other. Despite the
decomposition strategy, the optimisation problems for the various subsystems remain
complex; Section 5.4 presents some general points on the modelling and optimisation
of these subsystems. Concluding remarks on this chapter, as it relates to the objectives
of this study, are presented in Section 5.5.

5.1 THE SCOPE OF THE INVESTIGATION AT THE CHLOR-ALKALI COMPLEX

Before specific case studies related to the chlor-alkali complex can be considered, it is
necessary to identify the scope of the investigation at the chlor-alkali complex. The system
boundaries of the study are identified in Section 5.1.1 while Section 5.1.2 identifies the species
of significance to the chlor-alkali system which are considered in the Pinch Analysis.

Section 5.1.3 presents a general note on the handling of assumptions made in this study.

5.1.1 System Boundaries

The system boundary for this investigation corresponds to the physical boundary of the
chlor-alkali complex. The investigation does not consider the Umbogintwini Operational
Services (UOS) effluent treatment facility which serves the industrial complex as a whole. The
possibility of using recycled water from this facility is not considered. This assumption is
justified since the combined effluents from a range of industries on the industrial site are
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treated collectively in this centralised effluent treatment facility. As such, it is likely that the
treated effluent will contain some quantity of material from another industry which prohibits its
use in the chlor-alkali complex. More specifically, it is perhaps the risk associated with the use
of this treated effluent that prohibits its recycle. The effluent treatment facility is thus treated
as a terminal sink from a modelling point of view as proposed by Huang et al. (1999).

5.1.2 Species Selection

Table 5.1 presents a listing of the species of significance to the chlor-alkali system considered
in this investigation. Included within this table is both a justification for the selection of the
species and a categorisation of the species in terms of its associated desirability or
undesirability. Some of these species are neither desirable nor undesirable, but are included
since they are involved in some of the chemical reactions taking place on the complex. The
inclusion of these species in the Pinch Analysis is not essential since they do not constrain the
reuse of materials; their inclusion does however provide a more realistic representation of what
is occurring in the system from a mass-balance perspective.

Table5.1. Species considered in the Combined Water and Materials Pinch
Analysis investigation at the chlor-alkali complex with a justification for
the representation of these species in the problem and a categorisation
of the speciesin terms of their desirability.

Species Status Justification for Selection
Ca* Undesirable Precipitates as hydroxide in electrolyser membranes
CaCO;, Undesirable A precipitate which can foul electrolyser membranes
Desirable  Product produced and raw material used by the complex
Cl,
Undesirable Destroys cation-exchange resin in brine circuit
H, Desirable  Product produced and raw material used by the complex
Desirable  Product produced and reagent/raw material used by the
Hel complex
Undesirable Contaminant where caustic soda is required
H,O - Involved in chemical reactions
Mg** Undesirable Precipitates as hydroxide in electrolyser membranes
Mg(OH), Undesirable A precipitate which can foul electrolyser membranes
Desirable = Raw material used in the complex
NaCl
Undesirable Contaminant in demineralised water production
NaClO; Undesirable Damages cation-exchange resin in brine circuit
Desirable  Used as a reagent to precipitate calcium in brine circuit
Na,CO;
Undesirable Affects electrolyser membranes at high concentrations

cont.
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Table5.1. cont.
Species Status Justification for Selection
Desirable  Destroys Cl, in brine stream
NaHSO;

Undesirable Converts to sulphate which is undesirable

Desirable  Product produced by the complex

NaOCl Undesirable Cl, releasing species - problematic in brine circuit and
effluent
Desirable  Product produced and reagent/raw material used by the
NaOH complex
Undesirable Contaminant where hydrochloric acid is required
Na,SO. Undesirable I]?rl:gl;;z ttll(l)rri)llagl(}i r:e;i[;(éleyser membranes with some
0, - Product of chemical reactions
Insolubles Undesirable Fouling of equipment
TDS Undesirable Of significance in the cooling towers

In Chapter 4 it was noted that salts dissolved in water exist as a group of dissociated species.
However, with the exception of Ca®’, Mg*', Insolubles and Total Dissolved Solids (TDS), all
species listed in Table 5.1 are either salts or molecules. The species are considered in the
Pinch Analysis in these particular states since the data available from the plant are presented in
terms of these states. In the modelling, Ca** and Mg®" are assumed to be associated with
chloride anions. This is not an unreasonable assumption given that the primary source of these
divalent cations is the raw salt. Ca®" and Mg*" are therefore represented as CaCl, and MgCl,
respectively. The advantage of this assumption is that it allows the representation of some
reactions to be neater which in turn simplifies the representation of these reactions in the
optimisation model. Insolubles and TDS are composite species. Insolubles includes all
insoluble matter but excludes CaCO; and Mg(OH), which are treated separately. TDS is only
of significance in the modelling of the cooling towers..

It should be noted that Table 5.1 does not represent an exhaustive list of species involved in the
chlor-alkali complex. Other species of significance to the system are present but at
concentrations which are not problematic to the system in its current configuration.
Consideration of a species in the Pinch Analysis is only required if it is likely that a change
proposed by the optimisation can result in a concentration change, which causes the species to
become problematic or economically significant to the system. Hence, in deciding whether a
species should be considered in the Pinch Analysis, some insight is required to identify all
potential sources of that species. With regard to the range of species in the chlor-alkali system,
two species of significance will be used to illustrate these ideas, namely nickel and biological
growth.
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Nickel enters the brine circuit as a trace component of the raw salt. The nickel load within the
brine circuit is regulated by the cation-exchanger. Another source of nickel is the effluent
emerging from the Hydecat destruction plant. This unit employs a nickel-based catalyst to
destroy waste sodium hypochlorite and the effluent from the plant contains trace quantities of
nickel cations. Since this effluent also contains significant quantities of sodium chloride, the
possibility does exist that this effluent could be recovered to the brine circuit, with or without
intermediate treatment. However, with nickel cations not being problematic in the existing
configuration, no data are available regarding the performance of the various operations of the
system with respect to nickel. Instead of gathering data for this species however, the
assumption is made that the cation-exchanger would be able to deal with the slightly elevated
levels of nickel in the brine circuit should the effluent be reused. Nickel is therefore not
considered as a contaminant in the Pinch Analysis; its effects can however be quantified at the
simulation stage and included subsequently if required.

Biological growth of micro-organisms is predominantly encountered on the complex within the
cooling circuits, which are further considered to be the only, or at least dominant, sources of
the contaminant. The reuse of water from the cooling circuits in other parts of the complex is
considered risky because of these micro-organisms and is prohibited as a result. This
contaminant is thus not included explicitly in the Pinch Analysis. This strategy for dealing
with certain contaminants is similar to that proposed by Brouckaert et al. (2001).

5.1.3 A General Note on the Handling of Assumptions madein this Study

The nature of this type of study is one in which a large number of assumptions need to be
made. The system under consideration is complex and a simplified representation is required
for the optimisation; this simplified representation is assumed to approximate the performance
of the system. Given the number of assumptions involved in the derivation of this
representation, it is not considered practical to present a detailed analysis of each assumption;
the more significant assumptions are however noted and discussed. A similar approach will be
used in assessing the validity of the results obtained from the optimisation.

52 ADECOMPOSITION STRATEGY FOR THE CHLOR-ALKALI COMPLEX

The application of a decomposition strategy to a process system results in a number of smaller
problems rather than one large problem. These smaller problems only involve parts of the
process system and are therefore easier to solve. Decomposition strategies which divide the
process system into a number of different zones have been proposed by Oleson and Polley
(1996) as a means of dealing with plant geography in the design of water-reuse networks, and
by Amidpour and Polley (1997) in the context of producing simpler designs for heat
integration. In this investigation, the chlor-alkali complex has been divided into three
subsystems, the classification of which has been based on the reuse potential of water from one
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subsystem to another. Reuse opportunities for water are maximised within each subsystem
before reuse opportunities are investigated in other subsystems. The subsystems identified are
as follows:

* the demineralisation plant subsystem;

* the chemical production subsystem, which is made up of the brine circuit, the
hydrogen and chlorine processing plants, the caustic evaporators, the
hydrochloric acid synthesis plant, the sodium hypochlorite synthesis plant and
the Hydecat destruction plant; and,

* the cooling circuit subsystem, which is made up of the various cooling towers
and their associated cooling circuits located within the complex.

Aside from making it easier to handle the problem from the perspective of optimisation, there
are issues of practicality in these divisions which add further justification to the strategy. In
particular, water from the cooling circuit subsystem, which may have biological contaminants
associated with it, is not allowed to enter the demineralisation plant subsystem or the chemical
production subsystem. Similarly, effluent from the regeneration cycle of the demineralisation
plant subsystem may not be reused in the chemical production subsystem or the cooling circuit
subsystem.

Despite the compartmentalisation of the process system into subsystems, interactions between
these divisions do exist. In particular, demineralised water from the demineralisation plant
subsystem is required by the chemical production subsystem. Similarly, caustic soda and
hydrochloric acid from the chemical production subsystem are required by the demineralisation
plant subsystem. Thus in modelling the subsystems, it is necessary to incorporate these
interactions. These interactions are however likely to change during the optimisation and these
changes also need to be addressed.

With the subsystem approach to dealing with the chlor-alkali complex, water not reused
internally within a subsystem is available for reuse in other subsystems. This interaction
between the subsystems is handled by assigning a hierarchy to each subsystem with respect to
the allocation of water resources from other subsystems. As has already been noted, water
from the cooling circuit subsystem may not be reused in either of the other subsystems.
Demineralised water from the demineralisation plant subsystem may be used in either of the
other subsystems, though it may not be economically sensible to use the water in the cooling
circuit subsystem. The chemical production subsystem however retains priority with regard to
the use of demineralised water. Excess water from the chemical production subsystem may
similarly be reused in either of the other subsystems. However, since the quality of the water
entering the demineralisation plant subsystem holds greater implications with respect to cost
compared to that for the cooling circuit subsystem, priority is assigned to reusing excess water
from the chemical production subsystem in the demineralisation plant subsystem. Any of the
water not accepted by the demineralisation plant subsystem is made available for use in the
cooling circuit subsystem.
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The existing interactions between the chemical production subsystem and the demineralisation
plant subsystem require some analysis. The frequency of regeneration required by the
demineralisation plant is subject to the demand for demineralised water by the chemical
production subsystem. In addition, the frequency of regeneration may be decreased by the
recovery of water from the chemical production subsystem to the demineralisation plant
subsystem. The water from the chemical production subsystem is of a superior quality to the
water currently used by the demineralisation plant, that is, municipal and river water. A lower
regeneration frequency also implies reduced demands for hydrochloric acid and caustic soda
from the chemical production subsystem. With smaller quantities of these reagents required
within the complex, greater volumes are available for sale, leading to greater profits by the
complex.

Figure 5.1 provides a schematic representation of the interactions between the various
subsystems of the chlor-alkali complex. While certain elements of a conceptual strategy for
dealing with the interactions have been outlined in the preceding discussion, a knowledge of
the modelling of the three subsystems must be established before a more detailed description of
the strategy is presented. Much of the remainder of this chapter is devoted to presenting this
knowledge and further discussion of this issue is deferred until later.

Demineralised
; Water
Chsrnlgal < Caustic Soda,
Production Hydrochloric
Acid
Water
o | Demineralisation |
v Plant -
o Cooling
Demineralised Circuit
Water

Figure5.1. Schematic diagram showing the interactions between the chemical
production subsystem, the demineralisation plant subsystem and the
cooling circuit subsystem.
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5.3 SUBSYSTEM MODELLING

Part of the decomposition strategy applied to the chlor-alkali complex involves the
investigation of internal reuse opportunities within each of the identified subsystems. Only
once the opportunities for reuse have been maximised within the individual subsystems are
opportunities investigated in other subsystems. It is important to note that while the
subsystems are considered independently, certain criteria affecting other subsystems, for
example, production rates must be observed. The following section considers the modelling of
each of the individual subsystems in isolation from each other. In particular, the different
process modules which constitute the various subsystems are presented together with their
integration into the superstructure framework presented in Chapter 4. In presenting these
process modules, only the significant areas of the different models are highlighted. The full
mathematical descriptions of the process modules may be found in the GAMS code which is
presented on the CD accompanying this thesis. Given the analysis of the subsystems presented
within this section, it is deemed appropriate to present some form of result produced by the
solution of the optimisation model. A comparison is thus drawn between the water and
material consumption and effluent production figures of the current scenario and the optimised
scenario. Consideration of these results does however stop short of any further analysis since
this issue is the focus of Chapter 6. The different subsystems are presented as follows:
Section 5.3.1 considers the demineralisation plant subsystem; Section 5.3.2 considers the
chemical production subsystem; and, Section 5.3.3 considers the cooling circuit subsystem.

As a general strategy to the optimisation of the different subsystems, the initial set of
concentration constraints imposed on the subsystem superstructures are derived from existing
plant records. Relaxation of constraints is considered only in subsequent optimisation runs and
only where appropriate.

5.3.1 The Demineralisation Plant Subsystem

Unlike the other subsystems, the demineralisation plant subsystem has only one process
module, which is used to describe both the normal cycle of operation and the regeneration
cycle of operation of the demineralisation plant. This section considers the optimisation of the
demineralisation plant subsystem in isolation from the other subsystems. The demand for
demineralised water within the chlor-alkali complex is therefore assumed to remain at the level
at which it is currently required; this assumption will be relaxed when the different subsystems
are integrated in Chapter 6. Section 5.3.1.1 identifies the potential reuse opportunities
associated with demineralisation plant and defines the set of possible matches considered in the
optimisation. Section 5.3.1.2 presents a description of the model for the demineralisation plant
process module while Section 5.3.1.3 presents the approach required for dealing with changes
in the regeneration frequency associated with the demineralisation plant.  Finally,
Section 5.3.1.4 presents the problem statement for the demineralisation plant subsystem.
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5.3.1.1 Opportunitiesfor Material Reuse in the Demineralisation Plant Subsystem

Figure 5.2 shows the different stages of the regeneration sequence, together with the effluents
produced by each stage and the hold-up volumes at the conclusion of each stage. The
positioning of the regeneration cycle relative to the normal cycle of operation is also indicated.
The normal cycle of operation is represented in Figure 5.2a and 5.2h while the regeneration
sequence is represented in Figure 5.2¢ to 5.2g. Figure 5.2b represents the changeover from the
normal cycle of operation to the regeneration cycle.

The progress of fluid through the demineralisation plant during the regeneration sequence may
be described as follows:

e Changeover (Figure 5.2b):

When the changeover from the normal cycle of operation to the regeneration
cycle is made, both the anion-exchange (A) and cation-exchange (C) resin beds

contain raw water.

* PrelInject Stage (Figure 5.2¢):

The Pre-Inject stage introduces a small volume of demineralised water into each
resin bed. This demineralised water displaces an equal volume of raw water
from the bed. At the end of this stage, the resin bed contains raw water and the
small volume of demineralised water introduced during the stage.

* Regenerant Inject Stage (Figure 5.2d):

During the Regenerant Inject stage, hydrochloric acid, at the required
concentration, is injected into the cation-exchange bed and caustic soda, at the
required concentration, is injected into the anion-exchange bed. As the stage
proceeds, water presently in the resin beds is displaced by the regenerants.
Simultaneously, the cations are stripped from the cation-exchange resin and
replaced by H" cations while the anions are stripped from the anion-exchange
resin and replaced by OH™ anions. At the end of the stage, the resin bed volumes
are occupied by the regenerants at the concentrations at which they were
supplied to the stage. The effluent from this stage comprises a mixture of the
raw water displaced from the resin beds, the regenerants that have passed
through the resin beds and the ions eluted from the ion-exchange resins.
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Figure5.2. Diagramillustrating the position of the regeneration sequence relative

to the normal cycle of operation for the demineralisation plant. The
various stages of the regeneration sequence are shown together with
the hold-ups and effluents produced from each stage. (a) Normal cycle
of operation. (b) The ion-exchange resin beds prior to the regeneration
sequence commencing. (¢) Pre-Inject stage. (d) Regenerant Inject
stage. (€) Regenerant Displacement stage. (f) Fast Rinse stage.

(g) Quality Rinse stage. (h) Normal cycle of operation.
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Regenerant Displacement Stage (Figure 5.2¢):

During the Regenerant Displacement stage, demineralised water is used to
displace the regenerant hold-ups from the Regenerant Inject stage. At the end of
this stage, the resin beds are filled with demineralised water. The effluent from
this stage is a weak hydrochloric acid solution from the cation-exchange bed
and a weak caustic soda solution from the anion-exchange bed.

The regeneration sequence is completed by two rinse stages, the Fast Rinse and
the Quality Rinse:

Fast Rinse Stage (Figure 5.21):

The Fast Rinse stage uses raw water. The demineralised water hold-up in the
resin bed from the previous stage is displaced by this raw water and at the end
of the stage the resin bed is filled with raw water. The effluent from the Fast
Rinse stage is a mixture of the raw water that has passed through the resin beds
and the demineralised water hold-up from the Regenerant Displacement stage.

Quality Rinse Stage (Figure 5.2g):

The Quality Rinse stage uses demineralised water. This water is recycled
through the resin beds and after a period of time, the demineralisation plant
returns to the normal cycle of operation (Figure 5.2h). No effluent is produced
during this stage.

From the preceding description, four demands associated with the regeneration sequence of the

demineralisation plant may be identified. These demands are for demineralised water, raw

water, caustic soda and hydrochloric acid. Raw water is also required by the normal cycle of

operation of the demineralisation plant.

regeneration cycle, the following potential reuse opportunities are identified:

While the effluents from the Regenerant Inject stage were considered too
contaminated for reuse, the effluents from the Displacement stage may be
reused in subsequent regeneration cycles. From the cation-exchange bed, the
effluent is a weak solution of hydrochloric acid and this could be used when the
hydrochloric acid supply for the subsequent cycle is prepared. From the
anion-exchange bed, the effluent is a weak solution of caustic soda and this
could be used when the caustic soda supply for the subsequent cycle is
prepared. Both reuse opportunities would result in savings in demineralised
water, concentrated regenerant (reagent) and effluent treatment costs.

From a survey of the effluents arising from the
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* Effluents from the Fast Rinse stage may be reused during the normal cycle of
operation of the demineralisation plant. This effluent is a mixture of
demineralised water and raw water. Its reuse would result in savings in raw
water and effluent treatment costs.

Both of the above opportunities, if feasible, would further result in small reductions in the
frequency of regeneration of the demineralisation plant. The reuse of the effluent (raw water)
from the Pre-Inject stage is not considered a viable possibility since the quantity involved is
small.

In investigating reuse opportunities for the effluents produced during the regeneration cycle, it
should be noted that the assumption is made that all effluents are well mixed. In practice, there
will be some profile which characterises the passage of the different fluids through the resin
bed. Effluent would however need to be collected and stored if it is to be used in the
succeeding regeneration cycle; sufficient mixing is thus assumed to take place during the
collection of the effluent. In terms of the recovery of effluent from the Fast Rinse stage to the
raw water feed to the demineralisation plant, the assumption that the effluent is well mixed is
not actually necessary since the ionic load associated with the effluent is the same regardless of
whether the effluent is well mixed or not.

From a modelling perspective, the superstructure concept implies that all flow emerging from a
source in the superstructure must flow to a sink in the superstructure. Thus, all sources of
effluent not reused directly within the demineralisation plant process module must be sent
elsewhere and two terminal sinks are available for this purpose. The first sink is used for the
storage of the demineralised water produced by the demineralisation plant while the second
sink represents the effluent treatment facility. The connectivity matrix representing the logical
possibility of connections between process sources and sinks for the demineralisation plant
thus appears as shown in Table 5.2. All process sources may be sent to the effluent treatment
facility.

Demands associated with the demineralisation plant process module not satisfied by the
associated process sources must be satisfied by an external source. Two sources of raw water
are available, namely Umgeni Water (municipal supply), for which an availability limit exists,
and Umbogintwini River water, for which no availability limit exists. A single source of
hydrochloric acid is available to meet the demands requiring hydrochloric acid, while three
sources of caustic soda, each of differing strength, are available to meet the demands requiring
caustic soda. These three sources correspond to the caustic soda produced by the electrolyser
and the caustic soda withdrawn after the first and second effects of the dual-effect caustic
evaporators. The connectivity matrix representing the logical possibility of connections
between external sources and sinks for the demineralisation plant appears as shown in
Table 5.3.
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Table5.2. The connectivity matrix of possible matches between process sources and sinks
for the demineralisation plant subsystem. An unshaded square corresponds to
the logical possibility of a connection between a process source and a sink.
Shaded sguares correspond to the impossibility of a connection.

Sinks

Sources

Demineralised Water
Demineralised Water
Demand - Regeneration
Caustic Soda Demand

- Regeneration
Demand - Regeneration

Storage
Raw Water Demand

Effluent Treatment
Raw Water Demand
- Normal Operation
- Regeneration

Facility
Hydrochloric Acid

Effluent - Cation Regeneration -
Pre-Inject & Regenerant Inject Stage

Effluent - Cation Regeneration -
Regenerant Displacement Stage

Effluent - Cation Regeneration - Fast
Rinse Stage

Effluent - Anion Regeneration -
Pre-inject & Regenerant Inject Stage

Effluent - Anion Regeneration -
Regenerant Displacement Stage

Effluent - Anion Regeneration - Fast
Rinse Stage

Demineralised Water

Table5.3. The connectivity matrix of possible matches between external sources
and sinks for the demineralisation plant subsystem. An unshaded square
corresponds to the logical possibility of a connection between an external
source and a sink. Shaded squares correspond to the impossibility of a

connection.
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The unshaded squares in Table 5.2 and Table 5.3 represent the total set of possible network
configurations included in the optimisation problem for the demineralisation plant subsystem.

It is from this set of configurations that the optimal network configuration will be selected.

5.3.1.2 The Model for the Demineralisation Process Module

Figure 5.3 illustrates the model for the demineralisation plant process module. A stream key is
presented in Table 5.4 while the functions of the various building blocks associated with the
normal cycle of operation and the various stages of the regeneration sequence are described in

Table 5.5. Further comments regarding the modelling follow these tables.

Hydrochloric
Acid

Demineralised
Water
v
>IN\ fio
1= r O
> Effluent - Anion
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Figure5.3. Diagram of the model for the demineralisation plant process module.
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Table5.4. Sream key for the model for the demineralisation plant process module.

Stream Description

fi
f

f3

fy
fs
fs
f7

fs

fo

flO

f11

f]Z

f1 3

fia

fis

f1 6

fi7

f1 8

f1 9

Mass flow of raw water to normal cycle of operation of demineralisation plant.
Mass flow of raw water to regeneration part of model.

Mass flow of ions (as salts) removed during demineralisation to regeneration part of
model.

Mass flow of raw water to cation regeneration Pre-Inject & Regenerant Inject stage.
Mass flow of raw water to cation regeneration Fast Rinse stage.
Mass flow of raw water to anion regeneration Pre-Inject & Regenerant Inject stage.
Mass flow of raw water to anion regeneration Fast Rinse stage.

Mass flow of demineralised water to cation regeneration Pre-Inject & Regenerant
Inject stage.

Mass flow of demineralised water to cation regeneration Regenerant Displacement
stage.

Mass flow representing the demineralised water hold-up from cation regeneration
Regenerant Displacement stage to cation regeneration Fast Rinse stage.

Mass flow of demineralised water to anion regeneration Pre-Inject & Regenerant
Inject stage.

Mass flow of demineralised water to anion regeneration Regenerant Displacement
stage.

Mass flow representing the demineralised water hold-up from anion regeneration
Regenerant Displacement stage to anion regeneration Fast Rinse stage.

Mass flow of hydrochloric acid to cation regeneration Pre-Inject & Regenerant
Inject stage.

Mass flow of hydrochloric acid hold-up from cation regeneration Pre-Inject &
Regenerant Inject stage to cation regeneration Regenerant Displacement stage.

Mass flow of raw water, demineralised water and hydrochloric acid to cation
regeneration Pre-Inject & Regenerant Inject stage reaction block.

Mass flow of caustic soda to anion regeneration Pre-Inject & Regenerant Inject
stage.

Mass flow of caustic soda hold-up from anion regeneration Pre-Inject & Regenerant
Inject stage to anion regeneration Regenerant Displacement stage.

Mass flow of raw water, demineralised water and caustic soda to anion regeneration
Pre-Inject & Regenerant Inject stage reaction block.
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Table5.5. The functions of the various building blocks associated with the model
for the demineralisation plant process module.

Building Block

Function

FS,

Divides the flow of raw water between the normal cycle of operation (f))
and the regeneration sequence (f) of the demineralisation plant.

FS,

Divides the flow of raw water between the cation-exchange regeneration
part of the model and the anion-exchange regeneration part of the model.
Two streams are sent to the cation-exchange regeneration part of the
model (f; and f5) and two streams are sent to the anion-exchange
regeneration part of the model (f; and f7).

FS;

Associated with the cation-exchange regeneration part of the model.
Divides the flow of hydrochloric acid between the Pre-Inject &
Regenerant Inject stage (f14) and the Regenerant Displacement stage (fis).
The Pre-Inject stage and the Regenerant Inject stage are represented as a
single stage in the model.

FS,

Divides the flow of demineralised water amongst the various stages of the
regeneration sequence. fs, fo and fjo are sent to the cation-exchange
regeneration part of the model while fj;, fi> and fi; are sent to the
anion-exchange part of the model. These streams are associated with the
Pre-Inject & Regenerant Inject stage (fs and fi;), the Regenerant
Displacement stage (f; and fi») and the Fast Rinse stage (fio and fi3).

FS;s

Associated with the anion-exchange regeneration part of the model.
Divides the flow of caustic soda between the Pre-Inject & Regenerant
Inject stage (fi7) and the Regenerant Displacement stage (fis).

CS,

Effects the removal of species (f;) from the raw water being treated by the
demineralisation plant (f;) such that demineralised water is produced.

CS,

Divides the species removed by CS; into ions which are sent to the
cation-exchange and anion-exchange parts of the model.

M,

Associated with the cation-exchange regeneration part of the model.
Represents the combination of the raw water (f5), demineralised water (fs)
and hydrochloric acid (fi4) for the Pre-Inject & Regenerant Inject stage.
Stream fi6 is produced.

M,

Associated with the anion-exchange regeneration part of the model.
Represents the combination of the raw water (fs), demineralised water (fi)
and caustic soda (f7) for the Pre-Inject & Regenerant Inject stage. Stream
fio is produced.

M;

Associated with the anion-exchange regeneration part of the model.
Represents the combination of the caustic soda hold-up from the
Pre-Inject & Regenerant Inject stage (fis) and the demineralised water
effluent from the Regenerant Displacement stage (fi,).

M,

Associated with the anion-exchange regeneration part of the model.
Represents the combination of demineralised water hold-up from the
Regenerant Displacement stage (fi3) and the raw water effluent from the
Fast Rinse stage (f7).

M;

Associated with the cation-exchange regeneration part of the model.
Represents the combination of the hydrochloric acid hold-up from the
Pre-Inject & Regenerant Inject stage (fis) and the demineralised water
effluent from the Regenerant Displacement stage (f5).

cont.
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Tableb.5. cont.

Bu

ilding Block  Function

M,

Associated with the cation-exchange regeneration part of the model.
Represents the combination of demineralised water hold-up from the
Regenerant Displacement stage (fs) and the raw water effluent from the
Fast Rinse stage (fio).

R,

Associated with the cation-exchange regeneration part of the model.
Represents the removal of cations from the cation-exchange resin by the
regenerant.

R,

Associated with the anion-exchange regeneration part of the model.
Represents the removal of anions from the anion-exchange resin by the
regenerant.

