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Abstract

The rapid global industrialisation and urbanisation have placed heavy burdens on natural material
resources consumption. For example, water scarcity and water pollution have been affecting
human lives and economic developments for a long time, and resorting to clean fresh water has
been becoming an important issue. The increasing irregular water supply and water pollution
issues require more advanced water resources assessment methodologies to guide practical water
use and management. Another well-known issue is the plastic waste accumulation in the option,
which raises an alarming concern in achieving the optimal resources conservation network,
striving towards the goal of Circular Economy. The Circular Economy concept not only focuses
on resources conservation but also highlights the importance of maintaining and preserving the
assets’ lifetime. This thesis is focused on developing advanced approaches for resources
conservation and asset maintenance

This thesis presents the extended analysis of Pinch-based methods in conserving the material
resources for an industrial site. The major extensions involve the conceptual analysis on the
resource conservation network that involves multiple qualities constraints, headers targeting and
synthesis, and Total Site material conservation network synthesis. These methods serve as the
graphical user interface for the users to select the preferable design options while ensuring the
fresh resources consumptions are minimal. The study also extends the incorporation of different
types of resources, such as heat and water, into the conservation network. The management issues
such as resources management, subsidies and cost allocations are also studied for the eco-industrial
site.

Considering the asset’s lifetime prolongation, the long-term planning of a process or industrial site
is incorporated in this study covering the assets’ age, depreciation and reliability. Process
Integration tools are proposed to plan for the maintenance cost for a time period and workforce
scheduling. The study is also extended to more analysis involving standby units and technologies
investment for any process. Combining asset performance with resources conservation, the fault
diagnosis and prognosis framework is applied to the Total Site/Eco-industrial park asset
maintenance planning.
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Abstrakt

Rychla globalni industrializace a urbanizace kladla velkou zatéZ na spotiebu ptirodnich zdroju.
Naptiklad nedostatek vody a znecisténi vody jiz dlouhou dobu ovliviiuji lidské zivoty a
hospodaisky rozvoj a uchyleni se k Cisté sladké vod¢ se stava dalezitym problémem. Rostouci
problémy s nepravidelnym zasobovanim vodou a zneCiSténim vody vyzaduji pokrocilejsi
metodiky hodnoceni vodnich zdroji, které by vedly k praktickému vyuzivani vody a hospodaieni
s ni. Dal$im zndmym problémem je akumulace plastového odpadu v této moznosti, coz vyvolava
znepokojivé obavy ohledné¢ dosazeni optimdlni sité pro zachovani zdroji, smétujici k cili
ob&hového hospodatstvi. Koncept cirkularni ekonomiky se zamétuje nejen na ochranu zdroj, ale
také zdiraziuje dilezitost zachovani a zachovani Zivotnosti aktiv. Tato prace je zamétena na vyvoj

pokrocilych pfistupii k ochrané zdrojii a idrzb¢é majetku

Tato prace predstavuje rozsifenou analyzu metod zalozenych na Pinch pifi zachovani
materialovych zdroji pro primyslové misto. Hlavni roz$ifeni zahrnuji koncepcni analyzu sité pro
zachovani zdrojt, kterd zahrnuje omezeni nékolika kvalit, cileni a syntézu zahlavi a syntézu sité
pro zachovani materidlu v rdmci celého webu. Tyto metody slouzi uzivatelim jako grafické
uzivatelské rozhrani k vybéru preferovanych moznosti ndvrhu a zaroven zajistuji minimalni
spotiebu Cerstvych zdroji. Studie také rozsifuje zaclenéni riiznych typt zdrojl, jako je teplo a
voda, do ochranné sité. Otazky fizeni, jako je fizeni zdrojli, dotace a rozdélovani nakladi, jsou
rovnéz studovany pro ekologicky pramysl.

S ohledem na prodlouzeni zivotnosti aktiva je do této studie zaclenéno dlouhodobé planovani
procesu nebo prumyslového arealu pokryvajiciho vék majetku, odpisy a spolehlivost. Nastroje pro
integraci procest jsou navrzeny tak, aby planovaly ndklady na udrzbu na Casové obdobi a
planovani pracovni sily. Studie je také rozSifena o dalSi analyzu zahrnujici investice do
pohotovostnich jednotek a technologii pro jakykoli proces. Kombinace vykonu aktiv s ochranou
zdrojii, ramce diagnostiky chyb a prognozy se aplikuje na planovani udrzby majetku Total
Site/Eco-industrial park.
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CHAPTER 1 INTRODUCTION
1.1 Resources recycling for Circular Economy

Circular economy was introduced as an economic or business model for the transition of linear
to circular systems. It has risen in popularity in recent years as a conceptual model to guide
better use of natural resources and management of waste (Murray et al., 2017). The utilisation
of recycled resources can scale down the demand for the extraction of new resources and avert
the impacts created along the processing chain. This is critical to support the transition from a
linear to a circular economy. The circular system can be achieved by avoiding the material flow
to the end of the life cycle (reducing) or by regenerating the material through reusing, recycling
and recovering. The full framework for Circular Economy proposed by MacArthur (2013) is
shown in Figure 1-1 below.