The following points are raised with regard to the model for the demineralisation plant process

module:

As noted previously, at the changeover from the normal cycle of operation to
the regeneration cycle of operation, the resin beds contain raw water. Clearly,
this hold-up volume is of the same quality as the raw water being processed by
the demineralisation plant. Making the assumption that the raw water used by
the Fast Rinse stage is of the same quality as the raw water processed by the
demineralisation plant, the demineralisation plant is modelled as having only a
single raw water demand associated with it. Flow separator FS; is used to
represent the flow split between the raw water used for the normal ion-exchange
cycle of operation and the raw water involved in the regeneration cycle of
operation.

Raw water is involved in the regeneration procedure at three stages. These
stages are as follows:

* At the start of the regeneration procedure, the resin beds are filled
with raw water

* Raw water is used during the Fast Rinse stage

* Raw water is present in the resin bed at the start of the Quality Rinse
stage. This is the hold-up volume from the Fast Rinse stage. This
water is recycled alongside the demineralised water used in the
Quality Rinse stage as a process requirement and is thus eventually
used in the production of demineralised water.

From the above analysis, the raw water is only sent to the effluent in the first
two instances. A flow-balance thus shows that the quantity of raw water that
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becomes effluent is equivalent to the total volume used during the Fast Rinse
stage. The modelling of the raw water distribution for the regeneration
procedure therefore sees a mass of raw water, equivalent to the hold-up volume
of the resin bed, being sent to the Pre-Inject stage; and a mass of raw water,
equivalent to the portion of the Fast Rinse that is sent to effluent, being sent to
the Fast Rinse stage. The Quality Rinse stage is not considered in the analysis
since all water associated with this stage is recycled as a process requirement;
any raw water associated with this stage becomes part of the demineralised
water product. The distribution of raw water to the Pre-Inject and Fast Rinse
stages of the regeneration sequence is represented by streams fi-f; (Table 5.4).

* In terms of the raw water hold-up prior to the start of the regeneration
procedure, it is noted that in reality a small portion of this water is displaced
during the Pre-Inject stage with the remainder being displaced during the
Regenerant Inject stage. However, with the volume of effluent associated with
the Pre-Inject stage being very small, it is not economically viable to recover
this effluent. The Pre-Inject and Regenerant Inject stages are therefore
modelled together.

* Component separator CS; is used to represent the removal of ions from the raw
water by the ion-exchange cycle of operation of the demineralisation plant.
This process is modelled as the removal of salts from the raw water. These salts
are divided into cations and anions by component separator CS, and sent to the
cation-exchange regeneration and anion-exchange regeneration parts of the
model. The Insolubles contaminant load is assumed to be divided equally
between the cation-exchange bed and the anion-exchange bed.

* From the analysis presented on the flow of fluids through the demineralisation
plant during the regeneration sequence in Section 5.3.1.1, it is noted that at the
conclusion of any of the regeneration stages, with the exception of the Pre-Inject
stage, the resin bed is filled with the fluid used during that particular
regeneration stage. This hold-up volume is displaced by the fluid used in the
succeeding stage and ends up in the effluent of the succeeding stage. This
situation is represented by a combination of flow separators and mixers in the
model for the demineralisation plant process module. Every regeneration stage
has one flow separator and one mixer associated with it. The flow separator
divides the flow to the regeneration stage into two portions. The first portion
progresses to the mixer associated with that particular stage where it combines
with the hold-up volume of fluid from the previous stage. The remaining
portion of the flow from the flow separator, that is, the hold-up volume from the
current stage, is sent to the mixer of the succeeding stage where it combines
with the portion of the fluid passing through the resin bed during the succeeding
stage.
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* In the description of the basic building blocks presented in Chapter 4, it was
noted that these elements were single functioned, that is, mixing blocks for
stream combination or species addition; separation blocks for flow or
component division; and, reaction blocks for chemical transformations.
Seemingly, reaction blocks R; and R, represent a contradiction of this concept in
that an addition function is combined with the chemical reaction function. In
this situation however, it is ions that are being added and these are not defined
as species in the model. As such they cannot be incorporated into the model
using a mixer unit since such a unit only considers defined species. These ions
undergo a chemical reaction with the regenerant species such that species
defined in the model are produced. The reactions taking place during the
regeneration of the cation-exchange bed are thus as follows:

Na* +HCl — NaCl+H" 5.1
Ca®" +2HCI - CaCl, +2H" 5.2
Mg?* +2HCI - MgCl, +2H* 5.3

and the reactions taking place during the regeneration of the anion-exchange bed
are asfollows:

Cl™ + NaOH - NaCl +OH"~ 54
S0O,% +2NaOH - Na,SO, + 20H" 5.5

4 2 4

2 - 5.6
CO,” +2NaOH - Na,CO, +20H

Clearly HCI is modelled as a desirable species at the hydrochloric acid inlet to
the process module while NaOH is modelled as a desirable species at the caustic
sodainlet to the process module.

5.3.1.3 Regeneration Frequency Considerations for the Demineralisation Plant

Until this point in the discussion on the modelling of the demineralisation plant process
module, there has been little consideration given to the regeneration frequency of the plant.
The regeneration frequency is dependent on the quantity and quality of the water treated by the
plant. A changein either of these factors will produce a change in the regeneration frequency.
This will have implications for the quantities of regenerant chemicals required and the amount
of effluent generated by the demineralisation plant subsystem. While the quantities of these
materials and the effluent generated will be the same per regeneration cycle, the time-average
quantities will be different. In addition, a change in the regeneration frequency will have
implications on the rate of production of demineralised water.
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The production rate of demineralised water achievable by the plant is 16 to 18 m¥h. This
production rate is greater than the rate of demand within the complex. The excess production
is stored in a tank such that a reserve is built up. During the regeneration sequence, no
demineralised water is produced. Demands for demineralised water during this period are thus
met using demineralised water from the reserve. A change in the regeneration frequency will
affect the amount of demineralised water available in the reserve. At the current production
rate, an increase in the regeneration frequency may result in a situation where there is
insufficient water available in the reserve to satisfy demands in the complex during the
regeneration period. To compensate for this possibility, the production of demineralised water
must increase, but this can only occur up to the maximum production capacity of the plant.

The dependence of the demineralised water production rate on the regeneration frequency
introduces a complication to the system under consideration. This complication can be
overcome by formulating the problem in such a way that the production of a fixed quantity of
demineralised water is considered rather than the rate at which this water is produced. Then,
the only criteria that must be checked is that the required rate of production of demineralised
water does not exceed the maximum rate achievable by the demineralisation plant.

In light of the preceding discussion, the model considers the production of an amount of
demineralised water over one total cycle of operation at the current regeneration frequency,
that is, the amount of water produced between two successive regenerations over a period of
16 h. A demineralised water production rate of 16 m*h is assumed over the normal cycle of
operation. The regeneration procedure lasts 191 min which means that the average rate of
production over the total cycle of operation is 13.3 m¥/h.

As noted above, the fixed amount of demineralised water considered in the model corresponds
to the demineralised water production from one norma cycle of operation in the current
operating configuration. In this configuration, the raw water used for the production of
demineralised water is an equal ratio blend of Umgeni Water and Umbogintwini River water.
Using this information, it is possible to determine the exchange capacity of the
demineralisation plant for the removal of ions from the raw water. In terms of the regeneration
of the plant, particular quantities of regenerants, demineralised water and raw water are
required when the exchange capacity of the plant has been reached. The quantities of materials
which correspond to the exchange capacity of the plant are considered to be reference points
against which the regeneration requirements of other operating configurations are scaled. In
particular, while the model considers the production of a fixed quantity of demineralised water,
the quality associated with the influent water may change during the course of the optimisation;
different quantities of regenerants, demineralised water and raw water will be required for
regeneration by this new operating configuration. These quantities are proportional to the ionic
load to be removed from the influent water. Thus, taking caustic soda as an example, the
caustic soda regeneration requirement by any operating configuration is determined by:

LD
fos =fese GIE 57
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In this equation, fcs represents the caustic soda requirement associated with a particular
operating configuration and LD represents the total ionic load removed from the influent water
for that configuration. LD is the exchange capacity of the demineralisation plant and Fcsec iS
the quantity of caustic soda required for regeneration when the ionic load removed from the
influent water is equivalent to the exchange capacity of the demineralisation plant. Regarding
the representation of the exchange capacity in terms of the total ionic load, it should be noted
that the assumption is made that all species present in the influent water have the same
probability of binding to an ion-exchange site on the ion-exchange resin.

5.3.1.4 The Problem Satement for the Demineralisation Plant Subsystem

Figure 5.4 shows the demineralisation plant process module integrated with the external
sources and terminal sinks present in the superstructure as a representation of the overal
optimisation problem for the demineralisation plant subsystem. The GAMS coding for this
model is presented on the CD which accompanies this thesis. The objective function of this
problem may be stated as follows:

The system comprises the demineralisation plant process module. Given two
different sources of raw water, together with sources of hydrochloric acid and
caustic soda, the task is to identify an optimal network configuration which
achieves the required rate of production of demineralised water at the lowest
cost. This cost includes the costs associated with the replacement of the
cation-exchange and anion-exchange resins, the purchase of external sources
and the disposal of the effluents produced by the system.

The following points are made with regard to the objective function for the problem:

* The objective function does not include capital costs. Given that this is a
retrofit problem, capital costs extend mainly to the installation of new piping
rather than the purchase of costly equipment. Additional storage capacity may
also be required. It is however assumed that the savings in operating costs
through the more efficient use of water and materials are sufficient to offset the
costs associated with effecting these minor changes to the process system.
Capital costs are thus not considered explicitly.

* A cost factor associated with the replacement of the ion-exchange resins is
included in the aobjective function for the problem. In practice, a portion of the
ion-exchange resin needs to be replaced annually due to resin losses and resin
fracture. This portion is related to the number of regeneration cycles taking
place annually and is thus also related to the total ionic load removed from the
influent water. The incorporation of the regeneration resin replacement costs
into the Pinch Analysis involves the incorporation of an additional term in the
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objective function described by Equation 4.12. For this problem, the objective
function therefore takes the form:

TC:ch—rF’SRCh EFPSRCh +2CS-I-SSRCi DFSSRCi
h i

LD
+ZCSTSNKJ' > +CSTgegn B——
: LD, 5.8

where TC is the total operating cost, CST™¢, is the cost factor associated with the use of
primary source h, CSTSF€; is the cost factor associated with the use of secondary source i,
CST™, is the cost factor associated with sink j and CSTresn i the current resin replacement
cost per regeneration. F™°%, is the total mass flow from primary source h, FF¢ is the total
mass flow from secondary source i, F'%; is the total mass flow to sink j. As previously, LD
represents the total ionic load removed from the influent water and LD is the exchange
capacity of the demineralisation plant.
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Figure5.4. Diagram showing the integration of the demineralisation plant process
module with the external sources and terminal sinks present in the
superstructure as a representation of the overall optimisation problem
for the demineralisation plant subsystem.

Table 5.6 presents the results obtained from the optimisation problem which was solved using
GAMS CONOPT. These results are analysed in Chapter 6 and further consideration is
deferred until then. The proposed network configuration is presented in Figure 5.5.
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Table5.6. Comparison of water and material requirements and effluent production

associated with the existing network configuration and the optimal
network configuration. A fixed amount of demineralised water is
produced by both configurations.

Unit Existing Optimal
Configuration Configuration
Demineralised Water Produced [t] 254.87 254.87
Number of Regeneration Cycles [1 1 122
Umbogintwini River Water [t] 130.45 254.93
Umgeni Water [t] 130.45 0
Total Water [t 260.90 254.93
Hydrochloric Acid (31% m/m HCl) [kq] 350.00 366.42
Caustic Soda (32% m/m NaOH) [ka] 390.00 407.70
Caustic Soda (38% m/m NaOH) [kq] 0 0
Caustic Soda (50% m/m NaOH) [kq] 0 0
[S)uegn%l/r;tereari: Ss;ed Water Availableto Other [t 239.20 24118
Effluent [t 22.42 14.51
NaCl Load to Effluent [kg] 195.13 202.64
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Figure5.5. Diagram showing the optimal network configuration for the
demineralisation plant subsystem.
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5.3.2 The Chemical Production Subsystem

The chemical production subsystem includes the brine circuit, the hydrogen and chlorine
processing plants, the caustic evaporators, the hydrochloric acid synthesis plant, the sodium
hypochlorite synthesis plant, the Hydecat destruction plant, and a number of other associated
demands and sources of water located within the chlor-alkali complex. This subsection
considers the optimisation of the chemical production subsystem in isolation from the other
subsystems. Allowance is however made for the various interdependencies that exist between
the chemical production subsystem and the demineralisation plant subsystem such that these
may still be met by the optimised system. In addressing these interdependencies, the following
points are noted:

* The cost associated with the use of demineralised water is taken to be the unit
cost of demineralised water associated with the existing production strategy,
that is, the current raw water quality, rate of production of demineralised water
and regeneration frequency.

* The amounts of caustic soda and hydrochloric acid required for the regeneration
of the demineralisation plant are similarly taken to be the amounts associated
with the existing production strategy, that is, the current raw water quality, rate
of production of demineralised water and regeneration frequency.

In addition, the production levels of chlorine gas, sodium hypochlorite and hydrochloric acid
are maintained at their current levels. The rates of production of caustic soda and hydrogen gas
are dependent on the chlorine production rate and are thus automatically maintained at the
existing levels. Similarly, the amount of off-specification or excess sodium hypochlorite
produced by the complex and handled by the Hydecat destruction plant is considered constant.

Figure 5.6 shows the chemical production subsystem in terms of its constituent plants. Each of
these divisions in turn may consist of a number of process modules. Having already
demonstrated, via the example of the demineralisation plant process module, the types of
assumptions required in modelling the process modules and how process modules are
assembled from the four basic building blocks presented in Chapter 4, consideration of these
issues for the process modules associated with the chemical production subsystem will not be
presented here. Instead only an overview of the various process modules will be provided, with
the assumptions and detailed modelling considerations being presented in Appendix C. The
mathematical description of these process modules is presented within the GAMS coding
which is included on the CD accompanying this thesis. The order of presentation of the plants
which constitute the chemical production subsystem is thus as follows: Section 5.3.2.1 presents
the description of the process modules associated with the brine circuit; Section 5.3.2.2
presents the process modules associated with the product processing and support operations,
that is, the caustic evaporation plant process module, the hydrochloric acid synthesis process
module, the sodium hypochlorite synthesis process module, the Hydecat destruction process
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module and the various point sources and demands located on the complex. Section 5.3.2.3
presents some final comments on the modelling and optimisation of the chemical production
subsystem and presents the problem statement for the chemical production subsystem.

Hydrochloric Acid,
Caustic Soda
mDemineraJisation
Chemical Production Subsystem Plant Subsystem
H, Point Sour ces Caustic
Processing Point Demands Evaporation
HCl Hypo- Demineralisation
Synthesis chiorite Plant
Synthesis
Brine Circuit
cl Hydecat
2. Destruction
Processing Unit
Demineralised Water

Figure5.6. Diagram showing the constituent plants of the chemical production
subsystem and the existing interactions between the chemical
production subsystem and the demineralisation plant subsystem.

5.3.2.1 TheBrine Circuit

The brine circuit constitutes the major component of the chemical production subsystem and
the various operations making up the circuit are modelled as a number of process modules.
Before these process modules are considered however, a number of general concepts pertaining
to the modelling of the subsystem are presented.

Figure 5.7 presents the simplified process flow diagram of the brine circuit previously
presented as Figure 3.2. As was noted in Chapter 3, a series of raw material purification steps
precede the electrolyser and condition the brine to a standard acceptable to the electrolyser.
The chief contaminants that these operations remove are calcium and magnesium which are
introduced alongside the sodium chloride in the raw salt added to the system at the resaturator.
As has also been noted previously trace quantities of other contaminants enter the brine circuit
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alongside the calcium and magnesium in the raw salt. As such, the following is assumed
regarding the sequence of the purification steps:

* From the perspective of removing calcium and magnesium from the brine
circuit, the sequence of operations is assumed to be economically optimal and
all operations in the sequence are required.

* From the perspective of the other trace contaminants present in the brine, the
different operations are assumed collectively to reduce the concentrations of
these species to levels acceptable to the operation of the plant.

Raw Salt,
Water _l Na,CO4 _l NaOH _l Flocculant _l
Calcium Magnesium - Brine
> - > - > —>
Resaturator Precipitator Precipitator Clarifier Sludge
A
Brine 5| Primary
Purge Filtration
Bisulphite,
NaOH v
| Chemical
Dechlori- Alpha- Secondary
nation Cellulose Filtration
Waste Cl, T
Physical .
T— Dechlori- |«— NaOCl | Electrolyser |« Cation- 1
] Destruction Exchanger
nation
Chlorinated HCI _T L Cl, H,,
Condensate NaOH

Figure5.7. Schematic diagram of the brine circuit at the Sasol Polymers
chlor-alkali complex at Umbogintwini. Secondary streams associated
with the cation-exchange regeneration procedure and the backwash of
the primary filter are not shown.

In light of these assumptions, the sequence of the raw material purification operations
preceding the electrolyser is considered fixed. Reuse opportunities for water and materials are
built around this structure. In addition, with the raw salt representing the only source of the
trace contaminants, the effects of these contaminants are considered negligible provided that
they pass through the entire sequence of purification steps. These species are thus not
considered explicitly in the Pinch Analysis.
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While it is possible to ignore the trace species, since they are only present in the raw salt,
calcium and magnesium are present in other sources used within the circuit. In particular,
calcium and magnesium may be present in other sources available within the complex and
which could be reused in the brine circuit. Hence it is necessary to determine whether the cost
associated with removing the additional loads of calcium and magnesium in the circuit is offset
by the benefits accrued from the recovery of these sources.

Figure 5.8 presents the brine circuit as a collection of process modules. These process modules
include the electrolyser, primary dechlorination, secondary dechlorination, precipitation,
clarification, primary filtration, secondary filtration and cation-exchange. It should be noted
that while the brine circuit is modelled as a collection of process modules, the required
sequence of the raw material purification steps is established by the incorporation of the
necessary logic into the connectivity matrix.

The Brine Cir cuit

Secoqdary Precipitation Clarification
Dechlorination
Primary Primary
Dechlorination Filtration
Secondary
Electrolyser lon-Exchange Filtr ation

Figure5.8. Diagram showing the brine circuit as a collection of process modules
considered in the optimisation of the chemical production subsystem.

In comparing Figure 5.8 with Figure 5.7, it will be noticed that certain aspects of the brine
circuit are not present as process modules, notably the resaturator, the NaOCl destruction step
and the brine purge. The resaturator is included indirectly via constraints at the electrolyser
and the precipitation process modules and through the logic of the connectivity matrix. The
NaOCl destruction step is combined with the electrolyser. In terms of the representation of the
brine purge, it should be noted that all flow splits currently in the brine circuit are not
represented because these will be reconfigured during the optimisation. In particular, the
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function of the brine purge in the circuit is to maintain the concentrations of certain species
below their maximum limits. Therefore its flowrate and position will be established according
to the various species concentration limits.

The process modules making up the brine circuit are now considered in greater detail.

The Electrolyser Process Module

While the operations preceding the electrolyser all handle the concentrated brine solution, none
of these operations has any specific requirement for the species NaCl. The electrolyser
however requires a specific flowrate of brine and a specific concentration of sodium chloride
such that the required production levels of chlorine gas and correspondingly caustic soda and
hydrogen gas may be achieved. NaCl is thus modelled as a desirable species at the inlet to the
electrolyser and it is this constraint that establishes the rate of addition of the raw salt to the

circuit.

With there being a tight specification on the concentration of the species in the brine entering
the electrolyser, and, in particular, with the concentration of sodium chloride being held
constant and the flow of brine being fixed, the molar extents of the reactions taking place in the
electrolyser are assumed to be the same as those associated with the current operating
conditions. In terms of the species of interest for the Pinch Analysis, these reactions take the
form:

Cl, +2NaOH - NaCl +NaOCl+H,0 5.9
3NaOCl - NaClO, +2NaCl 5.10
2NaCl+2H,0 - Cl, +2NaOH +H, 5.11
2H,0 - 2H, +0, 5.12

The electrolyser process module comprises elements which model the conversion of NaCl to
products and by-products, the transfer of species across the membrane into the caustic soda
solution and the processing of the chlorine and hydrogen gases produced by the electrolyser. In
addition, the process module includes an element for the dosing of hydrochloric acid to the lean
brine emerging from the electrolyser. In terms of this dosing, the assumption is made that the
molar ratio of hydrochloric acid to sodium hypochlorite in the lean brine must be the same as
the ratio currently supplied. Representing the dosing operation in this way encourages the
recovery of HCl-containing sources present on the complex. Clearly, HCI is modelled as a

desirable species in this situation.

Overall, there are three demands and five sources associated with the electrolyser process
module. The demands are for brine, demineralised water (a process requirement) and
hydrochloric acid while the sources produced by the process module are treated brine, caustic
soda and condensate from the chlorine and hydrogen coolers and hydrogen chiller. The treated
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brine is routed to the primary dechlorination process module as a process requirement. The
caustic soda may be used within the complex or is routed to the caustic evaporators. The
condensate from the chlorine cooler may be sent to either of the dechlorination stages or to the
sodium hypochlorite synthesis process module. No restrictions are placed on the routing of the
condensate from the hydrogen cooler and chiller.

The Primary Dechlorination Process Module

The primary dechlorinator uses air to strip chlorine from the brine stream. Alongside the
removal of chlorine, water is also removed from the brine. The quantity of water removed
from the brine is assumed to be the same as that currently removed by the dechlorinators while
the removal of chlorine is represented by a removal ratio. The primary dechlorination process
module has a single brine inlet and produces two sources of material, that is, a dechlorinated
brine stream and a waste chlorine stream. The dechlorinated brine is sent to the secondary
dechlorination stage as a process requirement while the waste chlorine stream is sent to the
sodium hypochlorite synthesis process module.

The Secondary Dechlorination Process Module

The secondary dechlorination process module has three demands associated with it, that is,
brine, caustic soda and sodium bisulphite. Caustic soda is used for the neutralisation of any
hydrochloric acid remaining in the brine coming from the primary dechlorination stage while
sodium bisulphite is added to destroy residual chlorine present in the brine. These reactions
take place according to:

HCl+ NaOH - NaCl+H,0O 5.13
Cl, +3NaOH + NaHSO, - Na,SO, +2NaCl+2H,0 514

The molar extents of these reactions are based on residual concentrations of NaHSO; and Cl, in
the brine source emerging from the process module!. Complete neutralisation of HCI is
assumed. NaOH is modelled as a desirable species at the caustic soda inlet to the process
module while NaHSOs is modelled as a desirable species at the sodium bisulphite inlet to the
process module. Brine from the secondary dechlorination process module is routed to the
precipitation process module or to the effluent terminal sink.

As a general comment, it should be noted that the possibility of a connection between each
brine source emerging from the various process modules, with the exception of the electrolyser
and the primary dechlorination process modules, and the final effluent terminal sink is included
in the connectivity matrix. With the loads of several species in the brine circuit being
controlled by the purge, these possibilities will allow the optimisation to determine the optimal

"In terms of the modelling, the assumption is made that all NaHSOs is converted to Na,SO,. The
NaHSO; concentration at the outlet of the secondary dechlorination process module is thus
considered to be zero. A more detailed discussion of thisissue is however presented in Appendix C.
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location of the purge stream. The potential routing of streams to the effluent terminal sink is
taken as being implicit in all process modules considered henceforth.

The Precipitation Process Module

Both the precipitation of calcium as calcium carbonate (Equation 5.16) and the precipitation of
magnesium as magnesium hydroxide (Equation 5.17) are represented in the precipitation
process module. Given the nature of the relationships governing the precipitation process, it is
considered appropriate to consider some of the assumptions involved in the modelling of this
process module in greater detail.

CaCl, +Na,CO; — 2NaCl+CaCO, 5.16
MgCl, +2NaOH - 2NaCl + Mg(OH), 5.17

The amount of calcium carbonate and magnesium hydroxide that precipitates from the brine
solution is controlled by an equilibrium solubility product. The solubility product is the name
given to the equilibrium constant for the reaction in which a precipitate dissolves in pure water
to yield its constituent ions (Snoeyink and Jenkins, 1980). For the precipitation of calcium
carbonate the solubility product takes the form:

[Ca 2+] [DCO32_] = I<sp,CaCO3 518

where [Ca?'] and [COs*] are the molar concentrations of calcium cations and carbonate anions
in solution and K cacos is the equilibrium solubility product constant for calcium carbonate’.
Similarly, the solubility product for the precipitation of magnesium hydroxide takes the form:

[Mgz+ JJOH " ]2 = Ksp,Mg(OH)2 5.19

where [Mg**] and [OH'] are the molar concentrations of the magnesium cations and the
hydroxide anions and Kg,meom 1S the equilibrium solubility product constant for magnesium
hydroxide.

! Srictly speaking, the solubility product involves the activities of the ions rather than the true
concentrations. Equations 5.18-5.19 are valid only when the activity coefficients for the ions are
unity as is the case for extremely dilute solutions. The activity coefficient is the ratio between the
apparent or active concentration of a substance and the true concentration of the substance. It is
possible to lump the activity coefficients into K, to yield the ‘apparent’ solubility product. Thisis
chiefly influenced by the ionic strength, which, in this example, is likely to remain relatively constant.
The ‘apparent’ solubility product is thus largely a function of the true concentration only, A more
detailed treatment of this topic is presented by Shoeyink and Jenkins (1980).
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As a means of illustrating the next point, the precipitation of calcium carbonate is considered in
the following discussion. At equilibrium, the concentration of calcium cations in solution is
related to the concentration of carbonate anions in solution via the solubility product. If
additional sodium carbonate is added to the solution, the equilibrium will shift such that more
calcium carbonate precipitates. This results in a lowering of the concentration of calcium
cations in solution. Figure 5.9 illustrates the relationship between the concentration of calcium

cations and carbonate anions in solution.

2.00E-06 1
Kgcaco, = 1083

S 1.50E-06 1
E
& 1.00E-06 1
= Saturated Region

5.00E-07 1

0.00E+00 - - - - - - -

0 0.005 001 0015 0.02 0.025 0.03 0.035 0.04
[CO:2] / [mol/l]

Figure5.9. Plot of the calcium cation molar concentration [Ca?'] in solution
versus the carbonate anion molar concentration [ CO3*] in solution at
equilibrium. These concentrations are related by the solubility product
Kep.cacos, the value of which is taken from Shoeyink and Jenkins (1980).

At higher concentrations of calcium cations, the quantity of sodium carbonate required to
precipitate a unit of calcium carbonate is lower than that required at lower concentrations of
calcium cations. Within the brine circuit, precipitation forms part of the series of operational
steps employed to reduce the concentration of calcium cations in the brine solution. For each
of these steps, there is a cost associated with the removal of a single unit of calcium cations
from solution. Ideally this cost should increase in the direction of decreasing calcium cation
concentration, which is the assumption already made for the brine circuit. Precipitation is
typically an operation which is cost effective in removing species from solution when the
concentration of that species is relatively high. As the cost associated with precipitation
increases with decreasing species concentration, a point is reached where another unit
operation within the series of purification steps becomes more cost effective in achieving
further reductions in the species concentration. This point corresponds to a unique set of
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solution ion concentrations. The assumption is thus made that the existing set of
concentrations for calcium and magnesium cations, and carbonate and hydroxide anions in
solution at the outlet of the precipitation operation corresponds to this point. The result of this
assumption is that the precipitation process may be modelled in terms of fixed outlet
concentrations rather than the solubility product type constraints represented by Equations 5.18
and 5.19. This is advantageous for the model since constraints of the form represented by
Equations 5.18 and 5.19 are difficult to handle in the optimisation. The required dose of
sodium carbonate and caustic soda is then determined by the optimisation.

The precipitation process module has associated with it three demands and one source. The
demands correspond to demands for brine, caustic soda and sodium carbonate. Clearly Na,COs
is modelled as a desirable species at the sodium carbonate inlet of the precipitation process
module while NaOH is modelled as a desirable species at the caustic soda inlet of the
precipitation process module. As previously noted the brine inlet is the only point at which raw
salt is permitted to enter the brine circuit. The brine stream emerging from the process module
is routed to the clarification process module.

The Clarification Process Module

The function of this process module is the removal of insoluble matter from the brine stream as
brine sludge. Two demands and two sources are associated with the process module. The
demands are for brine and flocculant while the sources produced by the process module are a
brine sludge stream and a clarified brine stream. The dosing of flocculant is assumed to be
proportional to the amount of solid material removed from the brine stream. The flocculant
itself is not represented in the model since the assumption is made that it is completely
removed by the clarification process; only the dilution water accompanying the flocculant
addition to the brine is represented in the model. A suitable cost factor is attached to the
dilution water demand to account for the cost of water and flocculant. The removal of solids is
modelled in terms of a removal ratio and the total solids fraction associated with the brine
sludge is assumed constant. The brine sludge stream emerging from the process module is
routed to the terminal effluent sink while the clarified brine is routed to the primary filtration
process module.

The Primary Filtration Process Module

Both the normal cycle of operation and the backwash cycle, on a time-average basis, are
represented in the model for the primary filtration process module. Correspondingly, there are
two demands and two sources associated with this process module. The demands are for brine
by the normal cycle of operation and by the backwash cycle of operation. The demand by the
backwash cycle is assumed proportional to the amount of material removed by the filter. A
removal ratio is used to represent the removal of insoluble matter from the brine stream while
removal ratios are also used to represent the concentration differences of calcium and
magnesium observed across the filter. These solids are transferred from the normal cycle of
operation of the filter to the backwash cycle. The brine stream emerging from the normal cycle
of operation is currently only routed to the secondary filtration process module, but may be
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routed to the backwash cycle of the primary filtration process module if deemed appropriate by
the optimisation. Brine from the backwash cycle is routed to the clarification process module.

The Secondary Filtration Process Module

The secondary filtration process module has two demands and two sources associated with it.
These demands are for brine and for alpha-cellulose. The secondary filtration stage uses
candle filters, and alpha-cellulose is used as the filter aid. The amount of alpha-cellulose dosed
to the brine is assumed proportional to the material removed by the filter. The alpha-cellulose
itself is not represented in the model since it is completely removed during the filtration stage
and only the water accompanying its addition is represented. A suitable cost factor is however
attached to the alpha-cellulose inlet to account for the purchase cost associated with the
alpha-cellulose. The removal of material is modelled using a removal ratio for insoluble
material; removal ratios are also used to represent the calcium and magnesium concentration
differences observed across the filter. The brine stream emerging from the process module is
routed to the cation-exchange process module and possibly to the backwash cycle of the
primary filtration process module. Although not strictly correct in terms of what occurs on the
plant, the solids removed by the filtration process (excluding the spent filter medium) are
routed to the terminal effluent treatment sink. An appropriate cost factor is however applied to
the material removed by the filter to represent the cost associated with the disposal of this solid
waste.

The Cation-Exchange Process Module

The cation-exchange process module is similar to the demineralisation plant process module
and both the normal cycle of operation and the regeneration cycle of operation are considered.
The process module has two demands for brine, one by the normal cycle of operation and one
by the regeneration cycle of operation, and demands for hydrochloric acid, caustic soda and
water. Eight sources are associated with the process module. Apart from the brine stream
emerging from the normal cycle of operation which is routed to the electrolyser process
module, there are seven sources associated with the regeneration cycle of operation emerging
from the process module. These sources correspond to the seven stages of the regeneration
procedure, that is, Brine Displacement, Backwash, Acid Regeneration, Acid Displacement,
Caustic Regeneration, Caustic Displacement and Brine Replacement. The possible reuse
opportunities for these effluents are as follows:

* The effluents from the Brine Displacement and Brine Replacement stages are
mixtures of demineralised water and polished brine. These effluents could be
recycled to the brine circuit.

* Effluent from the Backwash stage is assumed to be of demineralised water
quality but may have some filterable material present in it. This effluent could
be recycled to the brine circuit, possibly at some point before the filtration
stage.
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* The effluents from the Caustic Regeneration and Caustic Rinse stages are both
mixtures of demineralised water and caustic soda. These effluents could be
reused directly in the preparation of the caustic soda requirement for the
succeeding regeneration cycle or elsewhere in the chemical production
subsystem.

* Effluent from the Acid Rinse stage is a mixture of hydrochloric acid and
demineralised water. This effluent could be reused when the hydrochloric acid
requirement for the succeeding regeneration cycle is prepared.

* Effluent from the Acid Regeneration stage is a mixture of hydrochloric acid,
demineralised water and cations eluted from the cation-exchange resin. This
effluent is thus a mixture of desirable species (HCI) and undesirable species
(CaCl, and MgCl,).

In practice, ion-exchange is typically a final polishing step in a series of
purification steps. Much of the cation load entering the brine circuit will thus
have been removed by this stage and the cation load associated with the effluent
is therefore not large. Clearly, with some hydrochloric acid being present in the
effluent, there is a certain inherent value associated with this effluent.
Conceivably, the effluent could be used in the hydrochloric acid dosing of the
brine in the electrolyser process module. The question is however raised as to
whether the cost associated with the removal of an additional load of cations
from the circuit is offset by the savings accrued from the recovery of HCI.

The above possibilities are included in the connectivity matrix of the chemical production
subsystem. With these reuse possibilities, the assumption is again made that the effluents are

well mixed.

5.3.2.2 Product Processing and Support Operations

These operations make up the remainder of the chemical production subsystem. Amongst the
product processing operations are the caustic evaporators, the hydrochloric acid synthesis plant
and the sodium hypochlorite synthesis plant. The support operations include the Hydecat
destruction plant, the pump seals and the various other point sources and demands present
within the chlor-alkali complex.

The Caustic Evaporation Plant Process Module

This process module has two demands and four sources associated with it. The demands
correspond to the inlets for caustic soda to the first and second effects while two of the sources
correspond to the concentrated caustic soda produced by the first and second effects. The
remaining sources correspond to the steam condensate produced by the first effect and the
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process condensate removed from the caustic soda during the evaporation process. The steam
required by the first effect is assumed to be proportional to the caustic soda throughput.

Two terminal storage sinks are included in the superstructure to accept any concentrated
caustic soda from either the first or second effect of the caustic evaporator. Both of these sinks
have an appropriate cost factor associated with them which provides an incentive for caustic
soda to be sent to these sinks as opposed to the effluent sink.

The Hydrochloric Acid Synthesis Process Module

Given that the quality of the hydrochloric acid product produced by the complex must be
within a narrow specification for reasons of marketability, a tight specification exists at the
inlet to the hydrochloric acid synthesis plant. The raw materials used in the production of
hydrochloric acid are hydrogen gas, chlorine gas and demineralised water. With there being no
alternative network configurations for the routing of materials to the hydrochloric acid
synthesis plant, that is, there are no other acceptable sources of raw materials present in the
complex except those currently used, the hydrochloric acid synthesis plant is not considered in
the optimisation. The hydrochloric acid product is however available for use in the rest of the

complex.

The hydrogen chloride scrubber associated with the elimination of gaseous hydrogen chloride
released from the hydrochloric acid product storage vessels is however represented in the
process module. This scrubber has a single caustic soda demand and produces a single caustic
soda source. With the amount of hydrochloric acid produced by the complex being constant,
the mass-load of gaseous hydrogen chloride entering the scrubber is considered fixed. The
caustic soda effluent is available for reuse at a demand requiring caustic soda. NaOH is
modelled as a desirable species at the inlet of the scrubber.

The Sodium Hypochlorite Plant Process Module

Unlike the case of the hydrochloric acid synthesis plant, raw materials for the production of
sodium hypochlorite may be drawn from a number of sources within the complex. The sodium
hypochlorite plant is thus included in the optimisation model and is represented by a demand
requiring a specific flowrate of material. Here, Cl, and NaOH are modelled as desirable
species. The amount of waste sodium hypochlorite sent to the Hydecat destruction process
module is considered fixed.

The Hydecat Destruction Process Module

The function of this process module is the destruction of the excess or off-specification sodium
hypochlorite. The process module has a single demand associated with it and produces a single
source. Waste sodium hypochlorite and steam are sent to this demand as enforced matches;
dilution water is added to this mixture such that the concentration of NaOCI is below the
maximum permitted by the operation. Umbogintwini River water is used for this purpose in
the existing network configuration. The effluent produced by the process module has a
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relatively high concentration of NaCl and the recovery of this effluent may be a possibility.
Alternatively, this effluent is routed to the effluent terminal sink.

Point Sources and Demands

A number of point sources and demands are present on the complex. The point sources include
effluent from the chlorine filter, pump seals and condensate from a number of different sources
such as the brine and catholyte heat-exchangers, intercondensors and other steam traps. With
the exception of the effluent from the chlorine filter, which has a concentration of chlorine
associated with it, these sources are assumed to have a quality close to that of demineralised
water!. While other point sources do exist, such as the effluents from plant washing, pressure
testing and cylinder steaming, these effluents are considered by the plant engineers to be either
too contaminated for reuse or too difficult to recover and are not considered in the Pinch
Analysis. Point demands associated with these operations are also not considered due to
variability in these demands; the quantities involved are however not large. The desuperheater
and the pump seals represent further point demands; these operations may only use
demineralised water and are excluded from the Pinch Analysis.

5.3.2.3 Final Comments and Problem Satement for the Chemical Production Subsystem

The preceding analysis of the process modules shows that the chemical production subsystem
is characterised by a number of demands for materials other than water. As such, there are a
number of external sources and sources available within the complex which are used to satisfy
these demands. Given the size of the connectivity matrices for the chemical production
subsystem (similar to those presented for the demineralisation plant subsystem in Tables 5.2
and 5.3), these are only presented in Appendix D alongside the reuse matrix obtained from the
optimisation; the reuse matrix shows the mass flows between the various sources and sinks
associated with the subsystem.

A few further points related to the modelling of the subsystem are as follows:

* There is a general assumption applied implicitly in the formulation of many of
the models for the various process modules which must be pointed out. This
assumption is that the model remains representative of the performance of the
actual process operation, provided that the inlet concentration constraints are
satisfied. Taking an operation which is characterised by a removal ratio as a
simple example, this assumption implies that the removal ratio is independent of
the concentration in the inlet stream to the process. This assumption may not
always be valid practically and the removal of contaminant by the process

" In the model, these sources were represented with the same concentration profile as demineralised
water. It ishowever noted that this water is unlikely to be as good as demineralised water and some
degradation in quality will have occurred through its use. The use of the demineralisation plant as a
polishing step for thiswater may be considered in the final solution.
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operation may depend on the concentration of that contaminant. Some
assessment of model validity is therefore required when the results are analysed.

* While the subsystem is optimised in isolation from the other subsystems,
allowance still needs to be made for the interactions which exist between the
various other subsystems. These interactions include the demand for caustic
soda and hydrochloric acid by the demineralisation plant subsystem. Due to
there being only one source of concentrated hydrochloric acid, which is further
the only source of hydrochloric acid which may be used in the demineralisation
plant, this demand is not included in the optimisation model for the chemical
production subsystem. Allowance is however made for the caustic soda demand
and a demand, representing the daily requirement for caustic soda by the
demineralisation plant in its existing configuration, is included in the
optimisation model.

* Caustic soda is added to the effluent such that any hydrochloric acid load
present in the effluent is neutralised before it is sent to the centralised effluent
treatment facility. The sources of hydrochloric acid which become part of the
effluent originate from the regeneration procedure of the cation-exchange
operation of the brine circuit and the regeneration of the demineralisation plant,
both of which are transient activities. The dosage of caustic soda is however
continuous and set at a level which would be able to cope with the coincidence
of both activities. At present, both basic and acidic effluents from the
regeneration procedures are sent to an acid pit in which the two effluents
partially neutralise each other. The mixture emerging from the pit remains
acidic however, necessitating the neutralisation of the effluent. An improved
strategy for this problem might see the complete neutralisation of the effluent at
the acid pit, possibly with the routing of other caustic effluents to the pit.
Consideration of such a strategy can however only occur once the reuse
opportunities for the caustic soda and hydrochloric acid effluents have been
investigated. The dosing of caustic soda to the effluent is thus excluded from
the Pinch Analysis.

The objective function for the optimisation of the chemical production subsystem may be
stated as follows:

The system under consideration comprises the brine circuit and its associated
process modules, the caustic evaporation process module, the hydrochloric acid
synthesis process module, the sodium hypochlorite synthesis process module,
the Hydecat destruction process module, and a number of point sources and
demands. Given different material resources, which include water, caustic
soda, hydrochloric acid, raw salt, sodium carbonate and sodium bisulphite and
other materials such as the flocculant and alpha-cellulose, the task is to identify
an optimal network configuration which achieves the required rates of
production of chlorine gas, hydrochloric acid and sodium hypochlorite at the
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lowest cost. This cost includes the costs associated with the replacement of the
cation-exchange resin, the purchase of external sources and the disposal of
wastes and effluents produced by the system.

As was the case for the demineralisation plant subsystem, the cost associated with the
replacement of the cation-exchange resin is incorporated into the objective function. The form
of the objective function for this subsystem is thus identical to that of Equation 5.8. Table 5.7
presents the results obtained from the optimisation problem which was solved using GAMS
CONORPT. Further consideration of these results is deferred to Chapter 6. The GAMS coding
for this model is presented on the CD which accompanies this thesis. It should be noted that
the figures presented in Table 5.7 represent only those elements of the system included in the
optimisation. Elements which were excluded from the Pinch Analysis on the basis of there
being no other possible configurations are not represented.

Tableb.7. Comparison of the water and material requirements and effluent
production associated with the existing network configuration and the
optimal network configuration for the chemical production subsystem.
This comparison only reflects those areas of the subsystem considered in
the optimisation.

Unit Existing Optimal
Configuration Configuration
Demineralised Water [t/d] 198.09 98.64
Umbogintwini River Water [t/d] 34.62 0
Total Water [t/d] 232.71 98.64
Raw Salt [t/d] 142.96 142.71
Hydrochloric Acid (31% m/m HCI) [t/d] 7.18 6.73
Caustic Soda (32% m/m NaOH) [t/d] 67.21 66.82
Caustic Soda (38% m/m NaOH) [t/d] 0 0
Caustic Soda (50% m/m NaOH) [t/d] 0 0
Sodium Carbonate [t/d] 1.055 1.061
Sodium Bisulphite [kg/d] 359.5 353.7
Flocculant [kg/d] 7.77 8.03
Alpha-Cellulose [kg/d] 31.08 29.01
Chlorine [t/d] 14.73 14.72
Steam [t/d] 70.80 71.67
Effluent [t/d] 235.19 104.20
Solid Waste [kg/d] 39.86 37.63
NaCl Load to Effluent [t/d] 14.2 13.73
NaOH Load to Effluent [kg/d] 39.9 84.0

Duration of Normal Cycle of Operation of

Cation-Exchanger [h] 72 72.56
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5.3.3 The Cooling Circuit Subsystem

The cooling circuit subsystem comprises the four cooling towers and their associated cooling
circuits located on the chlor-alkali complex, that is, the Linde, Sulzer, LC and MBC cooling
circuits. The Linde and Sulzer cooling circuits are associated with the liquefaction of chlorine
while the LC and MBC cooling circuits meet the cooling requirements associated with the use
of liquefied chlorine and the brine circuit respectively. In optimising this subsystem, thermal
effects are not considered and the assumption is made that the necessary cooling requirements
of the complex can be met if the flowrates to the various cooling towers are maintained at their
current levels.

The subsystem comprises four process modules representing each of the cooling towers and
their associated cooling circuits. With the mathematical models being identical for all the
cooling towers, the process module is considered generally in the following discussion. The
mathematical description of these models is presented in the GAMS coding presented on the
CD accompanying this thesis.

With regard to the formulation of a model to represent the operation of the cooling towers, two
effects are noted. Firstly, there is the evaporation of water from the cooling tower which
concentrates the dissolved species present in the water. The second effect is the absorption of
carbon dioxide from the atmosphere which increases the carbonate concentration in the water.
With plant data collected for the cooling circuit subsystem not being conclusive on its own,
simulation was required in conjunction with this data in deriving models for the various
cooling towers. Here, the assumption was made that no dissolved solids are removed by the
evaporation process. The absorption of carbon dioxide from the atmosphere by the water was
then approximated by the addition of a mass-load of Na,COs;. This quantity was derived from
the equilibrium concentration of carbonate in the water (following evaporation) in contact with
the atmosphere, as determined using the aquatic speciation software package MINTEQA2
(Allison et al., 1991). It was assumed that this mass-load addition was independent of
concentration in the concentration range considered by the optimisation.

The process module for each cooling tower has a single water demand and a single water
source associated with it. Constraints specifying blowdown volumes are not included in the
models for the process modules since these are determined during the course of the
optimisation and subject to the inlet concentration limits of the cooling towers (which are
maintained at their existing concentrations initially). With the cooling towers only using water,
it is not necessary to represent all species presented in Table 5.1 in the model. One significant
measure for cooling circuits which is however included in the model is the total dissolved
solids (TDS) present in the water. As has already been noted, this measure is a composite
concentration indicator. Since it includes the species NaCl, Na,SO,, Na,CO;, CaCl, and MgCl,
its value is not independent of these constituent species. Thus, in modelling this composite
species, attention must be given to ensuring that mass-load additions of the constituent species
are also accounted for in the TDS balances.
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In considering the optimisation of the cooling circuit subsystem in isolation from the other
subsystems, only the water sources presently available to the subsystem are considered in the
optimisation. Any water sources currently used by the other subsystems but not used in the
optimised scenarios are considered unavailable to the cooling circuit subsystem at this stage.
The objective function for the optimisation of the cooling circuit subsystem may thus be stated
as follows:

The system comprises process modules representing the four cooling towers
located on the chlor-alkali complex and their associated cooling circuits. Given
a single external source of water, the task is to identify an optimal network
configuration which is able to supply sufficient water to each of the cooling
towers, subject to the associated quality constraints, at minimum cost. This cost
includes the costs associated with the purchase of the water and the disposal of
the blowdown effluent produced by the subsystem. Thermal effects are not
considered in the optimisation.

The objective function for this problem corresponds to Equation 4.12. The model is solved
using GAMS CONOPT. Table 5.8 presents the comparison between the results obtained from
the optimisation problem and the current operating scenario while Figure 5.10 presents the
proposed network configuration for the cooling circuit subsystem. These results are considered
in greater detail in Chapter 6.

Table5.8. Comparison of the water requirement and effluent production
associated with the existing network configuration and the optimal
network configuration for the cooling circuit subsystem.

Unit Existing Optimal
Configuration Configuration

Umbogintwini River Water [t/d] 846.62 828.16
Effluent [t/d] 128.12 109.66




CHAPTER 5 - CASE STUDIES 5.40

Umbogintwini
River Water OA’<

—I

=
=
[o R
@D
OI
:I
= 1
i
A
3
ml
—_ |
2'
Q|
]

)

VXV‘IV" VI\
£
™
O
=
Q|
]
1

___________ : ——————— |3
MBC Outlet :—»Q—><

Figure5.10. Diagram showing the optimal network configuration for the cooling
circuit subsystem.
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5.4 SOME GENERAL POINTSON MODELLING AND OPTIMISATION

With the subsystems described in the preceding section representing complex optimisation
problems, it is deemed appropriate to make a few general notes regarding the modelling and
optimisation of these subsystems.

Firstly, as has already been established, the models for the subsystems are nonlinear and
contain bilinear terms. In solving these problems, standard optimisation tools may experience
difficulty in finding feasible solutions. In addition, there are no guarantees that the solution
produced by the optimisation tool is globally optimal.

In dealing with the first issue, it must be certain that a feasible solution does indeed exist
within the formulated superstructure. Since it is known that the existing configuration
represents a feasible network configuration, the superstructure must include this configuration
as a possibility. In addition, sources which are known to satisfy the inlet requirements of the
process modules, and sinks which are guaranteed to accept any flow from sources within the
superstructure are included in the model so that a feasible solution should always be possible.
These sources and sinks are of an artificial nature however and only have meaning in the
model, that is, there is no physical equivalent to these sources and sinks. For this reason, these
sources and sinks have higher cost factors associated with them such that the optimisation
algorithm, which in this case seeks to minimise the operating cost of the network, should
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favour the use of the cheaper sources and sinks which correspond to those with physical
meaning. The inclusion of the artificial sources and sinks in the optimisation problem serves as
a check on the performance of the optimisation algorithm and a troubleshooting tool for
locating mistakes made in the modelling. Should these sources and sinks be used in the
solution produced by optimisation algorithm then either the algorithm has not reached the
optimal value or there is some factor present in the model which forces the use of these
artificial sources and sinks.

The provision of a suitable set of initial values for the variables of the model to the
optimisation algorithm is critical to the convergence of the model to a feasible solution. In
addition, the chances of the feasible solution coinciding with the global optimum is enhanced if
this set of values corresponds to a feasible solution in the vicinity of the global optimum. For
this problem, a feasible solution corresponds to a feasible network structure and the
corresponding material flowrates associated with this structure. Thus, the initial feasible
solution provided to the optimisation algorithm in this study corresponds to the existing
network configuration. A combination of artificial sources and real sources are used in the
process modules in this initial solution while materials from the process modules are
discharged to a combination of real and artificial sinks in the superstructure.

Having considered the provision of an initial feasible solution to the algorithm, consideration
now turns to the solution produced by the optimisation algorithm and in particular whether or
not the solution is globally optimal. This study does not utilise rigorous global optimisation
and relies on the use of the standard optimisation algorithms. It is noted that the provision of
different initial feasible solutions improves the chances of locating the global optimum and this
is the strategy which has been used in this study.

As a final word, some problems were encountered in achieving convergence on the model,
especially for the chemical production subsystem. These problems were overcome by
excluding some of the mixed-integer constraints from the model. With the solution provided
being satisfactory, no further effort was directed in overcoming this problem.

5.5 CONCLUDING REMARKS

In terms of the objectives of this study, Chapter 5 has considered the application of the
Combined Water and Materials Pinch Analysis methodology to the chlor-alkali complex.
Given the complexity and size of the problem presented by the chlor-alkali system, the system
was divided into three smaller subsystems, each of which was made of one or more process
modules. The modelling of these subsystems and process modules was presented and the more
important modelling assumptions highlighted. While an impression of the results obtained
from the optimisation of the subsystems in isolation from each other was provided in this
chapter, no analysis of these results was presented,; this is the focus of Chapter 6.
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ANALYSISOF RESULTS

There are two important positive attributes associated with the application of Pinch
Analysis in comparison to “just optimisation”. The first of these is that it provides
strategies as to how resources should be used such that they are used to their maximum
potential. The second attribute is that once these strategies have been identified, insight
is provided as to what interventions can be effected to the system such that further
improvement in the efficiency of use may be achieved. This chapter considers the
results obtained from the optimisation in terms of these two attributes. Before thisis
done however, the significance of the pinch as it pertains to Combined Water and
Materials Pinch Analysis is considered, as is the approach to identifying suitable
process interventions which may be effected to the system; these considerations are
presented in Section 6.1. Section 6.2 considers the results from the optimisation of the
various subsystems in isolation from each other while Section 6.3 considers the strategy
required for the integration of the subsystems and the results obtained from this
integration. Section 6.4 presents a comparison of the results obtained from the three
different Water Pinch Analysis studies carried out at the chlor-alkali complex, that is,
the initial Water Pinch Analysis study conducted by Gardner (Gardner, 1999), the
simplified Water Pinch Analysis study for which results are presented in Appendix B,
and this, the Combined Water and Materials Pinch Analysis study. Given that the
Umbogintwini complex is no longer operational, some consideration is given to the
continuation of the study on other chlor-alkali complexesin Section 6.5. Concluding
remarks on this chapter are presented in Section 6.6.

6.1 THE SIGNIFICANCE OF THE PINCH FOR COMBINED WATER AND
MATERIALSPINCH ANALYSIS

The first applications of Pinch Analysis occurred in the area of heat integration in the late
1970s (Linnhoff and Flower, 1978). With the application of this technique to a system
comprising hot streams requiring cooling and cold streams requiring heating, the identification
of the pinch point for the system served as an indication that the maximum level of heat
integration between the two sets of streams had been achieved. The pinch point further served
as a significant point around which a design procedure was developed such that a network of
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heat-exchangers, achieving the predicted level of heat integration, could be realised. In this
context the pinch point corresponds to a temperature. Above this temperature, the system has a
heating demand which must be satisfied by utility heating while below this temperature, the
system has a cooling demand which must be satisfied by utility cooling. The pinch point,
together with composite curves, which provide a graphical representation of the performance of
the system, thus direct attention to interventions which could bring about further improvement
in the performance of the system. Such interventions involve measures which reduce the
heating and cooling demands above and below the pinch temperature respectively.

Since this initial application of Pinch Analysis, the approach has been applied to other areas of
process synthesis, a review of which is provided by Linnhoff (1993). Pinch points have been
identified and composite curves constructed to provide global insight into the performance of
the systems that these extensions consider. Many of these extensions however use
mathematical programming. In most cases, mathematical programming achieves the targeting
and design steps simultaneously. The identification of the pinch point is therefore not needed
for design purposes. However, from the perspective of gaining insight into the system, the
identification of the pinch point remains a key element in reported studies. Effort is therefore
expended on the identification of the pinch point from the solution provided by the
optimisation algorithm.

In terms of the field of water-reuse network design, several researchers have given
consideration to the pinch point as it pertains to systems in which water-use is minimised
amongst a set of processes. Wang and Smith (1994) interpret the pinch point for the system of
water-using mass-exchange operations as the concentration at which the water supply line
touches the limiting composite curve on a plot of contaminant concentration versus mass-load
removed. Oleson and Polley (1997) consider the pinch point as a significant concentration
relative to which process operations should be placed in achieving a network design which
meets the predicted target. In terms of the Two-Composite methodology, Dhole et al. (1996)
define the pinch point as the point where the source and demand composite curves touch one
another. As such, the range over which the source and demand composite curves overlap,
which is representative of the level of reuse in the system, is limited by the pinch point. Sorin
and Bédard (1999) comment that the Two-Composite methodology produces a number of local
pinch points where the source and demand composite curves touch each other and that this
leads to an obscuring of the concept of the pinch point. The global pinch point is introduced by
these authors to provide consistency between the pinch point defined by Wang and Smith
(1994) and the pinch point defined by Dhole et al. (1996). The global pinch point corresponds
to the species concentration of the purest source for which a portion is diverted to effluent
without there being an increase in the freshwater consumption by the system. Other
researchers identify two different pinch points. Kuo and Smith (1998) identify both freshwater
and regeneration pinch points, as do Castro et al. (1999) and Mann and Liu (1999). Mann and
Liu (1999) identify two pinches associated with the Two-Composite Plot of Dhole et al.
(1996), namely the freshwater pinch and the reuse pinch. Both pinches are defined in terms of
a vertical flowrate line on the Two-Composite Plot; the freshwater pinch represents the
borderline between the freshwater-use and water-reuse regions of the diagram while the reuse
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pinch represents the boundary between the water-reuse region and the wastewater production
region of the diagram.

As a general comment on the interpretations of the pinch point presented by these researchers,
it is noted that the pinch is a mass-transfer or mass-balance concept. As it has been used here,
it identifies a thermodynamic limit for the set of process operations under consideration. As
such, it is a thermodynamic limit which prevents a further reduction in the amount of
freshwater used by the system. For systems involving only a single contaminant, it is possible
to identify the pinch point using a graphical approach, as has been shown by these researchers.
This is because the optimisation problem is 1-dimensional. When the system involves more
than one contaminant, the optimisation problem becomes multidimensional and the
identification of the pinch point is more difficult using a graphical approach. In addressing this
problem Wang and Smith (1994) introduced a concentration shifting procedure such that it is
possible to identify the pinch point for a system involving multiple contaminants using a
graphical approach. Essentially, this shifting procedure identifies a locus along which the
optimisation problem appears 1-dimensional, which is of course the basis of the graphical
approach.

A further characteristic of this approach is that the problem considered by these researchers
involves the minimisation of a single freshwater resource. With only a single source available,
minimising the amount of freshwater used simultaneously minimises the economic cost. The
thermodynamic minimum amount of water used by the system therefore coincides with the
economic minimum. While multiple sources of freshwater were considered by Wang and
Smith (1995), the incorporation of the different costs associated with these sources remained
implicit.

The problems considered by these researchers further involve only non-reactive contaminants.
While it may be possible to develop some kind of shifting procedure involving the reactive
species, such that a locus is identified from which the optimisation problem appears
I-dimensional, it is likely that this approach will break down where multiple resources are
involved, if only because there is a problem in trying to weight the contributions from the
different resources. While some thermodynamic weighting system might exist, it has not been
identified as yet. There is further uncertainty in the usefulness of such a weighting system,
given that the motivation for this type of problem would most likely involve the minimisation
of cost.

Given the limitations of the graphical approach noted here and previously, mathematical
programming allows problems involving multiple species and multiple resources to be solved.
Constraints such as enforced and forbidden matches between process operations and minimum
flowrates through process operations may be incorporated into the problem and a larger variety
of process operations can be considered. In terms of providing a weighting system to represent
the relative significance of the different resources in the problem, economic cost may be used,
although other weighting systems, such as environmental impact or the suggested
thermodynamic weighting system, could also be used. Given these considerations however, a
question arises as to how the pinch should be interpreted in this situation. As such, economic
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considerations may lead to a design optimum which does not observe the pinch restrictions of
no-cross pinch use of a resource. The reuse of resources may further be limited by an enforced
match or a minimum flowrate to an operation; the nature of the pinch is thus no longer
thermodynamically based.

The answer to this question is provided by Linnhoff et al. (1994a) in their consideration of the
insight provided by Pinch Analysis into the performance of the system under consideration. In
terms of the identification of process interventions in the context of energy integration, these
authors comment that the nature of Pinch Analysis as a systematic approach will leave the
practitioner feeling constrained to fixed flows and temperatures. However, they proceed to
argue that critical areas of the system are identified and lateral thinking stimulated such that
process modifications to these areas may be proposed. They point out that such modifications
represent fundamental changes in the input data for the problem; the problem should thus be
re-solved to justify the merits of the proposed interventions.

From this discussion, the pinch provides insight into the critical areas of the problem to which
process interventions should be effected, such that the performance of the system may be
improved. Relating these ideas back to the pinch, it is these areas of the problem which give
rise to the pinch and constrain the performance of the system. These areas are described by
mathematical constraints in the model and as such the pinch relates to the constraint or set of
constraints which limits the performance of the system. In the energy integration sense, the
performance of the system is measured in terms of the amount of energy recovery taking place
between the set of hot streams and the set of cold streams.

These concepts are of course not specific to the energy integration problem. In terms of the
Combined Water and Materials Pinch Analysis problem, the pinch is similarly defined as the
particular constraint or set of constraints which limits the performance of the system. For the
Combined Water and Materials Pinch Analysis problem, this performance is measured in terms
of the cost of resources. This definition is thus a departure from the conventional interpretation
of the pinch which has a thermodynamic basis. In addition, this definition relates the pinch to a
constraint or set of constraints rather than a point.

In terms of the identification of process interventions for water-reuse networks, the literature
contains two main approaches, both of which are derived from the solution provided by
mathematical programming. It is a trend of at least two of the commercially available
water-reuse network design packages to construct composite curves from the data provided by
the optimisation algorithm (Dhole et al., 1996; Tainsh and Rudman, 1999; Koufos and Retsina,
2000). These composite curves correspond to those of the Two-Composite methodology and
for problems involving multiple contaminants, the curves are plotted separately for each
contaminant. Doyle and Smith (1997) propose a methodology for the construction of a
composite curve for a system of mass-exchange type operations involving multiple
contaminants from the solution provided by an optimisation algorithm. A shifting procedure
similar to that proposed by Wang and Smith (1994) is used to account for the multiple
contaminant nature of the problem. It is noted by these authors that the construction includes
flow and forbidden match constraints in addition to concentration constraints.
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While this statement does apply to both cases in that these constraints are incorporated into the
mathematical programming problem, the composite curves do not provide complete insight into
why the pinch arises. In plotting the solution on concentration versus water flow axes, only the
contaminant concentration constraints are represented. The pinch, as it is defined above, may
however result from an enforced match or may be due to a minimum flowrate requirement
constraint associated with some operation in the process system. These constraints are
however not explicitly evident from the concentration composite curves.

The second approach for identifying process interventions for water-reuse networks is the use
of the marginal values which are available from the solution provided by the mathematical
programming software. These measures identify which are the most significant constraints in
the problem and provide an indication of what the incentives are if these constraints are relaxed
(Rossiter and Nath, 1995). The use of these values as a means of identifying process
interventions is noted by Mann and Liu (1999) and implemented in the WaterPinch™ software
(Linnhoff March Limited, 2001). Some insight into these values is now provided.

The set of constraints associated with an optimisation problem is divided into a set of equality
constraints and a set of inequality constraints. The inequality constraints are of the form:

g(x)<0 6.1

where g(X) is an arbitrary constraint and X represents the set of variables adjusted during the
course of the optimisation. When the left-hand side of Equation 6.1 is equal to the right-hand
side, that is, the equality is active, the objective variable in a minimisation problem will be
prevented from decreasing further by this constraint. As such, there is a sensitivity associated
with the objective variable with respect to this (equality) constraint and the marginal value
associated with this constraint is a manifestation of this sensitivity.

The constraint functions g(X) will have parameters which are considered as constant during the
optimisation. The marginal value associated with a constraint provides a quantification of the
effect on the objective variable should one of the constants within the constraint equation
change by an infinitesimal amount. Mathematically, should the (equality) constraint g(X)

change by an infinitesimal amount € such that:
g(x)-£=0 6.2

then the marginal value A associated with the constraint corresponds to:

0z
—— =)
9e 6.3
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where Z is the constrained objective function for the problem as evaluated at the optimum. The
derivation of Equation 6.3 is part of basic optimisation theory and is available in standard
optimisation texts such as Wilde and Beightler (1967) and Edgar et al. (2001).

Marginal values are reported for all active constraints, that is, equalities and inequalities which
have reached their bounds. Marginal values thus represent the sensitivity of the system to all
constraints rather than only certain constraints, for example, concentration constraints. As such
they direct attention to those areas of the system for which interventions will have the greatest
impact. Unfortunately they are only valid in a very limited range around the current optimal
point and there is no indication as to the size of this range. In terms of the definition of the
pinch, it will be a particular constraint or set of constraints which prevents a further reduction
in the cost associated with the system. In relaxing these constraints, that is, adjusting their
values such that they become less restrictive, a point will be reached where another constraint
or set of constraints becomes active. This constraint or set of constraints corresponds to a new
pinch and different marginal values will be reported by the optimisation algorithm for this set
of active constraints.

The marginal value reported for a constraint which has reached its bound is applicable to a
perturbation in any one of the constant parameters present in the constraint. The source of
these constants in the system may correspond to certain physical limits, for example,
non-negativity constraints, or some other characteristics related to the physical design of the
process equipment, for example, capacity limits. Excluding the possibility that there is any
uncertainty in these parameters, which could of course be rectified by obtaining a more
accurate measurement of the parameter, it is noted that it may be impossible, or at least very
difficult or expensive, to effect process interventions which bring about a change in the value
of these constants. Other constants however are not based on any physical boundaries. For
example, the species concentration limits arise due to considerations of feasible operation
rather than some absolute limitation. As such, these constants are more easily adjusted through
process interventions. In addition, where species concentration limits are concerned, careful
consideration is required in assessing the validity of existing limits.

As an illustration of these concepts, the example of a system of mass-exchange operations of
the type considered by Wang and Smith (1994) is used. For this system of operations, the set
of pinch constraints will include a concentration limit associated with the inlet or outlet of one
of the mass-exchange operations. This operation is described in terms of a fixed mass-load
addition as shown in Equation 6.4:

Am =F, OCY" =CY) 64

where Am is the mass-load of contaminant transferred from the process stream to the water
stream in a particular operation, F,, is the water flowrate through that operation, and C," and
C,*" are the contaminant concentrations at the inlet and outlet to the operation respectively. In
this situation, the pinch arises due to a combination of these factors rather than only the
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concentration limits, only the flowrate through the operation or only the mass-load of
contaminant transferred to the water stream. Thus, in identifying interventions which will
reduce the flowrate target of the network, an intervention which achieves an adjustment to any
one of these variables may be effective in reducing the water demand of the process; some
factors are of course more easily adjusted than others. It is however noted that all variables
cannot vary independently since they are related by Equation 6.4.

The problem at hand seeks to minimise the cost associated with the use of a range of resources
and the disposal of effluents generated during the use of these resources. Given the variety of
constraints associated with the problem, the use of information derived from the marginal
values is favoured in identifying the significant areas of the problem which should be explored
as candidates for process interventions. Graphical constructions in the form of composite
curves may still yield useful information, though this possibility is not explored here.

6.2 SUBSYSTEM OPTIMISATION RESULTS

This section considers the results obtained from the optimisation of each of the subsystems
described in Chapter 5; these results correspond to those obtained from the optimisation of the
subsystems in isolation from each other. In these optimisation models, allowance for the
interactions which exist between the subsystems is made by the addition of constraints which
guarantee that the optimised subsystem will meet the requirements of the other non-optimised
subsystems as they exist in the present configuration.

It was noted in Chapter 5 that this type of study involves a large number of assumptions which
must be made such that a simple representation can be achieved for an otherwise complicated
system. While only the more significant assumptions were highlighted in the discussion on the
formulation of the subsystem models, even these represent a large number. From a scientific
perspective, the results from the study should be analysed in terms of the assumptions made,
such that the significance of the results can be understood completely. However, given the
large number of assumptions involved, it is not considered practical to assess the impact of
each assumption on the results. Moreover, it is not considered to be the primary focus of this
study which is concerned more with the development and demonstration of the Combined
Water and Materials Pinch Analysis methodology. The significance and validity of the results
will therefore be considered in a more general sense.

The presentation of results from the optimisation of the subsystems in isolation from each other
is as follows: Section 6.2.1 presents the results obtained for the demineralisation plant
subsystem; Section 6.2.2 presents the results obtained for the chemical production subsystem;
and, Section 6.2.3 presents the results obtained for the cooling circuit subsystem.
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6.2.1 The Demineralisation Plant Subsystem

Figure 6.1 represents the proposed network configuration for the demineralisation plant
subsystem as provided by the optimisation algorithm. The reuse matrix for the
demineralisation plant subsystem, which shows the mass flows between the various sources
and sinks associated with the subsystem is presented in Appendix D; other results may be
found on the CD which accompanies this thesis. This section presents the results from the
optimisation of the demineralisation plant subsystem in isolation from the other subsystems as
follows:  Section 6.2.1.1 considers the significant features of the proposed solution;
Section 6.2.1.2 presents considerations related to the implementation of the proposed solution;
and, Section 6.2.1.3 presents an analysis of the marginal values provided by the optimisation
such that areas for improvement in the model or process interventions which bring about
further improvement in the performance of the subsystem may be identified; consideration of
the validity of the results is presented in this section.
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Figure6.1. Diagram showing the optimal network configuration for the
demineralisation plant subsystem.
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6.2.1.1 Features of the Optimal Configuration for the Demineralisation Plant Subsystem

The notable features of the solution from the optimisation of the demineralisation plant
subsystem are summarised as follows:

* Only Umbogintwini River water is used in the production of demineralised
water

* A portion of the NaOH-containing effluent from the Regenerant Displacement
stage of the anion regeneration is used in the preparation of the dilute caustic
soda required for the subsequent regeneration cycle. A similar reuse strategy
applies for the HCl-containing effluent from the Regenerant Displacement stage
of the cation regeneration.

* Effluent from the Fast Rinse stages of the cation and anion regenerations is
recovered completely and used in the production of demineralised water.

Table 6.1* presents a comparison between the performance of the demineralisation plant in its
existing configuration and the configuration proposed by the solution of the optimisation model
for the production of a fixed quantity of water. Significantly, there is a substantial increase in
the frequency of regeneration of the demineralisation plant and approximately six regeneration
cycles are required in the optimal configuration to every five in the existing configuration.
This increase is due to the exclusive use of the Umbogintwini River water rather than the blend
of Umgeni Water and Umbogintwini River water. This indicates that the costs associated with
the increased regeneration frequency are offset by the savings accrued through the use of the
less expensive, but more contaminated, water source.

In addition to the increase in regeneration frequency, there are increases in the amounts of
caustic soda and hydrochloric acid required in the production of the fixed quantity of
demineralised water. However, the quantity of water required for this production and the
effluent associated with this production are reduced. The NaCl load associated with the
effluent does however show a slight increase. Significantly, the proportion of the total
demineralised water production available to the rest of the plant has increased in the optimal
configuration; a smaller proportion of the water treated by the demineralisation plant is used

for regeneration purposes, despite the increase in regeneration frequency.

! As a general comment on the data presented in the various tables in this thesis, and in particular in
this chapter, it is noted that the number of significant figures reported may not always be consistent
with what is scientifically meaningful. The reported number of significant figures is chosen to
illustrate differences in the comparisons which are drawn and are derived from computer modelling.
It isleft up to the reader to judge the level of significance which should be attached to these figures.
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Table6.1. Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal
network configuration. A fixed amount of demineralised water is
produced by both configurations.

Unit Existing Optimal
Configuration Configuration
Demineralised Water Produced [t] 254.87 254.87
Number of Regeneration Cycles [] 1 1.22
Umbogintwini River Water [t] 130.45 254.93
Umgeni Water [t] 130.45 0
Total Water [t] 260.90 254.93
Hydrochloric Acid (31% m/m HCI) [ke] 350.00 366.42
Caustic Soda (32% m/m NaOH) [kg] 390.00 407.70
Caustic Soda (38% m/m NaOH) [kg] 0 0
Caustic Soda (50% m/m NaOH) [kg] 0 0
ls?jérsliyr;:;?rllissed Water Available to Other [t] 23920 24118
Effluent [t] 22.42 14.51
NaCl Load to Effluent [ke] 195.13 202.64

Table 6.2 presents a comparison between a single cycle of operation for the existing
configuration and the optimal configuration of the demineralisation plant. These figures show
that the quantity of water that the demineralisation plant is able to process during a single cycle
of operation is substantially lower for the demineralisation plant in its optimal configuration.
This is consistent with the exclusive use of Umbogintwini River water; the exchange capacity
of the demineralisation plant is reached more rapidly due to the greater ionic load associated
with this water in comparison to that of Umgeni Water.

It has been observed already that in the purification of a fixed quantity of water by the
demineralisation plant, a greater proportion of the water is available to the rest of the plant in
the optimal configuration compared to the existing configuration. It is clearly this quantity,
that is, the proportion of water available to the plant, which is of interest since the
demineralisation plant’s function is to supply high purity water to the rest of the plant. Thus, a
comparison is drawn, projected over an annual period (360 days), between the performance of
the existing configuration and the optimal configuration. The criteria for this comparison is
that the amount of water made available to the rest of the plant be at the level provided by the
existing configuration. Table 6.3 presents the results from this comparison.
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Table6.2. Comparison between a single cycle of operation of the demineralisation
plant in its existing configuration and the proposed optimal
configuration.

Unit Existing Optimal
Configuration Configuration
Duration of Normal Cycle of Operation [h] 16.00 12.68
Umgeni Water [t] 130.45 0
Umbogintwini River Water [t] 130.45 209.07
Total Water [t] 260.90 209.07
Demineralised Water Produced [t] 254.87 209.02
Demineralised Water Available to Rest of Plant [t] 239.20 197.79
Hydrochloric Acid (31% m/m HCI) [t] 0.350 0.300
Caustic Soda (32% m/m NaOH) [t] 0.390 0.334
Effluent [t] 22.42 11.90

Table6.3. Comparison of the performance of the demineralisation plant in its
existing configuration and the proposed optimal configuration as
projected over an annual period (360 days). The comparison is based
on a fixed amount of demineralised water being available to the rest of

the plant.
Unit Existing Optimal Percentage
Configuration Configuration |mprovement

[%]

Demineralised Water

Requirement by Rest of Plant [vy] 107733 107733 0

Regeneration Cycles [cycles/y] 450 545 21

Umgeni Water [t/y] 57 407 0 -

Umbogintwini River Water [t/y] 57 407 113 876 -

Total Water [t/y] 114 814 113 876 0.8

Hydrochloric Acid

(31% m/m HCI) [t/y] 158 164 -3.8

Caustic Soda

(32% m/m NaOH) [t/y] 176 182 -3.7

Effluent [t/y] 10 100 6481 36

Total Cost* [R/y] 540 667 441 653 18

NaCl Load to Effluent [t/y] 87.9 90.5 -3.0

NaOH Load to Effluent [t/y] 0.99 0.94 4.7

Total Demineralised Water

Production [t/y] 114 793 113 849 0.8

Unit Cost of Demineralised

Water* [R/t] 4.71 3.88 18

* These costs correspond to those for the year 2000.
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Similar trends to those observed in the preceding tables are observed in Table 6.3. Notably, an
additional 95 regeneration cycles occur over this period in the optimal configuration. With a
greater proportion of the total production of demineralised water being available to the plant in
the optimal configuration, the total quantity of demineralised water produced by the plant in
this configuration is slightly lower than that of the existing configuration. Further points of
note are the 36% reduction in the quantity of effluent produced by the optimal configuration
and the 18% reduction in the overall operating cost. This reduction sees a decrease in the unit
cost associated with demineralised water from R 4.71 per ton to R 3.88 per ton.

6.2.1.2 Implementation Considerations for the Demineralisation Plant Subsystem

Having presented the significant features of the solution proposed by the optimisation,
attention shifts to the implications involved in implementing the proposed solution. Clearly the
substitution of Umgeni Water with Umbogintwini River water is easily handled. In terms of
the other modifications, the following points are noted:

* The reuse of effluent from the Regenerant Displacement stage of the
regeneration procedure in the preparation of the regenerants (reagents) for the
subsequent regeneration cycle requires storage capacity. The necessary storage
capacity is already available in the regenerant mixing tanks associated with the
demineralisation plant.

* The recovery of water from the Fast Rinse stage to the normal cycle of
operation of the demineralisation plant involves a small change in the
regeneration control strategy. Water is presently recycled from the Quality
Rinse stage to the normal cycle of operation. Hence, with the necessary piping
already in place to achieve this part of the proposed configuration, only the
stage in the regeneration procedure at which the recycle begins must be altered.

From these considerations, the implementation of the proposed reuse strategy involves only

minor process changes.

6.2.1.3 Demineralisation Plant Subsystem Solution Analysis

This section analyses the solution for the demineralisation plant subsystem in terms of the
marginal values provided by the optimisation. Based on this analysis, areas of the model which
could be improved, and process interventions which could bring further improvement in the
performance of the subsystem are identified. Marginal values are reported for all active
constraints, that is, equalities and inequalities that have reached their bounds. These
constraints limit the performance of the system and are responsible for the pinch.
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If it is assumed that all the parameters associated with the design and performance of the
demineralisation plant and the regeneration procedure are correct, that is, that the model for the
subsystem is representative of the actual design and performance of the operations concerned,
then the sensitivities (marginal values) reported by the optimisation algorithm must correspond
to the quantity and the quality associated with the raw water being treated by the plant. If it is
assumed further that the quantity of water processed by the plant is unable to change, then the
sensitivities arise purely from the quality of the water entering the plant. Figure 6.2 presents a
graphical representation of the sensitivities associated with each of the species at the raw water
inlet to the demineralisation plant. These sensitivities represent the economic saving per unit
change in the mass fraction of the species in the influent water.
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Figure6.2. Graphical representation of the non-zero marginal values associated
with the concentrations of the different species at the inlet to the
demineralisation plant. Concentration is expressed in terms of mass
fraction.

While the marginal values associated with the concentrations of the various species are
different, these marginal values all translate to a single sensitivity value of the cost to the ionic
load associated with the water entering the demineralisation plant. The coincidence of these
values stems from the assumption that all species compete equally for any exchange-site
associated with the ion-exchange resin. As a comment on the validity of this assumption, it is
noted that divalent ions, for example, would compete more strongly than monovalent ions. An
improvement to the model addressing this issue may thus be appropriate.
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Figure 6.3 shows the sensitivities reported for the concentration limits for the material inlets
associated with the regeneration sequence. Non-zero marginal values only exist for the
hydrochloric acid and caustic soda inlets to the regeneration procedure. As such, Figure 6.3
indicates a sensitivity of approximately 17.77 Rand per 0.01 relaxation in the mass fraction
limit of HCI at the hydrochloric acid inlet and a sensitivity of 7.77 Rand per 0.01 relaxation in
the mass fraction limit of NaOH at the caustic soda inlet; in both cases, a 0.01 relaxation in the
mass fraction limit corresponds to a reduction of approximately 1% m/m in the strength of the
regenerants used for regeneration. Assuming however that the concentration limits for these
species are at their correct values and cannot be relaxed, a closer examination of the sources
used in meeting these demands is appropriate.
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Figure 6.3. Graphical representation of the non-zero marginal values associated
with the concentration limits of the different species at the inlets
associated with the regeneration sequence of the demineralisation
plant. Concentration is expressed in terms of mass fraction.

From an examination of the solution provided by the optimisation algorithm, only a portion of
the effluent generated from the Regenerant Displacement stage is used in the preparation of the
regenerant required for the succeeding regeneration cycle. Associated with the demand for the
regenerant is both a flowrate equality constraint and a minimum regenerant species
concentration constraint, which becomes binding due to the economic value of the regenerant.
The concentration of the regenerant species in the effluent from the Regenerant Displacement
stage is however too low to meet the regenerant load requirement and the use of the
concentrated regenerant source is required to make up the deficit. The concentration of the
regenerant species in the effluent from the Regenerant Displacement stage is also not high
enough to allow the entire volume of the effluent to be reused.
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In formulating the model for the demineralisation plant process module, the assumption was
made that the effluents from each stage are uniformly mixed. Due to the way in which the
model was formulated, this assumption applied to the entire volume of effluent associated with
a particular stage. This is consistent with the entire volume of effluent from that stage being
collected before any reuse takes place. In terms of the Regenerant Displacement stage of the
regeneration sequence, the resin bed contains only regenerant at the start of the stage. When
demineralised water begins to enter the resin bed, displacing the regenerant, the effluent which
emerges from the bed has the characteristics of the regenerant. As the stage progresses, the
effluent gradually changes such that it has the characteristics of demineralised water. In
collecting the effluent emerging from the Regenerant Displacement stage, the regenerant
species concentration in the effluent decreases as more effluent of demineralised water quality
is added. The assumption applied in the model, that the entire volume of effluent is considered
uniformly mixed, thus corresponds to the lowest concentration of the regenerant species in the
effluent from the Regenerant Displacement stage. Clearly, intercepting this effluent at an
carlier stage, that is, a higher regenerant species concentration, would allow a greater volume
of the effluent to be used in the preparation of the regenerant for the succeeding regeneration
cycle.

In light of the preceding discussion, it would thus be appropriate to represent the regenerant
species concentration profile in the model. As an illustration of this, a plug flow profile
(Figure 6.4) is assumed for the regenerant species concentration in the effluent from the
Regenerant Displacement stage and incorporated into the model. In considering this change to
the optimisation model, it is noted that the residence time distribution is unlikely to conform to
a plug flow profile practically; this model does however represent the best case scenario in
terms of the reuse of regenerant-containing effluents.

HCI
Concentration

\4

time

Figure6.4. Concentration profile for HCI in the effluent emerging during the
Regenerant Displacement stage of the demineralisation plant
regeneration (cation-exchange resin bed).
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Table 6.4 presents the results obtained from the optimisation of the demineralisation plant
subsystem model which includes the effluent concentration profile for the regenerant species
presented in Figure 6.4. The proposed network configuration is presented in Figure 6.5.

Table6.4. Comparison of the performance of the demineralisation plant in its
existing configuration and the modified optimal configuration as
projected over an annual period (360 days). The comparison is based
on a fixed amount of demineralised water being available to the rest of

the plant.
Unit Existing Optimal Percentage
Configuration Configuration |mprovement

[%]

Demineralised Water

Requirement by Rest of Plant [vy] 107733 1077733 i

Duratlc?n of Normal Cycle of [h] 16 13.19 i

Operation

Regeneration Cycles [cycles/y] 450 528 -

Umgeni Water [t/y] 57 407 0 100

Umbogintwini River Water [t/y] 57 407 110270 -92

Total Water [t/y] 114 814 110270 4

Hydrochloric Acid

(31% m/m HCI) [t/y] 158 121 23

Caustic Soda

(32% m/m NaOH) [t/y] 176 134 23

Effluent [t/y] 10 100 2784 72

Total Cost* [R/y] 540 667 364 161 33

Unit Cost of Demineralised

Water* [R/] 4.71 3.16 33

* These costs correspond to those for the year 2000.

With the incorporation of the effluent concentration profile for the Regenerant Displacement
stage in the demineralisation process module, further improvements in the utilisation of
materials is shown to be possible. In particular, all of the effluent from the both the Regenerant
Displacement stage and Fast Rinse stage is recovered. This results in a 72% reduction in the
volume of effluent generated, relative to the existing configuration, with the unit cost
associated with the demineralised water being reduced to R 3.16 per ton. It is of course noted
that the assumed concentration profile represents an ideal situation and these results would be

optimistic. A more realistic profile could nevertheless be easily incorporated.
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Figure 6.5. Diagram showing the modified network configuration for the
demineralisation plant subsystem. This configuration arises when the
plug flow effluent concentration profile associated with the Regenerant
Displacement stage of the regeneration sequence is incorporated in the
optimisation model.

In light of these considerations on the concentration profile of the reagent species in the
effluent, it is appropriate to question the logical exclusion of the possibility of reusing effluent
from the Pre-Inject & Regenerant Inject stage in the preparation of the regenerants for the
succeeding regeneration cycle. There are however two residence time distribution
considerations associated with this option. Firstly, there will be a residence time distribution
profile associated with the progression of water hold-up in the resin bed at the start of the
Regenerant Inject stage and secondly, there will be a residence time distribution profile
associated with the elution of ions from the ion-exchange resin by the regenerants during the
Regenerant Inject stage. In particular, there will be a point along the latter profile at which the
concentration of removed ions in the effluent is low enough such that the effluent is of suitable
quality for recovery. In determining this point at which regenerant recovery begins, suitable
concentration profile data are required. These profiles may similarly be incorporated into the
process module. While not intended to be an accurate representation, Figure 6.6 provides a
visual illustration of these concepts.
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Figure 6.6. Concentration profiles of the regenerant and contaminant speciesin
the effluent emerging fromthe Pre-Inject & Regenerant Inject stage of
the regeneration procedure. These profiles show a hypothetical point
at which the reuse of regenerant-containing effluent may be possible.

As a final comment on the demineralisation plant subsystem, the quality of the water sources
available for treatment by demineralisation will be variable, and particularly seasonal. The use
of one water source rather than the other is based on the ratio between cost and ionic load.
Given the variability associated with the water quality, benefit may be derived from running the
optimisation on a regular basis as seasons and material costs change. It is noted that for the
problem at hand, it is only economically feasible to use the municipal supply of water when its
cost decreases from R 3.26 per ton to R 2.64 per ton.

6.2.2 The Chemical Production Subsystem

The network configuration for the chemical production subsystem, as determined by
optimisation, involves 74 connections between sources and sinks of the subsystem; some 39 of
these connections are not present in the existing configuration. Given the complexity of this
solution, it is not deemed feasible to represent the network configuration diagrammatically as
was done for the demineralisation plant subsystem. The reuse matrix showing the mass flows
of materials between the various sources and sinks associated with the subsystem is however
presented in Appendix D. This section considers the results obtained from the optimisation of
the chemical production subsystem in isolation from the other subsystems. Section 6.2.2.1
considers the solution in a general sense and highlights some of the notable connections that
are proposed. From this stage, the discussion branches into two areas. The first of these areas
pertains to the global insight into the significance of the solution as derived from an analysis of
the marginal values provided by the optimisation (Section 6.2.2.2). The second area involves a
consideration of whether the proposed solution is practically realisable ( Section 6.2.2.3).
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6.2.2.1 Features of the Optimal Configuration for the Chemical Production Subsystem

Table 6.5 presents a comparison between the daily water and material consumption and
effluent production figures associated with the existing and proposed network configurations
for the chemical production subsystem. These figures include only those elements of the
subsystem represented in the optimisation model. It is noted further that these figures pertain
to the optimisation of the chemical production subsystem in isolation from all other
subsystems. For this task, as has been noted previously, production levels and existing
demands associated with the subsystem have been maintained at their existing levels, as has the
unit cost associated with demineralised water. The following points are highlighted regarding
the material consumption and effluent production figures for the proposed network
configuration:

* The optimal network configuration shows a reduction of 58 % in the amount of
water used and a reduction of 56 % in the amount of effluent produced by those
elements of the subsystem included in the optimisation model.

* There are slight improvements in the consumption of raw salt, hydrochloric
acid, caustic soda, sodium bisulphite, alpha-cellulose and chlorine gas. The
proposed network configuration however uses more sodium carbonate,
flocculant and steam.

* The salt load associated with the effluent has decreased slightly from the
existing configuration but there is a slight increase in the NaOH mass-load.

* The optimal configuration shows a slight decrease in the regeneration frequency
for the ion-exchange plant.

Some of the notable topological features of the proposed network configuration as observed

from the material reuse matrix presented in Appendix D are as follows:

* Demineralised water is only used at the caustic soda dilution demand associated
with the electrolyser process module; this was a process requirement. All other
water demands are satisfied by water sources within the subsystem rather than

external sources.

* The condensate from the chlorine cooler is routed to the sodium hypochlorite
synthesis plant rather than through the dechlorinators.
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Table6.5. Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal
network configuration for the chemical production subsystem. This
comparison only reflects those areas of the subsystem considered in the

optimisation.
Unit Existing Optimal Per centage
Configuration Configuration I mprovement

[%]
Demineralised Water [t/d] 198.09 98.64 50
Umbogintwini River Water [t/d] 34.62 0 100
Total Water [t/d] 232.71 98.64 58
Raw Salt [t/d] 142.96 142.71 0.17
gﬁ‘;"rﬂ}:ﬁﬁ&c‘d [t/d] 7.18 6.73 6.2
Caustic Soda (32% m/m NaOH)  [t/d] 67.21 66.82 0.6
Caustic Soda (38% m/m NaOH) [t/d] 0 0 -
Caustic Soda (50% m/m NaOH) [t/d] 0 0 -
Sodium Carbonate [t/d] 1.056 1.061 -0.53
Sodium Bisulphite [ke/d] 359.5 353.7 1.6
Flocculant [kg/d] 7.77 8.03 -3.3
Alpha-Cellulose [ke/d] 31.1 29.0 6.6
Chlorine [t/d] 14.73 14.72 0.1
Steam [t/d] 70.80 71.67 -1.2
Effluent [t/d] 235.19 104.19 56
Solid Waste [ke/d] 39.9 37.6 5.6
NaCl Load to Effluent [t/d] 14.20 13.73 33
NaOH Load to Effluent [kg/d] 39.9 84.0 -110
Operaton of Cation-Exchanger " 2 7256 -
Annual Saving* [R/y] 730313 -

* These costs correspond to those for the year 2000.

* Effluent from the cation-exchange regeneration sequence is almost completely
recovered. The effluents from the various stages of the regeneration sequence
are used as follows:

* Brine effluents from the Brine Displacement and Brine Replacement
stages are routed to the brine inlet associated with the precipitation
process module.
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A portion of the effluent from the Backwash stage is used to satisfy,
in part, the water demand for the succeeding regeneration cycle;
another portion is used in the preparation of the dilute caustic soda
required for the succeeding regeneration cycle. The balance is sent to
effluent.

A portion of the effluent from the Acid Displacement stage is used in
the preparation of the dilute hydrochloric acid required for the
succeeding regeneration cycle. The balance is routed to the
hydrochloric acid demand associated with the electrolyser process
module. The effluent from the Acid Regeneration stage is similarly
routed to the hydrochloric acid demand associated with the
electrolyser process module.

A portion of the effluent from the Caustic Regeneration stage is used
in the preparation of the caustic soda required for the succeeding
regeneration cycle. The balance is used to satisfy, in part, the caustic
soda demands associated with the precipitation process module and
the hydrogen chloride scrubber.  Effluent from the Caustic
Displacement stage is used in part to satisfy the caustic soda demand
associated with the succeeding regeneration cycle with the balance
being routed to the sodium hypochlorite synthesis process module.

Brine from the primary filtration stage is used for the backwash of the primary

filter rather than brine from the secondary filtration stage.

* The brine purge is located between the secondary dechlorination stage and the

resaturator as in the present configuration.

* Of the three sources of concentrated caustic soda available to the subsystem,

only the 32 % m/m NaOH source is used.

In terms of these topological features, the following points are noted:

* In terms of the use of water within the subsystem, it is noted that no
Umbogintwini River water is used. Umbogintwini River water is used in the
current network configuration to dilute the waste sodium hypochlorite entering
the Hydecat destruction plant. This demand is however completely satisfied by

water-reuse in the optimal configuration.

Upon closer examination of the solution however, it is noted that the quality
associated with these water sources is better than that of the Umbogintwini
River water. The only reason that the optimisation favours the use of these
water sources ahead of the Umbogintwini River water is that they are available
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for use at no cost. Given the superior quality of these water sources, the
possibility does exist that they may be used more effectively in the production
of demineralised water, a possibility which is explored when the subsystems are
integrated (Section 6.3).

* The routing of the condensate from the chlorine cooler to the sodium
hypochlorite synthesis plant represents a more economical routing strategy for
this source.

* The recovery of the hydrochloric acid effluent to the demand associated with
the electrolyser process module indicates that the cost incentive for hydrochloric
acid recovery outweighs the cost of removing the additional mass-loads of
calcium and magnesium from the brine circuit.

* Analogous reuse strategies to those observed for the demineralisation plant
subsystem are observed for the effluents associated with the regeneration of the
cation-exchange procedure, that is, the reuse of effluent to satisfy, in part, the
demands associated with the succeeding regeneration cycle. Similar arguments
to those presented in the analysis of the demineralisation plant subsystem on the
inclusion of concentration profiles in the model are appropriate.

* The use of brine from the primary filtration stage for backwashing purposes
suggests that this option is more economical than the current practice of using
brine from the secondary filtration stage.

* A choice of locations for the brine purge is included in the superstructure for the
problem. The positioning of the brine purge at the same location as that of the
current network verifies that this is the economically optimal position for the

purge.

* The use of 32% m/m NaOH caustic soda is more economical than using the
more concentrated sources. As it turns out, it is the ratio of cost to the NaOH
concentration which is the significant parameter which determines the
feasibility of using the source.

Having reviewed the topological features of the proposed network configuration, some analysis
of the changes in the material consumption figures by the subsystem is appropriate. These
changes are attributable to a number of factors; Table 6.6 presents a listing of these factors as
pertaining to the various materials.
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Table6.6. Listing of materials and factors contributing to the change in
consumption of these materials in the proposed network configuration.

Material

Contributing factorsresulting in net change

Raw Salt

Factors:

- Brine effluent from the cation-exchange regeneration is recovered.
- Brinelost viathe purge and brine sludge are dightly higher.
Result: Net Decrease

Hydrochloric Acid

Factors:
- HCl-containing effluent from cation-exchange regeneration is

(31% m/m HCI) recovered.

Result: Net Decrease

Factors:

- NaOH-containing effluent from cation-exchange regeneration is

recovered.

- Less caustic sodais used on secondary dechlorination due to
Caustic Soda decreased Cl, and HCI load in the brine from primary dechlorination.
(32% m/m NaOH) Thisis due to the rerouting of condensate from the chlorine cooler.

- More caustic sodais used for precipitation due to an increased MgCl,
load. Thisis caused by the recovery of HCI-containing effluent from
the cation-exchange regeneration.

Result: Net Decrease

Sodium Carbonate

Factors:

- More sodium carbonate is used for precipitation due to an increased
CaCl, load. Thisis caused by the recovery of HCI-containing
effluent from the cation-exchange regeneration.

Result: Net Increase

Sodium Bisulphite

Factors:

- Less sodium bisulphite is used due to a decreased Cl, load in the
brine from primary dechlorination. Thisis due to the rerouting of the
condensate from chlorine cooler.

Result: Net Decrease

Factors:
- More flocculant is used due to an increased solids (precipitate) load

Flocculant onthe clarifier. Thisiscaused by the recovery of HCI-containing
effluent from cation-exchange regeneration.
Result: Net Increase
Factors:
- Less alpha-cellulose is used due to areduced solids load on the
Alpha-Cellulose secondary filter. Thisis caused by the use of brine from primary
filtration rather than secondary filtration for the backwash of the
primary filters.
Result: Net Decrease
Factors:
. - Less chlorineisrequired for sodium hypochlorite synthesis due to the
Chlorine : .
rerouting of condensate from chlorine cooler.
Result: Net Decrease
Factors:
- More steam is required due to an increased caustic soda throughput
Steam on caustic evaporation. Thisisdueto the decrease in the interna use

of caustic soda.
Result: Net Increase
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Table 6.7 presents a comparison of the consumption figures for the entire chemical production
subsystem in its existing and proposed configurations. These figures include those elements of
the chemical production subsystem not included in the optimisation.

Table6.7. Comparison of water and material requirements and effluent production
associated with the existing network configuration and the optimal
network configuration for the chemical production subsystem. This
comparison reflects all areas of the chemical production subsystem,
including those elements not considered in the optimisation.

Unit Existing Optimal Per centage
Configuration Configuration Improvement
[%]

Demineralised Water [td] 289.74 190.30 34
Umbogintwini River Water [t/d] 39.94 5.32 87
Total Water [t/d] 329.68 195.62 41
Raw Salt [t/d] 142.96 142.71 0.16
gﬁ‘g}fﬁ:}:ﬁﬁg;’d [t/d] 7.62 7.17 5.8
Caustic Soda (32% m/m NaOH)  [t/d] 67.21 66.82 0.6
Caustic Soda (38% m/m NaOH)  [t/d] 0 0 -

Caustic Soda (50% m/m NaOH)  [t/d] 0 0 -

Sodium Carbonate [t/d] 1.056 1.061 -0.53
Sodium Bisulphite [kg/d] 359.5 354 1.6
Flocculant [kg/d] 7.77 8.03 -3.3
Alpha-Cellulose [ka/d] 311 29.0 6.6
Chlorine [vd] 32.78 32.77 0.05
Hydrogen [kg/d] 723.3 723.3 -

Steam [vd] 70.80 71.67 -1.2
Effluent [vd] 240.71 109.70 54
Solid Waste [ko/d] 39.9 376 5.6
NaCl Load to Effluent [vd] 14.2 13.7 33
NaOH Load to Effluent [kg/d] 39.9 84.0 -110

Having explored the proposed network configuration in some detail, there are two distinct
areas of consideration that emerge. The first of these areas involves the identification of
process interventions which could be effected to the system such that further improvement in
performance may be achieved. The second area sees attention being directed toward the
practicalities of implementing the proposed reuse strategy. Included in this discussion is an
assessment of the validity of the solution proposed by the optimisation. Each of these areasis
considered in turn.
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6.2.2.2 Chemical Production Subsystem Solution Analysis

In analysing the marginal values for the chemical production subsystem, it is assumed that the
parameters related to the design and performance of the various process modules are
representative of the actual design and performance of the operations involved. Any
sensitivities reported by the optimisation must therefore correspond to the quantities and
gualities of materials entering the subsystem. Figure 6.7 shows the non-zero species inlet
concentration sensitivities for the chemical production subsystem. The constraints with which
these marginal values are associated are part of the set of pinch constraints which limit the
performance of the chemical production subsystem.
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Figure6.7. Graphical representation of the non-zero marginal values associated
with the concentration constraints of the different species at the inlets
of process modules in the chemical production subsystem.
Concentration is expressed in terms of mass fraction.

From an analysis of Figure 6.7, the following points are made:

* The largest marginal values are reported for the concentration limits of Cl, and
NaOH at the inlet of the sodium hypochlorite synthesis plant. Given that these
are required at these concentrations for the production of sodium hypochlorite,
no relaxation of these constraintsis possible.

* Margina values are reported for both NaCl and NaClO; at the inlet of the
electrolyser.  With the concentration constraint for NaCl being a process
requirement, no relaxation of this constraint is possible. The concentration
constraint related to NaClO; presents a more interesting case however.
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Seemingly it is this constraint which prevents a further reduction in the
objective variable. Thus, attention should be focussed on assessing whether this
particular constraint can be relaxed. A careful analysis of the involvement of
NaClO; in the brine circuit however reveals other options.

The NaClOs; load arises in the brine circuit solely due to its generation in the
electrolyser, that is, there are no other sources of NaClOs; entering the circuit.
Concentration levels in the brine circuit are regulated through the brine purge
with a certain mass-load of the species also being removed from the circuit
alongside the brine sludge. In the proposed network configuration, it is thus
NaClO; that determines the purge flow from the brine circuit. It is through a
decrease in this flow that an improvement in the objective variable arises. If the
introduction of a treatment process which reduces the level of NaClOs in the
circuit is excluded as a possibility, there are two routes to reducing the purge
flow. The first involves an adjustment to the operating conditions in the
electrolyser such that the level of NaClO; generated is reduced. The second
route involves the relaxation of the species concentration limit at the inlet to the
electrolyser such that a higher NaClO; load is circulated around the brine
circuit. While these two options are noted, only the latter is explored.

According to the warranty on the electrolyser membranes, it is possible to relax
the concentration limit on NaClO; by a small amount. When this is done and
the chemical production subsystem optimised once more, the purge flow is
reduced, but only until the concentration limit on N&SQO, is reached. Further
relaxation of the NaClO; concentration constraint does not reduce the purge
flow further and thus has no effect on the value of the objective variable and the
material consumption figures. In this situation it is the NaSO, concentration
constraint at the inlet of the electrolyser which becomes part of the set of pinch
constraints.

A similar analysis of how the NaSO, load arises in the circuit should be
conducted. Relaxation of this concentration constraint is not possible within the
limitations specified by the warranty on the electrolyser membranes. Other
opportunities for reducing the load in the circuit would thus need to be explored.
Having demonstrated the approach required in analysing the solution provided
by the optimisation, further exploration of this areais not considered. Table 6.8
presents the consumption figures pertaining to the modified problem.

* A small marginal value is reported for the concentration limit of NaOH at the
caustic soda inlet to the precipitation process module. Due to the magnitude of
this sensitivity, it is not explored.

It is noted that the analysis of results presented here does not represent an exhaustive
examination of the insight they can provide. Nevertheless, the approach is considered to be
have been demonstrated adequately.
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Table6.8. Comparison of water and material requirements and effluent production
associated with the existing network configuration and the modified
optimal network configuration for the chemical production subsystem.
The comparison only reflects those areas of the subsystem considered in
the optimisation.

Unit Existing Optimal Per centage
Configuration Configuration Improvement
[%]
Demineralised Water [t/d] 198.09 98.64 50
Umbogintwini River Water [t/d] 34.62 0 100
Total Water [td] 232.71 98.64 58
Raw Salt [t/d] 142.96 142.27 0.48
(Hsﬁ‘g/zoﬁs'rgr:CAl)c'd [/dl] 7.18 6.73 6.2
Caustic Soda (32% m/m NaOH)  [t/d] 67.21 66.82 0.6
Caustic Soda (38% m/m NaOH)  [t/d] 0 0 -
Caustic Soda (50% m/m NaOH)  [t/d] 0 0 -
Sodium Carbonate [td] 1.056 1.061 -0.50
Sodium Bisulphite [kg/d] 359.5 353.7 16
Flocculant [ka/d] 7.77 797 -25
Alpha-Cellulose [kg/d] 31.08 28.98 6.7
Chlorine [t/d] 14.73 14.72 0.1
Steam [td] 70.80 71.67 -1.2
Effluent [t/d] 235.19 103.75 56
Solid Waste [ko/d] 39.86 37.17 6.7
NaCl Load to Effluent [vd] 14.2 133 6.3
NaOH Load to Effluent [kg/d] 39.9 83.3 -109
Opraionof Caton xchanger ) 72 7249 -
Annual Saving* [Riy] - 771571 -

* These costs correspond to those for the year 2000.

6.2.2.3 Implementation and Validity Considerations for the Chemical Production Subsystem

Having explored the proposed network configuration in some detail and examined the
analytical implications of the results, attention shifts to assessing the validity of theinitial reuse
strategy identified by the optimisation. This being established, attention shifts to the
implementation of this reuse strategy.
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From a mathematical perspective, the initial reuse strategy provided by the optimisation is
considered valid due to:

* The concentration constraints associated with the various demands are all
satisfied;

* The required production rates of chlorine, hydrochloric acid and sodium
hypochlorite are observed; and

* The proposed configuration is similar to the current configuration in terms of
the transformation of raw materialsto products.

In Chapter 5, it was noted that there is an implicit assumption in the formulation of the process
modules that the performance of the operations they represent is independent of the inlet
species concentrations to the operations. The only way this assumption can be verified is
through simulation or plant trials. As a comment however, it is noted that the changes in the
concentrations of species to the various processes in the optimal configuration is not largely
different from those of the current configuration. These models should therefore be reasonably
representative of the performance of the actual operations in the optimal configuration.
However, again, this can only be verified by simulation or plant trials.

While validity from these perspectives is an important issue, there are other issuesinvolved in
implementing the proposed solution. As such, one criticism of the proposed network
configuration is that it divides streams into several smaller branches. Such configurations are
difficult to control and costly to implement. The obvious way around this problem involves the
inclusion of further mixed integer constraints of the form:

> Z;; <N 6.5
j
Zzi,j < Nj,max 66

where Nima IS the maximum number of branches that secondary source i may be divided into
and N;m is the maximum number of branches which may combine to feed sink j. However,
with the complexity of the model involved, convergence problems were encountered when the
model was solved as an MINLP. The solution of the model as an RMINLP may provide some
improvement in the number of connections, but with the mixed integer variables being treated
as continuous, there is no guarantee that they will be strictly adhered to. Another option is to
make appropriate changes to the connectivity matrix such that the number of connections is
reduced, though this may be tedious.

Given these problems, another strategy for implementation is presented. As noted already,
there is a large number of connections (39) present in the network configuration proposed by
the optimisation which are not present in the existing configuration. As such, there will be a
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different cost incentive associated with each of these proposed source-sink matches. In moving
towards implementation, it is hecessary to identify and prioritise which of these connections
are the most promising such that they may be investigated further. Some criterion is however
required such that priority may be assigned to the various matches. The proposed prioritising
method involves an evaluation of the proposed connections on the basis of the cost of replacing
the match with external sources and the cost associated with the disposal of the original source.
Using the brine effluent from the cation-exchange regeneration sequence as an example, its
ranking is based on the sum of two costs. The first cost involves the cost of raw salt and
demineralised water required to produce a source equivalent to the effluent. The second cost
reflects the expense involved in routing the brine effluent to the effluent treatment facility.
Table 6.9 shows the alternate connections ranked in order of decreasing value. These
connections are further represented as a proportion of the sum of the ranking costs across all
connections. The cumulative percentage is also shown. It is noted that only the top third of the
matches are shown in this table.

Table6.9. Listing of the more economically attractive source-sink matches
proposed by the optimisation in order of descending ranking cost.

Match Flow Proportion ~ Cumulative
[t/d] [%] Percentage
[%]
Water from collection drain to precipitation 21.908 12.15 12.15

Chlorine condensate to sodium hypochlorite

. 18.925 9.23 21.38
synthesis

Effluent from Acid Regeneration to
hydrochloric acid demand on electrolyser 2.089 6.62 28.00
process module

Effluent from Brine Displacement to

. 5.478 6.44 34.44
precipitation
Effluent from Acid Displacement to
hydrochloric acid demand on electrolyser 3.572 6.43 40.87
process module
H, cooler condensate to precipitation 11.081 6.14 47.01
H. cool er condensate to cation-exchange 8.879 492 5193
regeneration - water demand
Effluent fr_om Caustl_c Displacement to sodium 5237 451 56.44
hypochlorite synthesis
Water frqm collection drain to cation-exchange 7738 429 60.73
regeneration - water demand
V\/atgr from collection drain to floccul ant 6.913 3.83 6457
dilution
Effluent from Acid Displacement to
cation-exchange regeneration - hydrochloric 173 311 67.68

acid demand

cont.
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Table6.9. cont.

Match Flow Proportion ~ Cumulative
[t/d] [%] Per centage
[%]

Effluent from Caustic Displacement to

cation-exchange regeneration - caustic soda 2.197 2.89 70.57
demand

Effll_Je_nt f_rom Brine Replacement to 1764 289 73.46
precipitation

The following points are noted regarding the listing of ranking costs presented in Table 6.9:

* Notably, the flowrate associated with a proposed match is not an indication of
its economic attractiveness as an option. In particular, the third most
economically attractive option has the third smallest flowratein Table 6.9.

» Significantly, some 70 % of the potential savings are accrued through less than a
third of the proposed matches.

In light of these considerations, it is proposed that the matches highlighted in Table 6.9 form
the basis of the reuse strategy. While this will not provide the full integration benefit, it is
probably representative of what is achievable practically. If these matches are analysed, the
areas of reuse to target are roughly as follows (Table 6.10):

Table 6.10. Listing of the more economically attractive reuse schemes as identified
by an analysis of the proposed source-sink matches.

Match Per centage of Sum of
Rankings
Reuse of effluent from cation-exchange regeneration 36
Reuse of effluent from collection drain 22
H, Cooler condensate reuse 11

One further option which may be investigated is the recovery of the effluent from the pump
seals. Thiswater is considered to be of high quality and although there are several sources of
this water, collectively, these sources account for approximately 20 % of the total ranking cost.
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6.2.3 The Cooling Circuit Subsystem

Having demonstrated the approach to analysing the solution provided by the optimisation in the
other two subsystems, the results from the optimisation of the cooling circuit subsystem are
considered only briefly. Table 6.11 presents a comparison of the water consumption and
effluent production figures for the existing network configuration and the proposed network
configuration. The proposed network configuration is shown in Figure 6.8. The reuse matrix
showing the distribution of material between the various sources and sinks associated with the

subsystem is presented in Appendix D.

Table 6.11. Comparison of the water requirement and effluent production
associated with the existing network configuration and the optimal
network configuration for the cooling circuit subsystem.

Unit Existing Optimal Per centage
Configuration Configuration Improvement
[%]
Umbogintwini River Water [t/d] 846.62 828.16 2
Effluent [t/d] 128.12 109.66 14
Annual Saving [RiY] - 67 188 -

* These costs correspond to those for the year 2000.

Umbogintwini
River Water
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Figure 6.8. Diagram showing the optimal network configuration for the cooling
circuit subsystem.
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In terms of the figures presented in Table 6.11 and the proposed network configuration shown
in Figure 6.8, the following points are made:

* The savings in water consumption and effluent production are not as significant
as those for the other subsystems.

* In terms of the proposed network configuration, only the Linde, Sulzer and
MBC cooling circuits use Umbogintwini River water as make-up. The make-up
demands associated with the LC cooling circuit is satisfied by using the
blowdown volumes from the different cooling circuits. The LC cooling circuit
is the only circuit which sends a volume of water to the effluent treatment
facility.

It should be noted that constraints specifying blowdown volumes are not included in the
models for the process modules. These are determined during the course of the optimisation
and are subject to the inlet concentration limits of the cooling towers (which are maintained at
their existing concentrations initially). This produces a solution which routes large quantities
of water from one cooling tower to another, an option which will be costly to implement from a
pumping point of view. In practice, there are numerous designs which will achieve the
targeted flowrate for the system and a less expensive option, in terms of pumping costs, is
sought. For this reason, additional constraints are added to the optimisation model so that the
direct recycle of water to the various cooling towers is maximised. These constraints are
however adjusted such that there is no increase in the objective variable for the problem. For
this problem this is consistent with there being no change in the amount of water used and
effluent produced by the system. The network configuration presented in Figure 6.8
corresponds to this modified problem. The comment is made that this design is somewhat
complex; a simpler design configuration was however not explored.

An analysis of the marginal values provided by the optimisation shows that it is the
concentration constraint associated with Na,COs; at the inlet of the LC cooling tower that
prevents a further improvement in the objective variable. The analysis should thus proceed to
an investigation of the validity of this constraint. While this analysis is not considered further,
the point is made that there is a reasonable amount of uncertainty inherent in the formulation of
the model such that this should be the first area considered in this analysis. Notably, the
aquatic speciation package MINTEQA2 (Allison et al., 1991) was used in determining how
much carbonate would be present in the water in equilibrium with the atmosphere.

A further comment regarding the integration of the different cooling circuits is that an analysis
of the energy-side of the problem would be needed before any implementation is considered.
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6.3 SUBSYSTEM INTEGRATION

Having considered the optimisation of the three individual subsystems in isolation from each
other, attention now shifts to the integration of these subsystems. Apart from exploring
opportunities for water-reuse from one subsystem to another, the integration of the subsystems
quantifies the performance of the subsystems as an integrated unit. In addition, a more realistic
reflection of the potential savings accruable from the proposed reuse strategy is provided.
Before the strategy for integrating the subsystems is described, it is necessary to consider some
of the effects arising from the optimisation of the individual subsystems.

The first of these effects relates to the decrease in demand for demineralised water by the
chemical production subsystem. In line with this decrease, the demineralisation plant could
either decrease its rate of production of demineralised water or could continue at its present
rate of production with the spare demineralised water being exported from the complex or used
elsewhere. If the export of demineralised water is excluded as a possibility, then the water
might be used in the cooling circuit subsystem, but only if economically feasible. If it is not
economically feasible, then the rate of production of demineralised water should decrease.

It has been noted previously that there are a number of good quality water sources present
within the chemical production subsystem which might be more effectively used in the
demineralisation plant subsystem. In the network configuration proposed by the optimisation
of the chemical production subsystem in isolation from the other subsystems, these water
sources are routed to the Hydecat destruction plant. It is however feasible to use Umbogintwini
River water for this purpose instead.

In verifying this scenario, a fictitious sink was added to the model for the chemical production
subsystem. Given that the quality associated with the water sources of interest is superior to
that of Umbogintwini River water, a recovery cost factor, equivalent to the saving in treatment
costs which would be achieved by routing these water sources to the demineralisation plant,
was attached to this sink. When the model is optimised once more, Umbogintwini River water
is used at the Hydecat destruction plant instead of these good quality water sources, which are
now routed to the fictitious sink in the new configuration. It is this water which is available for
use in the demineralisation plant subsystem.

One complication in integrating the various subsystems comes with the model for the
demineralisation plant subsystem being based on the production of a particular quantity of
water. The model for the chemical production subsystem is however based on daily production
and is thus rate based. In integrating these two subsystems, the water available to the
demineralisation plant from the chemical production subsystem must be converted to a quantity
of water supplied per cycle rather than a continuous flowrate to the demineralisation plant.
This quantity of water is equivalent to the product of the total cycle time for the
demineralisation plant, that is, the time for one complete normal cycle of operation and one
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regeneration cycle, and the rate of supply of this water from the chemical production
subsystem.

The use of the good quality water from the chemical production subsystem in the production of
demineralised water has the effect of decreasing the frequency of regeneration. With the
demineralisation plant model being based on the production of a fixed quantity of water, this is
equivalent to an increase in the proportion of the total feed water to the demineralisation plant
supplied by the chemical production subsystem. With this water being available to the
demineralisation plant at no cost (excluding pumping costs), the unit cost of the demineralised
water decreases.

As noted previously, spare demineralised water may be used in the cooling circuit subsystem, if
economically feasible. At present it is the higher cost associated with the demineralised water
which prevents any from being used in the cooling circuit subsystem. In terms of the decrease
in the unit cost of demineralised water, a point must be reached where it becomes economically
feasible to use any spare demineralised water in the cooling circuit subsystem. In terms of
integrating the subsystems, it is necessary to identify this point. In doing this, the availability
limit on demineralised water was removed from the model for the cooling circuit subsystem.
The cost factor associated with the use of demineralised water was reduced until such point
where demineralised water was used in preference to the Umbogintwini River water presently
used. While the exact point was not identified, it was found that for a demineralised water cost
factor of R 2.693 per ton, only demineralised water was used by the subsystem while for a
demineralised water cost factor of R 2.695 per ton, only Umbogintwini River water was used™.
From this analysis, it may be concluded that it is feasible to use demineralised water in the
cooling circuit subsystem if the unit cost of demineralised water decreases below R 2.695 per
ton.

The use of demineralised water in the cooling circuit subsystem has the effect of increasing the
overall demand for demineralised water. This results in an increase in the regeneration
frequency of the demineralisation plant. With this increase in regeneration frequency, the
proportion of the total feed water to the demineralisation plant supplied by the chemical
production subsystem decreases and the unit cost of the demineralised water increases once
again. As such, the use of demineralised water is only economically feasible as long as the unit
cost for demineralised water remains below R2.695 per ton. It is thus possible to use any
additional demineralised water in the cooling circuit but only to the extent that the unit cost
does not rise above the threshold value. This value is thus a significant point in the integration
strategy since it marks the change in the pattern of use of the demineralised water.

One further effect of the changing regeneration frequency is that it changes the amount of
caustic soda required for the regeneration of the demineralisation plant. This amount must be
supplied from the chemical production subsystem. A decrease in the regeneration frequency
results in a decrease in the demand for caustic soda by the demineralisation plant. This in turn

! Within the unit cost range R 2.693 per ton to R 2.695 per ton, a combination of Umbogintwini River
water and demineralised water is used, with the proportion of demineralised water increasing as the
unit cost of demineralised water decreases.
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results in an increased throughput of caustic soda to the caustic evaporators. More steam is
required to effect the evaporation and more condensate is produced from the evaporation
process.
quality water available for export to the demineralisation plant and thus brings further change

The increase in the amount of condensate in turn will affect the amount of good

in the regeneration frequency of the demineralisation plant.

In light of these considerations, an iterative procedure is required for the integration of the

subsystems. This strategy is outlined as follows:

1

Initially, the assumption is made that there is no export of water from the
chemical production subsystem to the demineralisation plant subsystem. In
addition, it is assumed that the caustic soda demand from the demineralisation
plant is the same as that of the existing network configuration. The unit cost of
demineralised water is similarly assumed to be the same as that associated with
the existing network configuration.

From the optimisation of the demineralisation plant subsystem, the quantity of
water available to the rest of the plant, the amount of caustic soda required for
regeneration in producing this quantity of water and the unit cost of
demineralised water are recorded.

From the optimisation of the chemical production subsystem, the daily quantity
of water available for export from the chemical production subsystem and the
demand for demineralised water by those elements of the subsystem included in
the optimisation model are recorded. The total daily demand for demineralised
water by the chemical production subsystem is determined by incorporating the
demand associated with those elements not included in the optimisation model.

Based on the chemical production subsystem’s annual demand for
demineralised water, the number of regeneration cycles per annum and the total
cycle time for the demineralisation plant are calculated. As noted previously,
the model for the demineralisation plant subsystem is based on the production of
a particular quantity of demineralised water. Based on the calculated
regeneration frequency, the time required for the demineralisation plant to
produce this particular quantity of water is calculated. The amount of water
available for export to the demineralisation plant subsystem from the chemical
production subsystem during this period is then determined.

The demineralisation plant subsystem model is updated to reflect this amount of
water available from the chemical production subsystem and the model is
optimised once more. As previously, the amount of caustic soda required for
regeneration, the amount of demineralised water available to the rest of the plant
and the unit cost of demineralised water are recorded.
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5 Based on the results obtained from the optimisation of the demineralisation
plant subsystem model, the daily demand for caustic soda is determined. The
model for the chemical production subsystem is modified to reflect the updated
unit cost of demineralised water and the updated caustic soda demand as derived
from Step 4. From the optimisation of the chemical production subsystem, the
daily quantity of water available for export and the daily demineralised water
demand are recorded.

6 If the criteria for convergence is satisfied, the procedure stops at this point. If
this criteria is not satisfied, Step 4 is repeated.

Within this strategy, it was noted that if the unit cost of demineralised water falls below the
threshold value of R 2.695, the use of spare demineralised water in the cooling circuit must be
included in the strategy. As it turned out, the unit cost for demineralised water remained above
this threshold value and this element of the integration strategy was therefore not developed.

Table 6.12 presents a comparison between the annual material consumption and effluent
production figures for various subsystems of the chlor-alkali complex in their existing
configurations and those configurations proposed by the optimisation. These figures reflect the
behaviour of the subsystems in combination with each other. The figures associated with the
existing network configuration have been adjusted to reflect the performance of the various
subsystems on an integrated basis. Table 6.13 combines the figures from Table 6.12 and
presents a comparison between the two network configurations of the chlor-alkali complex in
terms of the total consumption of materials and production of effluent.

Table 6.12. Comparison of materials used and waste generated by the chlor-alkali
complex in its existing network configuration and the optimal network
configuration. These figures reflect the performance of the different
subsystems in combination with each other.

Unit Existing Optimal Per centage

Configuration Configuration I mprovement
(%]

Demineralisation Plant Subsystem

Umbogintwini River Water [t/y] 55582 58 967 -6
Umgeni Water [t/y] 55582 0 100
Total Water [t/y] 111 164 58 967 47
Demineralised Water Produced  [t/y] 111 144 71 679 36
Caustic Soda (32% m/m NaOH) [t/y] 170 94 44
g’;ﬁl/ro";}}igrgc‘?;‘d [t/y] 153 85 44

cont.
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Table 6.12. cont.

Unit Existing Optimal Per centage
Configuration Configuration Improvement
[%]
Demineralisation Plant Subsystem
Effluent [t/y] 9779 3361 66
NaCl Load in Effluent [t/y] 85 47 45
NaOH Load in Effluent [t/y] 0.96 0.49 49
Annual Saving* (AS1) [R/y] - 294 615 -
Unit Cost of Demineralised [R/t] 4.71 3.19 32
Water
Number of Regeneration Cycles  [/y] 436 282 35
Duration of Normal Cycle of [h] 16.6 27.4 -
Operation
Chemical Production Subsystem
Demineralised Water [t/y] 104 308 68 507 34
Umbogintwini River Water [t/y] 14 378 14 378 0
Total Water [t/y] 118 686 82 885 30
Raw Salt [t/y] 51464 51377 0.17
Sodium Carbonate [t/y] 380 382.1 -0.54
Sodium Bisulphite [t/y] 129.4 127.3 1.6
Caustic Soda (32% m/m NaOH) [t/y] 24 196 23 881 1.3
Hydrochloric Acid [t/y] 2584 2424 6.2
(31% m/m HCI)
Chlorine [t/y] 11 802 11797 0.05
Hydrogen [t/y] 260.4 260.4 0
Steam [t/y] 25487 25 828 -1.3
Flocculant [kg/y] 2797 2 890 -3.3
Alpha-Cellulose [kg/y] 11 188 10 444 6.6
Effluent [t/y] 86 655 39 287 55
NaCl Load in Effluent [t/y] 5047 4 945 2
NaOH Load in Effluent [t/y] 14.36 30.22 -110
Solid Waste [ke/y] 14 349 13 545 6
Annual Saving* (AS2) [R/y] - 584 844 -

cont.
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Table 6.12. cont.

Unit Existing Optimal Per centage
Configuration Configuration Improvement
[%]
Cooaling Circuit Subsystem

Umbogintwini River Water [t/y] 304 782 298 136 2

Effluent [t/y] 46 124 39478 14

NaCl Load in Effluent [t/y] 21.2 20.7 2

Annual Saving* (AS3) [Rly] - 66 268 -

Total Annual Saving* [R/y] i 945727 i

(AS1+ AS2 + AS3)

* These costs correspond to those for the year 2000.

Table 6.13. Comparison of the total consumption of materials and waste generated
across all subsystems of the chlor-alkali complex in its existing network
configuration and the optimal network configuration.

Unit Existing Optimal Per centage
Configuration Configuration |mprovement
[%]
Umbogintwini River Water [t/y] 374 743 371 481 0.9
Umgeni Water [t/y] 55582 0 100
Total Water [t/y] 430 325 371 481 14
Demineralised Water [t/y] 104 308 68 507 34
Caustic Soda (32% m/m NaOH)  [t/y] 24 366 23975 1.6
gﬁf/ff’;l}}fgc‘?)c‘d [t/y] 2737 2509 8.3
Raw Salt [t/y] 51464 51377 0.17
Sodium Carbonate [t/y] 380.0 382.1 -0.53
Sodium Bisulphite [t/y] 129.4 127.3 1.6
Chlorine [t/y] 11 802 11797 0.05
Hydrogen [t/y] 260.4 260.4 0
Steam [t/y] 25 487 25 828 -1.2
Flocculant [kg/y] 2797 2 890 -3.3
Alpha-Cellulose [kg/y] 11188 10 444 6.6
Effluent [t/y] 142 557 82 126 42
NaCl Load in Effluent [t/y] 5153 5013 2.7
NaOH Load in Effluent [t/y] 15.3 30.7 -100
Solid Waste [kg/y] 14 349 13 545 5.6
Annual Saving* [R/y] - 945 727 -

* These costs correspond to those for the year 2000.
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While similar trends are observed for the various subsystems to when they were considered in
isolation from each other, the following points are noted regarding the results:

* The demineralisation plant shows a significant improvement in its performance
with the decrease in the demand for demineralised water by the rest of the
complex. Alongside this decrease, the frequency of regeneration decreases such
that the normal cycle of operation is now 27.4 h instead of 16.6 h in the existing
configuration. The unit cost associated with the demineralised water decreases
from R 4.710 to R 3.193 which is above the threshold value for use in the
cooling circuit subsystem.

From Table 6.12 it appears that more water is produced by the demineralisation
plant than is fed to it. The difference is however supplied by the sources from
the chemical production subsystem.

* In terms of the chemical production subsystem, it is noted that there is no cost
associated with the use of demineralised water. This cost is already represented
in the economics for the demineralisation plant. A decrease in the amount of
caustic soda required by the subsystem is observed compared to the demand
associated with the subsystem when it is optimised in isolation from the other
subsystems. This is due to an allowance being made in this model for the
demand associated with the demineralisation plant subsystem. With the
integration of the subsystems, this quantity is accounted for in the economics of
the demineralisation plant subsystem.

* With the unit cost associated with the demineralised water remaining above the
threshold value, the cooling circuit subsystem is unaffected by the integration of
the subsystems.

* In total, the potential economic savings associated with the proposed network
configuration amount to R 945 727 per annum based on costs from the year
2000. This solution achieves a 14 % reduction in the amount of water used by
the complex and a 42 % reduction in the amount of effluent generated.

Figure 6.9 presents a schematic diagram showing the interactions between the various
subsystems as they exist in the proposed optimal configuration. The demineralisation plant
subsystem now treats raw water and regenerates effluent from the chemical production
subsystem to a standard acceptable for use in the complex. This network configuration has the
advantage that most of the retrofit work involves routing the effluent streams to the
demineralisation plant. Once there, the piping is already in place to distribute the
demineralised water to the appropriate demands. It is further noted that while the assumption
was made that these effluent sources are of a quality similar to that of demineralised water, in
reality there may be a slight level of contamination present in these sources. The use of the
demineralisation plant subsystem in regenerating these sources thus ensures that the quality



CHAPTER 6 - ANALYSIS OF RESULTS 6.40

requirements of the complex are met. The reuse matrix showing the distribution of material
between the sources and sinks of the integrated subsystems is presented in Appendix D.

1 UoS Effluent
Treatment
Chemical .
| Production Demineralised Caustic Soda,
Water Hydrochloric
< Acid
Water

| Demineralisation
Plant

. Cooling
i’ Circuit

Umbogintwini
River Water

Figure 6.9. Schematic diagram showing the distribution of water and collection of
effluent from the subsystems of the chlor-alkali complex in its proposed
optimal configuration. Interactions between the various subsystems as
they exist in this configuration are also shown.

6.4 PLACING THISSTUDY IN CONTEXT

Having considered the application of Combined Water and Materials Pinch Analysis to the
chlor-alkali complex, it is appropriate to consider the results provided by this study in
comparison to those achieved by the other studies. With several changes to the system having
taken place since the initial study by Gardner (1999) it is appropriate only to consider the
comparison in terms of the percentage savings achieved. Table 6.14 presents a comparison of
the potential savings reported by Gardner, those reported for the Water Pinch Analysis study in
Appendix B and the results from the Combined Water and Materials Pinch Analysis study.
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Table 6.14. Comparison of the percentage savings achieved by the three studies
conducted at the chlor-alkali complex. These studies are the initial
study by Gardner (1999), the Water Pinch Analysis study and the
Combined Water and Materials Pinch Analysis study.

Initial Water Pinch Combined Water

Study Analysis and Materials
[%] [%] Pinch Analysis

[%]
Umbogintwini River Water N/A 7 09
Umgeni Water N/A 42 100
Total Water 72 11 14
Demineralised Water N/A 34 34
Caustic Soda (32% m/m NaOH) 29 0.2 1.6
Hydrochloric Acid (31% m/m HCI) 4.2 19 8.3
Raw Salt N/A 0 0.17
Sodium Carbonate N/A 0 -0.53
Sodium Bisulphite N/A 0 16
Chlorine N/A 0 0.05
Hydrogen N/A 0 0
Steam N/A 0 -1.2
Flocculant N/A 0 -3.3
Alpha-Cellulose N/A 0 6.6
Effluent 45 32 42
Solid Waste N/A 0 5.6
Annual Saving* [R/y] N/A 542 881 945 727

* These costs correspond to those for the year 2000.

In terms of these results Gardner reports water abstraction and effluent production savings in
excess of those predicted by either the Water Pinch Analysis or Combined Water and Materials
Pinch Analysis studies. The system considered by Gardner however included processes which
were not present in the system considered by the other studies. In addition, Gardner did not
include the cooling circuit in his analysis. As observed previously, the cooling circuit
subsystem is the greatest user of water and producer of effluent out of the three subsystems.
Given these considerations, it is difficult to draw comparisons between the initial study and
those which followed and this comparison is not explored further.

The comparison between the Water Pinch Analysis study and the Combined Water and
Materials Pinch Analysis study is however justified. The Water Pinch Analysis study was able
to realise some 57% of the total saving achieved by Combined Water and Materials Pinch
Analysis. In terms of water abstraction and effluent generation, relatively small changes are
observed between these two studies with the Combined Water and Materials Pinch Analysis



CHAPTER 6 - ANALYSIS OF RESULTS 6.42

achieving a further 3 % reduction in the total amount of water used and an additional 10 %
reduction in terms of the amount of effluent generated. It is however in the area of materia
recovery and reuse where Combined Water and Materials Pinch Analysis outperforms Water
Pinch Analysis and much of the additional economic saving is attributable to this.

It may be suggested, given the additional effort required in modelling the system, that
Combined Water and Materials Pinch Analysis is an example of an approach yielding
diminishing returns, considering the relatively small margin of additional benefit uncovered by
the technique. The application of Water Pinch Analysis to the chlor-alkali system however
requires a greater level of assumption to make it practicable to the system. While it is noted
that the solution provided by Water Pinch Analysis is judtified, these assumptions cloud the
insight which may be derived from an analysis of the solution. Given that the aim in applying
these techniques to industrial systemsisto reduce the level of water used and effluent produced
by industrial practices, it is the insight provided by the technique which is possibly more
valuable than the actual proposed solution. It is thus particularly in this area where the
superiority of Combined Water and Materials Pinch Analysislies.

6.5 THE CONTINUING STUDY

In light of the fact that the chlor-alkali complex at Umbogintwini has ceased operation, the
results obtained from this study cannot be implemented on the system on which it is based. It
is therefore not considered appropriate to present recommendations for the implementation of
the resource-use strategy in the final chapter of this thesis. The possibility does however exist
that the results from this study could be implemented on other chlor-alkali complexes. From
this perspective, a few considerations related to the continuation of this study are appropriate
and are presented as follows:

* |t is necessary to simulate the resource-use strategies identified by this study
such that effects of factors not included in the Pinch Analysis, for example,
trace species and energy, may be quantified. Where required, improvements to
the models should be made. The assumption that capital costs are offset by the
savings in operating costs similarly needs to be justified.

* Theinvestigation has not considered the introduction of a regeneration process
into the system. Given that the marginal values have identified the species
which determine the purge flow from the brine circuit, that is, NaClOs; and
Na:SO,, the introduction of a process capable of reducing the loads of these
speciesin the system should be investigated.

* The cooling circuit subsystem was identified as the subsystem which uses the
greatest volume of water and produces the greatest volume of wastewater. This
is clearly the area in which benefit would be derived from more accurate
modelling, particularly since the pinch constraint arises due to the
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representation adopted for the absorption of carbon dioxide from the
atmosphere. A further option involves considering both energy and water-use
simultaneously; a reduction in the level of evaporation from the system would
reduce the amount of water used and effluent generated.

6.6 CONCLUDING REMARKS

In terms of the objectives of this study, this chapter has considered the results obtained from
the application of Combined Water and Materials Pinch Analysis to the chlor-alkali complex.
In particular, the significance of the pinch as it relates to Combined Water and Materials Pinch
Analysis has been discussed and a more general definition of the pinch proposed. As such, the
pinch is considered to be that constraint or set of constraints which limits the performance of
the system. In this study, the performance of the system was measured in terms of the
operating cost. This definition of the pinch thus represents a departure from the normal
interpretation of the pinch which is thermodynamically based. The use of marginal values was
proposed as a means of identifying process interventions which could bring about further
improvement in the performance of the system. These marginal values were used in the
analysis of the solution for the chlor-alkali complex and areas where process modifications
would be effective were identified. Following the analysis of the results obtained from the
optimisation of the subsystems in isolation from each other, an integration strategy was
proposed to quantify the performance of the subsystems in combination with each other; a
more redlistic reflection of the potential savings accruable from the reuse strategy was thus
provided. These results were compared to those obtained from the other studies conducted at
the chlor-alkali complex. Finally, with the chlor-alkali complex at Umbogintwini having
ceased operation, some comments and recommendations on the continuation of this study on
other chlor-alkali complexes was presented
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CONCLUSIONS

7.1 CONCLUDING REMARKS

This study has involved the application of Pinch Analysis in the identification of the cost
optimal strategy for water, reagent and raw material use and effluent generation at the Sasol
Polymers chlor-alkali complex located at Umbogintwini, south of Durban. In terms of the
original objectives of the study, the following conclusions can be drawn:

* There are three aspects associated with the problem presented by the
chlor-alkali complex which make the use of current Water Pinch Analysis tools
and theory difficult.

Firstly, it is difficult to make a clear distinction between the so-called process
streams and water streams in the chlor-alkali process system. Current Water
Pinch Analysis theory and tools rely on the distinction being made between
process streams and water streams. In that framework only the water streams
are considered explicitly in the Pinch Analysis; the process streams are
represented implicitly through contaminant concentration limits and
contaminant mass-load additions to the water streams.

Secondly, there are raw materials and reagents used by the chlor-alkali process
system; reagents are also produced. Given the economic value of these
resources, their recovery and reuse is economically desirable and potentially
more so than identifying the network configuration which uses the minimum
amount of water. The involvement of these resources in the problem manifests
itself through the presence of desirable species in the chlor-alkali system.
Current Water Pinch Analysis theory does not consider the possibility that
species carried by the water may be desirable; only contaminants which are
undesirable are considered.

Finally some of the species present in the chlor-alkali system undergo chemical
reactions. Current Water Pinch Analysis theory considers only non-interacting
species.
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In developing an approach which is able to deal with the interactions between
process streams and water streams, the conceptual definitions of Utility-Water
Pinch Analysis and Process-Water Pinch Analysis were introduced.
Utility-Water Pinch Analysis is used to describe the existing theory which relies
on the process system being segregated into a set of process streams and a set of
water streams. Process-Water Pinch Analysis is used to describe the situations
where a clear distinction between process streams and water streams cannot be
made. While these definitions provide a theoretical framework for the approach
required to handle systems in which there are significant interactions between
process streams and water streams, they do not include multiple resources. The
concept of Combined Water and Materials Pinch Analysis was thus introduced
for systems involving water and other resources such as reagents and raw
materials. Given that reagents are included in the materials category that this
approach considers, the approach incorporates the chemical reactions that
accompany the use of these reagents

The approach for Combined Water and Materials Pinch Analysis involves the
use of mathematical programming. A superstructure is used to represent the set
of possibilities from which the optimal water and materials use strategy is
selected. Given that the process operations of the chlor-alkali complex do not
conform to any one particular physical structure, the superstructure is
formulated in terms of the flow between sources and sinks within the process
system. This formulation thus allows it to be applied to any range of process
operations, with any number of associated sources and demands. These process
operations are subsequently incorporated into the superstructure framework as
process modules. A connectivity matrix is used to ensure that only those
connections which are realistic possibilities are included in the superstructure.
The problem is essentially solved as a nonlinear programming (NLP) problem

using standard optimisation tools.

In applying Combined Water and Materials Pinch Analysis to the chlor-alkali
complex, the system was divided into three subsystems which were initially
optimised in isolation from each other. These subsystems were subsequently
integrated such that the interactions that exist between them could be taken into
account. The results from this integration showed that it is possible to reduce
the amount of water used by the complex by 14%; the amount of effluent
produced by the complex may be reduced by 42%. These improvements in
water use and effluent production were accompanied by small improvements in
the use of raw materials and reagents by the complex; salt use decreased by
0.2% and caustic soda and hydrochloric acid use decreased by 1.6% and 8.3%
respectively. In total, the potential economic saving identified by this study was
R 945 727 per annum, based on costs from the year 2000.



CHAPTER 7 - CONCLUSIONS 7.3

* Apart from identifying an optimal resource use strategy, a major attribute of
Pinch Analysis is that it yields insight into the performance of a system such
that process interventions, which bring further improvement in the use of
resources, may be identified. A general definition of the pinch was proposed.
According to this definition, the pinch corresponds to that constraint or set of
constraints which limits the performance of the system. In the case of
Combined Water and Materials Pinch Analysis, the performance of the system
is measured in terms of the operating cost. This interpretation of the pinch is
thus a departure from the classical thermodynamic interpretation and further
relates to a constraint or set of constraints rather than a point. Marginal values
present in the solution provided by the optimisation algorithm are used to
identify these pinch constraints. These values are also used to identify process
interventions which may be effected such that the performance of the system is
improved.

* In assessing the suitability of the current techniques to the problem presented by
the chlor-alkali complex, several limitations in the existing Water Pinch
Analysis theory were identified. While these limitations do exist, it is still
possible to apply the current tools and theory to the problem. It is however
necessary to include a number of additional constraints in the model such that
the theory becomes applicable. Correspondingly, the network configuration
identified by this approach will not be as efficient in terms of the use of
materials as that identified by the approach which does not require these
additional restrictions. As a quantification of this, the application of Water
Pinch Analysis to the chlor-alkali complex realised only about 57% of the
potential economic savings identified by Combined Water and Materials Pinch
Analysis. With the additional constraints included in the Water Pinch Analysis
model not having physical justification, the insights yielded by this approach
were not as useful as those from Combined Water and Materials Pinch Analysis.

7.2 COMMENTS, RECOMMENDATIONS AND FUTURE WORK

In light of the findings of this study, the following comments, recommendations and areas of
future work are noted:

* Two ion-exchange processes are present on the chlor-alkali complex and were
considered in the optimisation problem. The optimisation of the
demineralisation plant subsystem demonstrated the potential for savings to be
identified using Combined Water and Materials Pinch Analysis for
ion-exchange processes. The next step in this area of research would be the
incorporation of species concentration profiles in the optimisation model. A
more detailed investigation into the contaminant species tolerance levels of the



CHAPTER 7 - CONCLUSIONS

7.4

ion-exchange resins should also be conducted. This information would allow
more accurate concentration limits to be established for these species at the
regenerant inlets to the process. Given that ion-exchange processes are present
in many different industries, this area of research has significant application.

A further application of Combined Water and Materials Pinch Analysis which
might be explored is the ability of the approach to screen feeds on the basis of
the economics associated with their use. South Africa is known to have a
salinity problem and one of the options presently being considered involves the
use of effluent brines in the manufacture of chlorine and caustic soda. The
methodology would thus prove useful in providing an assessment of the costs
involved in the use of these sources.

This study has favoured the use of marginal values as a means of providing
insight into the sensitive areas of the problem; graphical representations, as an
alternative approach, were not considered. Such constructions may however be
able to yield useful insights into the performance of the system. While it is not
known what the exact nature of these constructions would be, there may be a
range of constraint specific constructions which might be possible. In this case,
the concentration-type composite curves which are already in existence would
be one element of this range. Ideally a single construction which is able to
represent all types of constraints would be most useful. Of course, such a
construction is likely to rely on the identification of a locus from which the
optimisation problem appears 1-dimensional.

Energy considerations are presently excluded from Combined Water and
Materials Pinch Analysis. It is likely that this will be one of the important
developments of the approach in the near future.



M Ass-BALANCES

Appendix A presents the reconciled mass-balances for the chlor-alkali complex. Data for
these mass-balances was gathered from a number of different sources which included process
flow diagrams, operating manuals, physical property data and on-site measurements, amongst
others. The balances are considered representative of the activities occurring on the complex
and are taken as the absolute basis for the Pinch Analysis which is presented in this thesis. It
should be noted however that these balances only consider the species of interest to the Pinch
Analysis and certain trace species are absent. The contribution of these species to the overall
mass-balance is represented as an equivalent mass of water, which ensures that the sum of the
species mass fractions in any stream is unity. Should it be found upon further analysis of the
proposed network configurations that these species are of significance, they can be introduced
into the balance with the adjustment of the mass fraction of the water.

A further point of note relates to the number of decimal places used to represent the various
species mass fractions in the tables presented in this appendix. It is noted that in the brine
circuit, for example, concentrations of calcium and magnesium of the order of parts per billion
(ppb) are of significance. Assuch, 1 ppb is equivalent to a mass fraction of 10°. Other species
in the system however have mass fractions of the order of 10. Furthermore, the species which
are significant at concentrations of the order of ppb also appear in the system at mass fractions
of 10, With species interacting with each other, mass fractions are seen as the simplest way to
track possible mistakes when data is processed, either in the reconciliation or the optimisation.
However, this entails the representation of species for which the concentrations are of the order
of 10 to alarge number of decimal places. This practice raises two opposing issues. The first
one relates to the accuracy of the reconciled data; if the reconciled value of a variable is within
5 % of its true value, consideration of decimal places severa orders of magnitude smaller is
ingppropriate. However, from a computer modelling perspective, it is desirable to have a
balanced set of data and one which portrays what is occurring on the plant. In consideration of
these issues, the species mass fractions are represented to a large number of decimal places on
the understanding that this is done purely to portray the system precisely from a computer
modelling point of view. When these numbers are considered from a practical perspective, the
accuracy isalot lower and extends to only afew significant figures.
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A.3 THEHYDROCHLORIC ACID SYNTHESISPLANT

Figure A.3 shows a block diagram of the hydrochloric acid synthesis plant. The hydrochloric
acid synthesis unit and the hydrogen chloride gas scrubber are shown. Table A.3 presents the
reconciled mass-balance for the hydrochloric acid synthesis plant.

1 4

2 HCI 4
;EE' > Synthesis
3

10l

6
- 8 HCI 9
7—> Scrubber

Figure A.3. Block diagram of the hydrochloric acid synthesis plant showing the
hydrochloric acid synthesis unit and the hydrogen chloride gas
scrubber.

A.4 THE SODIUM HYPOCHLORITE SYNTHESISPLANT

Figure A.4 shows a block diagram of the sodium hypochlorite plant. Table A.4 presents the
reconciled mass-balance of the plant.

2] 3

6
L 5 NaOClI
PRI - e R
BN Synthesis

)

Figure A.4. Block diagram of the sodium hypochlorite synthesis plant.
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APPENDIX A - MAss-BALANCES A.43

A5 THEHYDECAT DESTRUCTION PLANT

Figure A.5 shows a block diagram of the Hydecat destruction plant. The reconciled
mass-balance for this plant is presented in Table A.5.

2 4 NaOCI 7
3 Synthesis

Figure A.5. Block diagram of the Hydecat destruction plant.

A.6 THE CAUSTIC EVAPORATORS

Figure A.6 shows a block diagram of the caustic evaporators. The reconciled mass-balance for
this plant is presented in Table A.6.

|
1 [Evaporation| 2 _[Evaporation| 5
- 1% Effect "| - 2nd Effect

8l 3 4

Figure A.6. Block diagram of the caustic evaporators.
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A.47

A.7 THE COOLING CIRCUITS

Figure A.7 shows a block diagram of the four cooling circuits located on the chlor-alkali

complex. The reconciled mass-balance for the cooling circuits are presented in Table A.7.

Linde
Cooler

15
13

17l

LC
Cooler

0

18

19

11l

Sulzer
Cooler

21

23l

MBC
Cooler

22l

24

Figure A.7. Block diagram of the four cooling circuits located on the chlor-alkali

complex.
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WATER PINCH ANALYSIS

Appendix B provides details of the results which might be expected from applying current
Water Pinch Analysis theory and tools to the problem presented by the chlor-alkali complex.
Many of the issues associated with the application of this approach to the problem are
presented elsewhere (Gianadda et al. 2000; 2002) and are considered here only briefly. It is
noted however that the results presented in Appendix B supersede those presented in Gianadda
et al (2000; 2002).

B.1 THE APPLICATION OF WATER PINCH ANALYSISTO THE CHLOR-ALKALI
COMPLEX

The Water Pinch Analysis software available for this project was the WaterPinch™ module of
the Linnhoff March WaterTarget™ software suite (Linnhoff March Limited, 2001). As noted
in Chapter 4, it is the capabilities of the optimisation tools and methods which strongly
influence the way in which the problem is formulated. In this regard, current versions of the
software do not consider the possibility that interactions exist between species. Species are
further considered to be exclusively undesirable. It is therefore necessary to formulate the
problem in such a way that these issues are circumvented. This however requires additional
constraints, which further do not have physical justification, to be included in the model. The
resource use strategies which are identified by this approach are consequently not as efficient
as those that could be achieved when these constraints are absent, that is, using Combined
Water and Materials Pinch Analysis.

As an illustration of the approach required in formulating the problem such that Water Pinch
Analysis theory may be applied, a dilution operation is considered. In his study on the
chlor-alkali complex, Gardner (1999) set the maximum concentration constraint on the reagent
species entering the dilution operation as part of the dilution water equal to the reagent species
concentration produced by the dilution operation. According to this concentration constraint it
is possible for any water source to enter the dilution operation as dilution water provided that
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its concentration is less than or equal to the reagent species concentration produced by the
dilution operation. With this study being based on a single species, that is, the reagent species,
this measure encouraged the recovery of the reagent-containing effluents. With the recovery of
reagent-containing effluent to the dilution operation, a reduction in the amount of concentrated
reagent required by the dilution operation was achieved. However, a greater quantity of
dilution water was needed to meet the flowrate requirement of the dilution operation. An
iterative procedure was thus used to solve the problem.

While this approach is successful when a single species is considered, it cannot be applied to
the multiple species situation. According to the approach used by Gardner, species
concentration limits on the dilution water entering the dilution operation are set at the level
produced by that operation. In the present operating scenario, only concentrated reagent and
demineralised water are used to produce the dilute reagent source. The massload of
contaminants present in this dilute reagent source is thus at its theoretical minimum. In
addition, the ratio of reagent species mass-load to contaminant species mass-load is at its
theoretical maximum. This ratio may be used to assess whether the use of a particular
reagent-containing effluent will be feasible. Effluent with a greater ratio of reagent species
mass-load to contaminant species mass-load may be used for dilution without downstream
penalty. Effluent for which the ratio of reagent species mass-load to contaminant species
mass-load is lower than this theoretical maximum may be used for dilution, but there may be a
downstream penalty involved in its use. This penalty takes the form of a cost associated with
the added effort required to remove the additional mass-load of contaminant from the system.

The present version of WaterPinch™ does not allow concentration equality or concentration
minimum constraints. Although desirable, reagent species can thus only be represented in
terms of the maximum concentration constraints. With the present version of WaterPinch™
not being able to account for possible downstream penalties incurred through the reuse of
reagent-containing effluent, it is necessary to formulate the concentration constraints for
contaminant species in such a way that reagent-containing effluent is used only if it is certain
that there will be no penalty incurred through its use. This implies that the ratio of the
mass-load of reagent species to the mass-load of contaminant species must be maintained at the
theoretical maximum. The concentration constraints at the inlet to the dilution operation as
thus set asfollows:

* For the reagent species, the concentration limit is set at the concentration
produced by the dilution operation

* For the contaminant species, the concentration limits are set at the level of the
dilution water currently entering the operation.

With this formulation, only the dilution water side of the operation is considered. While this
set of constraints does guarantee that there is no downstream penalty incurred through the reuse
of effluent, it is noted that thereis no physical justification for these constraints.
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The application of Water Pinch Analysis to the chlor-alkali complex follows the same
decomposition procedure as outlined in Chapter 5. Similar assumptions as to the reuse of
water from one subsystem to another are included. These subsystems are initially optimised in
isolation from each other and are subsequently integrated. While details of the modelling are
not presented here, it is noted that a significant element of the modelling is directed towards
ensuring that there are no downstream penalties incurred through the reuse of water and
reagent. Table B.1 presents a comparison between the existing network configuration and that
proposed by Water Pinch Analysis for the various subsystems functioning on an integrated
basis. Table B.2 presents these figures in terms of a total inventory of materials used and
effluent produced by the complex.

TableB.1. Comparison of materials used and waste generated by the chlor-alkali
complex in its existing network configuration and the network
configuration proposed by the application of Water Pinch Analysis.
These figures reflect the performance of the different subsystemsin
combination with each other.

Unit Existing Water Pinch Per centage
Configuration Configuration Improvement
[%]

Demineralisation Plant Subsystem

Umbogintwini River Water [ty] 55582 37578 32
Umgeni Water [ty] 55582 32 407 42
Total Water [t/y] 111 165 69 985 37
Demineralised Water [t/y] 104 308 68 497 34
Caustic Soda (32% m/m NaOH)  [t/y] 170 112 34
Hydrochloric Acid

(31% m/m HCl) [t/y] 153 100 34
Effluent [try] 9779 4678 52
Annual Saving* (AS1) [Riy] - 205 024 -
Unit cost of Demineralised Water [RA] 4710 4363 74
Number of Regeneration Cycles  [/y] 436 286 34
Durathn of Normal Cycle of [h] 16.6 570 i
Operation

cont.
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TableB.1. cont.
Unit Existing Water Pinch Per centage
Configuration Configuration Improvement
[%]
Chemical Production Subsystem
Demineralised Water [t/y] 104 308 68 497 34
Umbogintwini River Water [t/y] 14 378 14 378 0
Total Water [tly] 118 686 82875 30
Raw Salt [t/y] 51 464 51 464 0
Sodium Carbonate [ty] 380 380 0
Sodium Bisulphite [t/y] 129.4 129.4 0
Caustic Soda (32% m/m NaOH) ~ [t/y] 24196 24 196 0
Hydrochloric Acid (31% m/m [ty] 2584 5584 0
HCl)
Chlorine [try] 11 802 11 802 0
Hydrogen [try] 260.4 260.4 0
Steam [t/y] 25487 25 487 0
Flocculant [kaly] 2797 2797 0
Alpha-Cellulose [kaly] 11188 11188 0
Effluent [tly] 86 655 52 891 39
Solid Waste [katy] 14 349 14 349 0
Annua Saving* (AS2) [RiY] - 271560 -
Cooaling Circuit Subsystem
Umbogintwini River Water [ty] 304 782 298 138 2.2
Effluent [try] 46 124 39 474 14
Annual Saving* (AS3) [Riy] - 66 296 -
Total Annual Saving* [RIY] i 542 881 i

* These costs correspond to those for the year 2000.
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TableB.2. Comparison of the total consumption of materials and waste generated

across all subsystems of the chlor-alkali complex in its existing network
configuration and the network configuration proposed by the
application of Water Pinch Analysis. Only those items for which a
change was observed are reported.

Unit Existing Water Pinch Per centage
Configuration Configuration |mprovement
[%]

Umbogintwini River Water [ty] 374743 350093 6.6
Umgeni Water [ty] 55582 32 407 42
Total Water [t/y] 430 325 382 500 11
Demineralised Water [try] 104 308 68 497 34
Caustic Soda (32% m/m NaOH)  [t/y] 24 366 24 308 0.2
(Hgyl‘j/gog;'rgf,fcﬁ‘)"'d [ty] 2737 2684 1.9
Effluent [t/y] 142 557 97 044 32
Annual Saving* [RiY] - 542 881 -

* These costs correspond to those for the year 2000.

Some comments on the figures presented in Table B.1 and Table B.2 are as follows:

While material consumption figures are provided, these were derived by mass-
balance from the proposed network configurations provided by WaterPinch™.

Slight decreases in the use of caustic soda and hydrochloric acid are observed in
the proposed network configuration. These decreases may be attributed to the
smaller demand for demineralised water by the complex as awhole.

With it not being possible to account for the effect of changing water quality at
the inlet to the demineralisation plant, the concentration constraints on water
quality were formulated according to an equal ratio blend of Umgeni Water and
Umbogintwini River water. The recovery of good quality water from the
chemical production subsystem results in the blend ratio changing such that
more Umbogintwini River water, the less expensive but more contaminated
source, is used. This blend however changes only within the limits of the
concentration constraints on the water at the inlet to the demineralisation plant.

It is possible to formulate the model for the cooling circuit subsystem in
WaterPinch™ in the same way as it is formulated in GAMS for Combined
Water and Materials Pinch Analysis. The solution provided by WaterPinch™
for this subsystem is identical in terms of water consumption and effluent
production to that provided by GAMS. The sensitivity data provided by
WaterPinch™ similarly identifies the concentration constraint for Na,CO; at the
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inlet to the LC cooling tower as the key sensitivity. That the results provided by
the GAMS formulation of the model coincide with those provided by
WaterPinch™ is considered a benchmark on the performance of the GAMS
model.

* With the exception of the cooling circuit subsystem, the sensitivity data
provided by WaterPinch™ for the other subsystems does not coincide with that
provided by GAMS. This is due to the additional constraints included in the
WaterPinch™ model. With some of these constraints not having physical
justification, the insight into the performance of the system is not as useful as
when these constraints are absent.

As a concluding comment to this appendix, these results prove that in the absence of more
advanced approaches, it is still possible to identify substantial savings using standard
approaches.  Obvioudy, with the inclusion of the more restrictive constraints in the
WaterPinch™ model, the resource use strategy will not be as efficient as could be achieved if
these constraints were absent.
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Appendix C presents the more detailed aspects of the modelling of the process modules
associated with the chemical production subsystem and the cooling circuit subsystem. The
material presented in this appendix is considered supplementary to that presented in
Chapter 5. Section C.1 presents the process modules associated with the chemical production
subsystem while Section C.2 presents the process modules associated with the cooling circuit
subsystem. A concluding remark to this appendix is presented in Section C.3.

C.1 PROCESSMODULESOF THE CHEMICAL PRODUCTION SUBSYSTEM

This section presents the process modules associated with the chemical production subsystem.
The order of presentation is as follows: Section C.1.1 presents the model for the electrolyser
process module; Section C.1.2 presents the model for the primary dechlorination process
module; Section C.1.3 presents the model for the secondary dechlorination process module;
Section C.1.4 presents the model for the precipitation process module; Section C.1.5 presents
the model for the clarification process module; Section C.1.6 presents the model for the
primary filtration process module; Section C.1.7 presents the model for the secondary filtration
process module; Section C.1.8 presents the model for the cation-exchange process module;
Section C.1.9 presents the model for the caustic evaporation process module; Section C.1.10
presents the model for the hydrochloric acid synthesis process module; Section C.1.11 presents
the model for the sodium hypochlorite process module; and, Section C.1.12 presents the model
for the Hydecat destruction process module.

C.1.1 TheElectrolyser Process Module

The electrolyser process module comprises elements which model the conversion of sodium
chloride to products and by-products, the transfer of species across the membrane into the
caustic soda solution and the processing of the chlorine and hydrogen gases produced by the
electrolyser. In addition, the process module includes an element for the dosing of
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hydrochloric acid to the lean brine emerging from the electrolyser. The reasons for combining
the electrolyser with the hydrochloric acid dosing operation are that:

* All lean brine emerging from the electrolyser must be treated with hydrochloric
acid so that any sodium hypochlorite present in the lean brine is converted to
chlorine which is handled during the dechlorination stages. The removal of
chlorine from the brine is required due to the sensitivity of the cation-exchange
resin to oxidising species.

e The hydrochloric acid dosing is an operation dedicated to the lean brine
emerging from the electrolyser. There is no other source within the system
which could be reused at this point which would require this treatment.

Figure C.1 illustrates the model for the electrolyser process module. A stream key is presented
in Table C.1 while the functions of the various building blocks which constitute the model are
described in Table C.2. Further comments regarding the model follow these tables.

O Chlorine Cooler Condensate
O Hydrogen Cooler Condensate

O Hydrogen Chiller Condensate

Demineralised
Water
Wet Cl, Gas
Wet H, Gas
: f, f3 - Caustic
Brine O—» R, f, M//—r Soda
N fy <: fe
f5
f; Treated
Hydrochloric O R, Brine
Acid

FigureC.1. Diagram of the model for the electrolyser process module.
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TableC.1. Streamkey for the model for the electrolyser process module.

Stream Description

f1

f2

fs

fa

fs

fs

f7

Mass flow of lean brine, reaction products and by-products from the NaCl reaction
block (R;) to the gas component separator block (CS,).

Mass flow of liquid from the gas component separator block (CS;) to the NaOH
component separator block (CS,).

Mass flow of NaOH and other species from the NaOH component separator block
(CS,) to the caustic soda product mixing block (M»).

Mass flow of lean brine from the NaOH component separator block (CS,) to the H,O
component separator block (CSs).

Mass flow of lean brine from the HO component separator block (CS;) to the
hydrochloric acid mixing block (M).

Mass flow of species H,O from the H,O component separator block (CSs) to the
caustic soda product mixing block (M»).

Mass flow of lean brine and hydrochloric acid from the hydrochloric acid mixing
block (M,) to the hypochlorite destruction reaction block (R,).

Table C.2. The functions of the various building blocks associated with the model

for the electrolyser process module.

Building Block  Function

CS

Divides the lean brine, reaction products and by-products stream (f1) from
the NaCl reaction block (R;) into hydrogen gas, chlorine gas and aliquid
stream (f,) considered further by the model.

CS

Divides the liquid stream (f,) from the gas component separator block
(CS)) into alean brine stream (f,) and a stream of species (f3) which
becomes part of the caustic soda product.

CS

Divides the lean brine stream (f,) into the lean brine stream (fs)
which isrecycled to the brine circuit and an H,O species stream
(fs) which is sent to the caustic soda product mixing block (Mj).

M;

Represents the combination of demineralised water, the species H,O from
the H,O component separator block (CS;) and the stream of species which
becomes part of the caustic soda product (f3). These streams combine to
form the caustic soda which is available to the plant.

M.

Represents the addition of hydrochloric acid to the lean brine emerging
from the electrolyser.

R

Represents the conversion of sodium chloride to products and
by-products.

R

Represents the destruction of sodium hypochlorite by hydrochloric acid.




ApPPENDIX C - PRoceEss M obuLE M ODELS

c4

The following points are noted regarding the modelling of this process module:

While in reality the electrolyser comprises an anode and a cathode separated by
a selectively permeable membrane, these elements of the operation are not
transferred directly to the process module. Instead, these aspects of the system
are represented in terms of a set of overall reactions, rather than separate
reactions at the anode and the cathode, and the transfer of species to the various
solutions. The reactions take place in the NaCl reaction block (R;) while the
distribution of species to the various streams associated with the electrolyser is
represented by a series of component separators (CS;, CS; and CS;). The set of
reactions taking place in the NaCl reaction block (R,) isasfollows:

Cl, + 2NaOH — NaCl + NaOCl + H,0
3NaOCl - NaClO; + 2NaCl
2NaCl + 2H,0 - Cl, + 2NaOH + H,
2H,0 - 2H, +0,

There is a tight specification on the concentrations of the species in the brine
entering the electrolyser. In particular, with the concentration of NaCl being
held constant and the flowrate of brine to the electrolyser being fixed, the molar
extents of the reactions taking place in the electrolyser are assumed to be the
same as those associated with the current operating conditions.

Regarding the concentrations of species in the brine entering the electrolyser,
the following points are noted:

* The concentrations of Cl,, MgCl, and CaCl, in the brine are
controlled by the cation-exchanger preceding the electrolyser. As
such, the mass-loads of these species entering the electrolyser are
constant; the mass-load of chlorine is assumed to be zero, that is, the
residual chlorine present in the brine entering the cation-exchanger is
destroyed in the cation-exchanger.

* Concentrations of the species NaHSO;, NaOCl, HCI, H,, O,, CaCQOs;,
Mg(OH). and Insolubles in the brine entering the electrolyser are
zero. The concentrations of these species have been reduced to zero
either by chemical means or separation in other operations within the
circuit.

C1

C.2

C3

C4
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The stream emerging from the NaCl reaction block (R;) comprises the lean
brine together with the reaction products and by-products. In representing the
different streams associated with the electrolyser, the species are distributed via
a series of component separators. The following points are noted regarding the

The concentrations of NaClO;, NaOH, Na&CO; and Na&SO, are
variable but are subject to maximum inlet concentration constraints at
the inlet of the electrolyser. The concentration of H,O is similarly
variable.

distribution of these species:

The flowrate and composition of the chlorine gas and the hydrogen
gasis considered constant. This assumption is valid since all species
associated with the dry gases are derived from the reactions involving
H.O and NaCl, the mass-load of the latter being fixed. The wet gas
streams are separated from the stream emerging from the NaCl
reaction block (R;) at the gas component separator block (CS,).

In practice, a certain quantity of caustic sodais circulated through the
electrolyser. NaOH produced by the reactions taking place at the
cathode concentrates this caustic soda to the strength produced at the
outlet of the electrolyser. A fixed flow of the caustic soda stream
produced by the electrolyser is returned to the electrolyser as a
process requirement. The balance is sent to operations within the
complex which either useit, or processit further.

Given that the electrolyser is operating at steady-state, the material
added to the caustic soda loop, that is, dilution water, the species
generated via chemical reaction and the species transferred across the
membrane, must leave the caustic soda loop via the caustic soda sent
to the other operations within the complex. Thus, in modelling the
caustic soda side of the electrolyser, the caustic soda loop is not
considered at all. Instead the production of the caustic soda stream
which is sent to the complex is represented as a blending of the
dilution water and the species produced by reaction and transferred
across the selectively permeable membrane in the electrolyser.

In considering the transfer of these species, the following
assumptions are made:

— With the mass-load of MgCl,, CaCl, and NaCl in the brine
being constant, the transfer of these species is modelled as a
fixed mass of species transferred to the caustic soda. The
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transfer of NaClO; is also represented by a fixed mass-load
transferred to the caustic soda.

— With the mass-load of NaSO, and NaCOs in the brine being
variable, a fixed proportion is assumed to be transferred to the
caustic soda.

— Thetransfer of Cl, and NaOCI across the membrane is assumed
to be negligible. H, and O, are present exclusively in the gas
phase.

— It is assumed that there is no NaOH present in the lean brine
stream. The species H,O is transferred to the caustic soda such
that the concentration of NaOH in the caustic soda produced by
the electrolyser is equivalent to that of the existing
configuration.

In the model for the electrolyser process module, the transfer of all
species, excluding water (H,0), takes place at NaOH component
separator block (CS;). The water transferred to the caustic sodain the
electrolyser is removed from the lean brine stream at the H,O
component separator block (CS;). The transferred H,O species, the
dilution water added to the circuit and the species transferred across
the membrane are blended to produce the caustic soda product from
the electrolyser at the caustic soda product mixing block (M ).

The gas streams emerging from the electrolyser are saturated with water and
undergo further processing to remove this water.  With the species
concentrations and flowrates of the wet gas streams being constant, the species
concentrations and flowrates of the condensate sources are assumed to be
constant. These condensate sources are modelled as primary sources with fixed
concentrations and fixed flowrates; the operations which produce these
condensate sources are not considered. The gas streams leaving the electrolyser
are similarly not integrated with the superstructure. In the case of hydrogen gas,
no other sources of hydrogen gas are available on the complex. It is thus
excluded from the Pinch Analysis since any demand for hydrogen gas must be
satisfied using this source. With there being a number of different sources of
chlorine however, the chlorine gas is included in the model as a primary source
of fixed species concentration.

In modelling the dosing of hydrochloric acid to the lean brine, the assumption is
made that the molar ratio of hydrochloric acid to sodium hypochlorite in the
lean brine must be the same as the ratio currently supplied. It is noted that the
dosing is not modelled as a fixed addition of concentrated hydrochloric acid
even though the mass-load of sodium hypochlorite present in the lean brine is
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constant. Representing the dosing operation in terms of the molar ratio of
hydrochloric acid to sodium hypochlorite allows the possibility of reusing other
HCl-containing sources present on the complex. Clearly, HCl is modelled as a
desirable speciesin this situation.

C.1.2 The Primary Dechlorination Process Module

Figure C.2 shows the model for the primary dechlorination process module. Table C.3 presents
a stream key for the process module while the functions of the various building blocks from
which the model is assembled are presented in Table C.4. Comments on the model follow
these tables.

f .
2 . M, O \C/:hlorlne
Brine Csy ¢ iy ent
1 N
$S Dechlorinated
Brine

Figure C.2. Diagram of the model for the primary dechlorination process module.

Table C.3. Sreamkey for the model for the primary dechlorination process
module.

Stream Description

L ean brine from the HO component separator block (CS,) to the Cl, component

fi separator block (CS,).

f Mass flow representing the water removed from the brine by the air passing through
2 the primary dechlorinator.

f Mass flow of chlorine from the Cl, component separator block (CS;) to the chlorine
3

vent mixing block (M,).

Table C.4. The functions of the various building blocks associated with the model
for the primary dechlorination process module.

Building Block  Function

Represents the removal of water from the brine by the air passing through

€5 the dechlorinator.
cs, Represents the removal of chlorine from the brine by the air passing
through the dechlorinator.
M Represents the combination of water and chlorine removed from the brine
1

by the air passing through the dechlorinator.
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The primary dechlorinator is modelled as a separate process module, that is, it is not
incorporated with the electrolyser process module, even though it is a process requirement that
the brine from the electrolyser pass directly through this stage. In the existing configuration of
the plant, condensate from the chlorine cooler, which contains a residual quantity of Cl,, is
combined with the brine stream prior to the primary dechlorination stage; the sodium
hypochlorite synthesis plant could serve as an dternate destination for this source, if
economically feasible. Hence, with the existence of these two possibilities, that is, that the
chlorine condensate could be sent to the primary dechlorinator or to the sodium hypochlorite
synthesis plant, it is necessary to represent the two process modules separately.

The primary dechlorinator uses air to strip chlorine from the brine stream. Alongside the
remova of chlorine, water is also removed from the brine. The quantity of water removed
from the brine is assumed to be the same as that currently removed by the dechlorinators and is
represented via the H,O component separator block (CS;). The removal of chlorine is
represented by a removal ratio and is separated from the lean brine at the Cl, component
separator block (CS); this removal ratio is assumed equivalent to that currently achieved on
the plant. The chlorine vent mixing block (M,) combines the chlorine and water removed from
the brine stream at the component separator blocks.

It should be noted that the air stream used in the primary dechlorination step is not represented
in the process module since the association of this stream with the dechlorinator will not be
different in the optimised scenario.

C.1.3 The Secondary Dechlorination Process Module

Figure C.3 shows the model for the secondary dechlorination process module. A stream key
for the process module is presented in Table C.5 while the functions of the various building
blocks associated with the process module are described in Table C.6. Comments on the model
follow these tables.

Caustic Soda Treated
. . f, R, 'OBrine
Bisulphite R,
Brine

Figure C.3. Diagram of the model for the secondary dechlorination process
module.
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TableC.5. Streamkey for the model for the secondary dechlorination process
module.

Stream Description

Mass flow of brine, caustic soda and sodium bisulphite to the dechlorination reaction

fu block (Ry).
Mass flow of brine from the dechlorination reaction block (R;) to the oxygen mixing
f,
block (M>).
f Mass flow of oxygen for the conversion of bisulphite to sulphate. Thisisa
s modelling approximation.
fs Mass flow of brine and oxygen to the bisulphite destruction reaction block (R1)

Table C.6. The functions of the various building blocks associated with the model
for the secondary dechlorination process module.

Building Block  Function

M, Represents the combination of brine, caustic soda and sodium bisulphite.

Represents the combination of the dechlorinated brine with a
stoichiometric quantity of oxygen required for the conversion of the

M2 residual bisulphite to sulphate. This element of the process moduleis
purely a modelling approximation.
Represents the neutralisation of hydrochloric acid present in the brine by
R; caustic soda and the destruction of chlorine present in the brine by sodium
bisulphite.
R Represents the conversion of sodium bisulphite to sodium sulphate. This
2

element of the process module is a modelling approximation.

While all the brine from the primary dechlorination process module is routed to the secondary
dechlorination process module, the secondary dechlorination step is modelled as a separate
process module. This incorporates the possibility into the superstructure that the condensate
from the chlorine cooler might bypass the primary dechlorination step and be introduced at the
secondary dechlorination stage, if economically feasible. The significant areas of the model
areasfollows:

* Excess hydrochloric acid present in the brine stream coming from the primary
dechlorination stage is neutralised by the addition of caustic soda to the brine
(Equation C.5). Residua chlorine present in the brine following the primary
dechlorination stage is destroyed by the addition of sodium bisulphite
(Equation C.6).

HCl + NaOH — NaCl +H,0 C5

Cl, +3NaOH + NaHSO, — Na,SO, +2NaCl + 2H,0 C6
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These two reactions are represented in the dechlorination reaction block (Ry).
Clearly, NaOH is modelled as a desirable species at the caustic soda inlet to the
process module while NaHSO; is modelled as a desirable species at the sodium
bisulphite inlet to the process module. The neutralisation reaction is complete
with respect to hydrochloric acid while the outlet from the reaction block is
considered to have a residual concentration of chlorine and sodium bisulphite.
These residual concentrations are assumed to be the same as those for the
current operating conditions.

* While there is aresidual load of sodium bisulphite present in the brine leaving
the secondary dechlorination stage, the assumption is made that this load is
converted to sodium sulphate as the brine is recycled to the electrolyser. A
second reaction block (R) is used to represent this conversion reaction which
proceeds according to:

NaOH + NaHSO, +0.50, - Na,SO, +H,0 C7

In the model, a stoichiometric quantity of oxygen (fs) is added to the brine
entering the bisulphite destruction reaction block (R;) such that Equation C.7 is
balanced. The brine leaving the secondary dechlorination process module is
modelled such that it contains no sodium bisulphite.

C.1.4 The Precipitation Process Module

The precipitation process module has already been considered in some detail in Chapter 5; it
is considered here only briefly. Figure C.4 shows the model for the precipitation process
module. The stream key is presented in Table C.7 while the functions of the building blocks
which make up the model are presented in Table C.8.

Sodium
Carbonate
f
Caustic Soda L R, [——»()Ireed
Brine
Brine

Figure C.4. Diagram of the model for the precipitation process module.
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TableC.7. Stream key for the model for the precipitation process module.

Stream Description

Mass flow of brine, sodium carbonate and caustic soda to the precipitation reaction

fa block (Ry).

Table C.8. The functions of the various building blocks associated with the model
for the precipitation process module.

Building Block  Function

M1 Represents the combination of brine, sodium carbonate and caustic soda.

Represents the precipitation of calcium carbonate and magnesium

Ry hydroxide.

C.1.5 The Clarification Process Module

Figure C.5 shows the model for the clarification process module. A stream key is presented in
Table C.9 while the functions of the various building blocks which constitute the model are
described in Table C.10. Some comments on the model follow these tables.

A 4

; Brine
Brln&}C)—»CSl f, f, M, —»O Siudge

fs

M, 4@
Treated
()— —> .
Flocculant O Brine

\ 4

A 4

Figure C.5. Diagram of the model for the clarification process module.

TableC.9. Srreamkey for the model for the clarification process module.

Stream Description

Mass flow of solids removed from the brine by the solids component separator block

fu (CS)) to the brine sludge mixing block (Ms).

f, Mass flow of clarified brine to the flocculant addition mixing block (My).

fs Mass flow of brine and flocculant to the brine liquid flow separator (FS,).

fa Mass flow of brine from the brine liquid flow separator (FS;) to the brine sludge

mixing block (M,).
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Table C.10. The functions of the various building blocks associated with the model

for the clarification process module.

Bu

ilding Block  Function

Divides the clarified brine into two streams. One stream becomes part of

FS; the brine sludge removed from the clarifier (f ;) while the other is made

available to the superstructure.

Effects the removal of solids from the brine according to the different

€S removal ratios.
M Combines the clarified brine with the flocculant. Only the dilution water
! associated with the flocculant is represented in the model.
Combines the solids removed from the brine and the liquid portion which
M, becomes part of the brine sludge which was separated by the brine liquid

flow separator block (FS,).

The brine sludge comprises a liquid component and a solids component. Its flow is considered
to be variable but the percentage of solidsis constant. The separation of the brine sludge from
the brine is thus represented by the solids component separator block (CS;) which contributes
the solid component of the brine sludge stream and the brine liquid flow separator block (FS;)
which contributes the liquid component of the brine dudge. These two streams are combined
at the brine sludge mixing block (M). The following additional points are noted regarding the

model:

Complete removal of calcium carbonate and magnesium hydroxide and partial
removal of Insolublesis assumed at the solids component separator block (CS,).

The dosing of flocculant is modelled as being proportional to the quantity of
solids removed from the brine. Thisratio is derived from existing plant records.
The actual flocculant is not considered in the model and the assumption is made
that it is completely removed during the clarification and filtration stages at
negligible cost. The addition of flocculant is thus represented as the addition of
the dilution water accompanying the flocculant. To account for the cost
associated with the use of the flocculant however, an appropriate cost factor is
attached to the flocculant inlet to the process module.

The concentration profile of the liquid component of the brine sludge is
assumed to be the same as the clarified brine.
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C.1.6 The Primary Filtration Process Module

All assumptions associated with the model for the primary filtration process module have been
presented in Chapter 5; the process module is considered here only briefly. Figure C.6 shows
the model for the primary filtration process module. The stream key and the functions of the
various building blocks associated with the process module are presented in Table C.11 and
Table C.12 respectively.

Polished
Brine O—' Brine

fy N M}’ Backwash
Brine ( )——<
$Sy Filtered

O Brine

Figure C.6. Diagram of the model for the primary filtration process module.

TableC.11. Sream key for the model for the primary filtration process module.

Stream Description

Mass flow of solids removed during the normal cycle of operation transferred to the

fa backwash cycle of operation.

Table C.12. The functions of the various building blocks associated with the model
for the primary filtration process module.

Building Block  Function

Effects the removal of solids from the brine during the normal cycle of

CS operation.

Represents the combination of solids from the normal cycle of operation

M. with the brine used for backwashing the filter.

C.1.7 The Secondary Filtration Process Module

All assumptions associated with the model for the secondary filtration process module have
been presented in Chapter 5; the process module is considered here only briefly. Figure C.7
shows the model for the secondary filtration process module. The stream key is presented in
Table C.13 while Table C.14 describes the functions of the various building blocks which
constitute the process module.
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Alpha-
Celluloseo M Filtered
fy R4 C Brine
BrineC)—»CSl
—() Solids

Figure C.7. Diagram of the model for the secondary filtration process module.

Table C.13. Sream key for the model for the secondary filtration process module.

Stream Description

f Mass flow of brine following solids removal to the alpha-cellulose dilution water
! mixing block (My).

Table C.14. The functions of the various building blocks associated with the model
for the secondary filtration process module.

Building Block  Function

CS Represents the removal of solids from the brine by the filter.

M Represents the combination of the brine with the dilution water used for
! the al pha-cellul ose addition.

C.1.8 The Cation-Exchange Process Module

Figure C.8 shows the model for the cation-exchange process module. Both the normal cycle of
operation and the regeneration cycle of operation are included in the model. As such there are
several similarities between this model and the model presented for the demineralisation plant
process module in Chapter 5. Where these similarities occur, the arguments presented during
the analysis of the demineralisation plant will be referenced as being applicable. Table C.15
presents the stream key associated with this process module while Table C.16 describes the
functions of the various building blocks which make up the process module. Comments on this
model follow these tables.
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Figure C.8. Diagram of the mode for the cation-exchange process module.
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Table C.15. Sream key for the model for the cation-exchange process module.

Stream Description

f1
f2
fs

fa
fs
fs
f7
fg

fo

Mass flow of sodium ions associated with the destruction of chlorine in the brine.
Mass flow of brine from the chlorine destruction reaction block (R,).
Mass flow of NaCl which substitutes the MgCl, and CaCl, in the brine.

Mass flow of ions, removed as salts, transferred from the normal cycle of operation
to the regeneration sequence.

Mass flow of demineralised water to Brine Displacement stage (IXR1).

Mass flow of demineralised water, representing the hold-up from the Backwash
stage, to the Acid Regeneration stage (IXR3).

Mass flow of demineralised water to the Acid Rinse stage (IXR4).

Mass flow of demineralised water, representing the hold-up from the Acid Rinse
stage, to the Caustic Regeneration stage (I XR5).

Mass flow of demineralised water to the Caustic Rinse stage (IXR6).

Mass flow of demineralised water, representing the hold-up from the Caustic Rinse
stage, to the Brine Replacement stage (IXR7).

Mass flow of polished brine, representing the hold-up from the normal cycle of
operation of the cation-exchanger, to the Brine Displacement stage (IXR1).

Mass flow of polished brine to the Brine Replacement stage (IXR7).
Mass flow of hydrochloric acid to the Acid Regeneration stage (1XR3).

Mass flow of hydrochloric acid, representing the hold-up from the Acid
Regeneration stage, to the Acid Rinse stage (IXR4).

Mass flow of hydrochloric acid, ions (as salts) and demineralised water to the Acid
Regeneration stage HCI component separator block (CS;).

Mass flow of HCI species consumed during Acid Regeneration stage (IXR3).

Mass flow of H.O species to the Caustic Regeneration stage (IXR5). This represents
the generation of H,O during the conversion of the cation-exchange resin from the
hydrogen form to the sodium form.

Mass flow of caustic soda to the Caustic Regeneration stage (IXR5).

Mass flow of caustic soda, representing the hold-up from the Caustic Regeneration
stage, to the Caustic Rinse stage (IXR6).

Mass flow of caustic soda, H.O species and demineralised water to the Caustic
Regeneration stage NaOH component separator block (CSs).

Mass flow of NaOH species consumed during the Caustic Regeneration stage
(IXR6).
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Table C.16. The functions of the various building blocks associated with the model
for the cation-exchange process module.

Building Block

Function

FS

Divides the flow of polished brine between the Brine Displacement stage
(f11) and the Brine Replacement stage (f12)

FS

Divides the flow of hydrochloric acid between the Acid Regeneration
stage (f1s) and the Acid Rinse stage (f14).

FS

Divides the flow of demineralised water between the different stages of
the regeneration sequence. fsis sent to the Brine Displacement stage; fs is
sent to the Acid Regeneration stage; f; is sent to the Acid Rinse stage; fs is
sent to the Caustic Regeneration stage; fo is sent to the Caustic Rinse
stage; and, f1o is sent to the Brine Replacement stage.

FS

Divides the flow of caustic soda between the Caustic Regeneration stage
(f1s) and the Caustic Rinse stage (f1s).

CS

Separates the ions, as salts, from the brine passing through the
cation-exchanger.

CS

Removes a mass-load of HCI species equivalent to the ionic load removed
by the cation-exchanger during the normal cycle of operation.

CS

Removes a mass-load of NaOH species equivalent to the ionic load
removed by the cation-exchanger during the normal cycle of operation.

M

Combines the mass-load of NaCl species, which substitutes for the MgCl,
and CaCl; in the brine, with the brine stream being treated by the
cation-exchanger.

M.

Combines the polished brine hold-up from the normal cycle of operation
with the demineralised water sent to the Brine Displacement stage to
produce the effluent from the Brine Displacement stage (IXR1).

M;

Combines the hydrochloric acid, ions (salts) removed during the normal
cycle of operation and the demineralised water hold-up from the
Backwash stage for the Acid Regeneration stage (IXR3).

M,

Combines the hydrochloric acid hold-up from the Acid Regeneration stage
and the demineralised water for the Acid Rinse stage to produce the
effluent from the Acid Rinse stage (IXR4).

Ms

Combines the caustic soda, H,O species (which represent the H,O species
generated from the conversion of the cation-exchange resin from the
hydrogen form to the sodium form) and the demineralised water hold-up
from the Acid Rinse stage for the Caustic Regeneration stage (IXR5).

Me

Combines the caustic soda hold-up from the Caustic Regeneration stage
and the demineralised water for the Caustic Rinse stage to produce the
effluent from the Caustic Rinse stage (IXR6).

M-

Combines the demineralised water hold-up from the Caustic Rinse stage
and the polished brine from the Brine Replacement stage to produce the
effluent from the Brine Replacement stage (IXR7).

R

Associated with the destruction of the chlorine present in the brine being
treated by the cation-exchanger.
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One difference between the demineralisation plant process module and the cation-exchange
process module is the way in which the initial hold-up from the normal operating cycle to the
regeneration cycle is modelled. In the demineralisation plant process module, raw water
entered the process module through a single inlet. This stream was split into three to represent
the feed to the normal cycle of operation, the hold-up from the normal cycle of operation to the
regeneration cycle and the effluent of the final stage. With the quality associated with each of
these splits having to be the same, and the raw water being a combination of two different
sources of water, the ratio of which was determined during the optimisation, the situation had
to be modelled in this way. For the cation-exchanger however, there is only one source of
brine that can be used for the normal cycle of operation and the regeneration cycle. Thusitis
not necessary to model the situation as a split of a single stream entering the process module.
Instead the connectivity matrix is used to ensure that the quality of brine entering the normal
cycle of operation and the regeneration cycle are identical.

In practice, the exchange of divalent cations with the cation-exchange resin proceeds according
to the reaction:

2NaxX + MCl, - MX, +2NaCl C.8

where X represents a structural unit of the cation-exchange resin and MCl, represents divalent
chloride. NaX isthe cation-exchange resin in the sodium form and M X is the cation-exchange
resin in the divalent cation form. The divalent chloride from the brine is thus substituted
stoichiometrically by sodium chloride. The cation-exchange resin is converted from the
sodium form to the divalent cation form. The reaction for the Acid Regeneration step proceeds
according to the reaction:

MX, +2HCl - 2HX + MCl,, C.9

where HX is the hydrogen form of the cation-exchange resin. In this step, a mass-load of
hydrogen chloride is destroyed and a stoichiometric quantity of divalent chloride appearsin the
hydrochloric acid stream leaving the Acid Regeneration stage. The cation-exchange resin is
converted from the divalent cation form to the hydrogen form. The reaction for the Caustic
Regeneration step proceeds as:

HX + NaOH - NaX +H,0 C.10

Here a mass-load of sodium hydroxide is destroyed and a stoichiometric quantity of H,O is
added to the caustic soda stream leaving the regeneration stage. The cation-exchange resin is
converted from the hydrogen form to the sodium form.

If the resin-species complexes are ignored in the above reactions (Equations C.8-C-10), it is
possible to represent these steps in terms of species substitutions rather than species
transformations. For the normal cycle of operation, MCl; is substituted with NaCl. Thisis
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achieved via the NaCl substitution mixing block (M) and the divalent chloride component
separator block (CS;). The MCI, eliminated from the brine stream is sent to the Acid
Regeneration stage mixing block (M3) while a stoichiometric quantity of HCI species is
eliminated from the hydrochloric acid stream at the HCl component separator block (CS,).
Similarly, a stoichiometric quantity of H,O species is added to the dilute caustic soda entering
the Caustic Regeneration stage mixing block (Ms) and a stoichiometric quantity of NaOH
speciesisremoved at the NaOH component separator block (CSs).

It should be noted that the stoichiometric quantity involved in these substitutions corresponds
to the total ionic load removed by the cation-exchanger during the normal cycle of operation,
that is, the divalent cations and the residual chlorine present in the brine stream. The
assumption is made that all Cl, present in the brine entering the normal cycle of operation of
the cation-exchanger is converted to sodium chloride. This reaction proceeds according to:

2Na* +Cl, - 2NaCl Cll

In modelling this aspect, a stoichiometric quantity of Na“ cations (fs) is introduced into the
chlorine destruction reaction block (R;). This stream of Na" cations corresponds to the Na*
cations removed from the cation-exchange resin by chlorine.

In determining the ionic load removed by the cation-exchanger, the concentration of calcium
chloride and magnesium chloride in the brine emerging from the cation-exchanger are assumed
to be at the levels achieved in the existing scenario. Complete destruction of chlorine is
assumed. As was the case with the demineralisation plant process module, potential changesin
the regeneration frequency associated with this ionic load are accounted for by scaling the
amounts of material required for the regeneration according to areference.

In Chapter 5, a number of potential reuse opportunities were identified for the effluents
associated with the regeneration sequence of the cation-exchanger. These opportunities were
identified by an analysis of the passage of fluid through the regeneration sequence similar to
that presented for the demineralisation plant process module. This analysis is presented as
follows:

* Changeover:

The cation-exchanger comprises two resin beds arranged in series. When the
changeover from the normal cycle of operation to the regeneration cycle is
made, one of the beds is taken off-line and the regeneration procedure
commences. At the changeover, the resin bed contains brine from the polishing
(secondary) filter.
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* Brine Displacement Stage:

During the Brine Displacement stage, demineralised water is used to displace
the polished brine from the resin bed. At the end of this stage, the bed contains
only demineralised water and the effluent produced from the stage is a weak
brine solution.

e Backwash Stage:

The Backwash stage sees the resin bed being flushed with demineralised water
in the opposite direction to the normal flow. At the conclusion of this stage, the
bed contains only demineralised water and the effluent from the stage is
considered to be demineralised water.

* Acid Regeneration Stage:

During the Acid Regeneration stage, hydrochloric acid, at the required
concentration, is introduced into the resin bed and displaces the demineralised
water hold-up from the previous stage. Simultaneously, the divalent cations
removed during the normal cycle of operation are eluted from the resin which is
converted to the hydrogen form according to Equation C.9. At the end of the
stage, the bed contains only hydrochloric acid at the concentration at which it
was supplied to the stage; the effluent is a mixture of the demineralised water
hold-up from the Backwash stage, the hydrochloric acid that has passed through
the bed and the divalent cations eluted from the cation-exchange resin.

* Acid Rinse Stage:

During the Acid Rinse stage, demineralised water is used to displace the
hydrochloric acid hold-up from the Acid Regeneration stage. At the conclusion
of the stage, the resin bed contains only demineralised water while the effluent
isaweak hydrochloric acid solution.

* Caustic Regeneration Stage:

Caustic soda at the required concentration is used in the Caustic Regeneration
stage and displaces the demineralised water hold-up from the Acid Rinse stage.
The resin is converted from the hydrogen form to the sodium form with the
generation of H,O species according to Equation C.10. At the end of this stage,
the resin bed contains caustic soda at the influent concentration while the
effluent is a dilute caustic soda solution.
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* Caustic Rinse Stage:

Demineralised water is used in the Caustic Rinse stage to displace the caustic
soda hold-up from the Caustic Regeneration stage. At the conclusion of this
stage, the resin bed contains only demineralised water while the effluent is a
weak caustic soda solution.

* Brine Replacement Stage:

During the Brine Replacement stage, brine from the polishing filter is used to
displace the demineralised water hold-up from the Caustic Rinse stage. At the
end of the stage, the resin bed volume is occupied with the polished brine and
theresin bed is placed back on-line. The effluent from this stage is aweak brine
solution.

In modelling the various stages for the regeneration sequence, the hold-up volumes associated
with the various stages are modelled in the same way as that for the demineralisation plant
process module. Table C.17 presents a list of the building blocks associated with each of the
regeneration stages.

Table C.17. The building blocks associated with various stages of the cation-
exchange regeneration sequence.

Regeneration Stage Building Blocks
Brine Displacement FS., FSs, M2
Backwash FS;

Acid Regeneration FS, FSs, M3, CS,
Acid Rinse FS;, FSs, My
Caustic Regeneration FSs, FSi, M5, CSs
Caustic Rinse FS;, FSi, Ms
Brine Replacement FS,, FSs, M~

Similar arguments to those presented for the demineralisation plant process module on the
inclusion of concentration profiles in the model are applicable to the cation-exchange process
module.
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C.1.9 The Caustic Evaporation Process Module

Figure C.9 presents the model for the caustic evaporation process module. Table C.18 presents
the stream key while Table C.19 describes the functions of the various building blocks
associated with the process module. Some comments on the model follow these tables.
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Figure C.9. Diagram of the model for the caustic evaporation process module.
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Table C.18. Sream key for the model for the caustic evaporation process module.

Stream Description

Mass flow of process condensate from the first effect of the caustic evaporation

fu plant to the condensate mixing block (M»).

Mass flow of process condensate from the second effect of the caustic evaporation

fo plant to the condensate mixing block (M.).

Table C.19. The functions of the various building blocks associated with the model
for the caustic evaporation process module.

Building Block  Function

CS, Represents the first effect of the caustic evaporation plant.

CS Represents the second effect of the caustic evaporation plant.

Represents the combination of process condensate from the first and

M: second effects of the caustic evaporation plant.

The following points are raised with regard to the model:

* The dua effect caustic evaporation plant is represented as two component
separator blocks, each of which produces a source of concentrated caustic soda
which is available to the superstructure. The possibility is therefore introduced
that the caustic soda from the first effect can be used within the system, if such
use is economically feasible.



ApPPENDIX C - PRoceEss M obuLE M ODELS C.23

* Condensate is removed from the caustic soda at the component separator blocks
as a stream of H,O species. However, from the superstructure perspective, this
condensate source is modelled as a primary source with a quality equivalent to
demineralised water. It isnoted that this may not be the case in practice and the
quality of the water may be dlightly poorer than that of demineralised water.
The condensate is currently used as make-up water to the resaturator on the
brine circuit.

e Steam is used as the heating medium for the first effect. The amount of steam
required is modelled as being proportional to the caustic soda entering the first
effect. Thisratio isderived from existing plant records. This steam is supplied
by UOS and condenses such that it becomes available for use by other
operations in the complex. It is thus represented as a primary source with a
quality equivalent to that of demineralised water. Again, this may not be the
case in practice and the quality may be lower than that of demineralised water.
This condensate is also currently used as make-up water to the resaturator on the
brine circuit.

C.1.10 The Hydrochloric Acid Synthesis Process Module

The assumptions associated with the model for the hydrochloric acid synthesis process module
have been presented in Chapter 5; the process module is considered here only briefly.
Figure C.10 shows the model for the hydrochloric acid synthesis process module. The stream
key is presented in Table C.20 while Table C.21 describes the functions of the various building
blocks which constitute the process module.

HCI Product O

Caustic
D L T e ®
Caustic Soda O_> Soda Effluent

Figure C.10. Diagram of the model for the hydrochloric acid synthesis process
module.
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Table C.20. Sream key for the model for the hydrochloric acid synthesis process
module.

Stream Description

Mass flow representing the mass-load of hydrogen chloride to the hydrogen chloride

f scrubber.

Mass flow of caustic soda and hydrogen chloride to the hydrogen chloride

f2 destruction reaction block (Ry).

Table C.21. The functions of the various building blocks associated with the model
for the hydrochloric acid synthesis process module.

Building Block  Function

Combines the gaseous hydrogen chloride load to the hydrogen chloride

M. scrubber with the caustic soda.

R; Represents the reaction between caustic soda and hydrogen chloride.

C.1.11 The Sodium Hypochlorite Synthesis Process Module

The assumptions associated with the model for the sodium hypochlorite synthesis process
module have been presented in Chapter 5. There are no internal streams or building blocks
associated with this process module. The model consists of a fixed flow demand at which the
species NaOH and Cl, are considered to be desirable. The waste sodium hypochlorite is
represented as a fixed flow primary source.

C.1.12 The Hydecat Destruction Process Module

Figure C.11 shows the model for the Hydecat destruction process module. A stream key is
provided in Table C.22 while the functions of the different functional units which constitute the
process module are described in Table C.23

f
Hydecat f )
Y O—— R, s

Inlet O Hydecat
Effluent

Figure C.11. Diagram of the model for the Hydecat destruction process module.



ApPPENDIX C - PRoceEss M obuLE M ODELS C.25

Table C.22. Sream key for the model for the Hydecat destruction process module.

Stream Description

Mass flow of Hydecat effluent and oxygen liberated from the destruction of sodium

fa hypochlorite to the gas component separator block (CS,).

f Mass flow of oxygen liberated from the destruction of sodium hypochlorite.

Table C.23 The functions of the various building blocks associated with the model
for the Hydecat destruction process module.

Building Block  Function

Divides the stream emerging from the hypochlorite destruction reaction

€S block (R;) into an oxygen stream and an effluent stream.

Represents the destruction of sodium hypochlorite in the Hydecat

Ry destruction plant.

The reaction for the destruction of sodium hypochlorite proceeds according to:
2NaOCl - 2NaCl +0, C.12

The separation of the O, generated by the reaction and the effluent is represented by the
component separator (CS,).

C.2THE COOLING TOWER PROCESSMODULE

The assumptions associated with the model for the cooling tower process module have been
presented in Chapter 5; the process module is considered here only briefly. Figure C.12
shows the model for the cooling tower process module. Table C.24 presents a stream key for
the process module while Table C.25 presents a description of the functions of the various
building blocks which make up the model.

f3 )
M Cooled
fy o Water
water (O——><Cs) ¢
25

Figure C.12. Diagram of the model for the cooling tower process module.
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Table C.24. Sream key for the model for the cooling tower process module.

Stream Description

Mass flow of water from the evaporation component separator block (CS,) to the

fa carbon dioxide absorption mixing block (M,).

Mass flow of evaporated water from the evaporation component separator block
(CSY).

Mass flow of Na,COs species representing the absorption of carbon dioxide from the
atmosphere.

f2

f2

Table C.25 The functions of the various building blocks associated with the model
for the cooling tower process module.

Building Block  Function

Divides the water stream entering the cooling tower into an evpaporated
CS water stream (f;) and awater stream which is sent to the carbon dioxide
mixing block (M).

Combines the mass-load of sodium carbonate, which represents the carbon
M1 dioxide absorbed from the atmosphere, and the water from the evaporation
component separator block (CS,).

C.3CONCLUDING REMARKS

This appendix has presented the models for the various process modules associated with the
chemical production subsystem and the cooling circuit subsystem in greater detail. The full
mathematical descriptions of these models are presented in the GAMS coding included on the
CD which accompanies this thesis.
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Appendix D presents the material reuse matrices which show the routing of materials between
the various sources and sinks associated with the different subsystems; these matrices are
derived from the solution provided by the optimisation algorithm for the various subsystems.
The connectivity matrix, which shows the set of possible connections between the sources and
sinks of the superstructure is superimposed on the reuse matrix. The order of presentation of
these matricesis as follows: Table D.1 presents the reuse matrix for the demineralisation plant
subsystem in isolation from the other subsystems; Table D.2 presents the reuse matrix for the
chemical production subsystem in isolation from the other subsystems. Only those elements
which were included in the optimisation are shown in this table; Table D.3 presents the
material use matrix for those elements which were not included in the optimisation of the
chemical production subsystem. This matrix is derived from the mass-balances presented in
Appendix A; Table D.4 presents the reuse matrix for the cooling circuit subsystem in isolation
from the other subsystems; Table D.5 presents the reuse matrix for the demineralisation plant
subsystem operating in combination with the chemical production subsystem; and, Table D.6
presents the reuse matrix for the chemical production subsystem operating in combination with
the demineralisation plant subsystem.

From the above listing, Tables D.1, D.2 and D.4 reflect the performance of the subsystems in
isolation from each other while Tables D.5 and D.6 reflect the performance of the
demineralisation plant subsystem and the chemical production subsystem in combination with
each other. The cooling circuit was unaffected by the integration strategy presented in
Chapter 6; the elements of the chemical production subsystem which were excluded from the
optimisation were similarly not affected by the integration strategy. The performance of the
various subsystems of the chlor-alkali complex on an integrated basis therefore corresponds to
Tables D2 to D6.
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