According to the definition from Tura et al. (2019), a circular economy is a system developed
by minimising the use of energy, natural resources and waste generation. It can be achieved by
mitigating, closing and narrowing loops of utilities and materials flows. Based on a conducted
systematic analysis, most scholarly see the circular economy as an avenue for economic
prosperity (Kirchher et al., 2017) and a material or energy flow balance.

The current indicators of the circular economy are more specific on the material flow
accounting system, which is usually derived based on European Union material flow and
Japanese material flow indicator system (Geng et al., 2012). Sustainability is not within the
concern of such accounting. The other material flow accounting derived indicators based on
regional nuances and policy are a) energy and material efficiency indicator in Korea and b)
decoupling of material flow intensity in the United States. In China, the circular economy
evaluation system covers a more extensive range of considerations include resources output
and consumption rate, integrated resource utilisation rate, waste disposal and pollutant
emission. Haupt et al. (2017) apply recycling rates as an indicator to measure the degree of
circularity of the Swiss waste management system. Nakamura and Kondo (2018) developed a
dynamic waste input-output model. A circular material use rate is proposed by Eurostat (2018)
to measure the share of material recovered and fed back into the economy. A set of indicators
comprise of a) scale indicators (t) (In-and output flows, consumption-based perspective,
interim flows), and b) circularity rate (%) (socioeconomic cycling, ecological cycling potential,
non-circularity) has been proposed by Mayer et al. (2019) to identify the circularity of EU. As
shown in Figure 1-2, only 0.71 Gt of the processed materials are from secondary materials.
This suggested that not all the reprocessed secondary material is utilised in the domestic
economy.

12
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Figure 1-1: The framework for Circular Economy, adapted from MacArthur (2013)

This study highlights the roles of internal sources recovery in a circular economy and the need
for systematic resource conservation planning to reduce the reliance on virgin raw materials.
The proposed indicators are relatively comprehensive; however, they only serve as a
monitoring framework (assessment instead of scientific analysis) and tells very little on the
constraints/bottlenecks for the material recycle/reuse. The results inform the circularity
situation, but the optimal recycling strategy is unknown. Process Integration tools, such as
Pinch Analysis, provide scientific analysis on the problem using thermodynamic knowledge to
derive the optimal resource recycling strategy. However, this is limited to only a single
criterion/constraint problem (e.g. Water Pinch Analysis). Not many developments on the
Pinch-based tools considering multiple constraints. For practical application, the consideration
of multiple constraints in the internal resources is crucial to derive optimal recycling steps.
Pinch-based tools could provide insights on how materials should be recycled to achieve
minimum use of the virgin raw materials, striving towards more quality and informative
Circular Economy. Not only that, it is also crucial to target for the minimum inter-transfer of
the resources between stakeholders. This is to reduce the additional cost to build the facilities
to transfer the resources. The intermediate storage of the resources should be targeted with the
parameters such as flowrates, qualities of the resources or number of storages for the resources.
A Pinch-based tool provides a good graphical interface for the users to target the intermediate
storage through the mixing of the waste resources.
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Figure 1-2: Material flows through the EU28 economy, amended from Mayer et al. (2019).
(Domestic processed outputs=DPO. EoL= End of life)

1.2 Asset management for Circular Economy

Asset management (AM) is defined as a coordinated activity to realise value from the assets
by the organisation (ISO 55000, 2014). It aims at ensuring the longevity of the assets and
optimising the business impacts of the assets in terms of cost, performance and risk exposures.
The values of the asset are realised through operation, maintenance and investment activities
(Komonen, 2008). The goals of the AM are congruent with the goals of the Circular Economy.
The term Circular Economy (CE) is defined as a system that creates value by minimising waste
generation, energy and natural resources utilisation (Geissdoerfer et al., 2017). The solution to
creating a CE is too slow, close and narrow the loops of material and energy usage. One of the
solutions includes long-lasting product design or design for easy disassembly and
maintainability. The main concept is to provide ‘product as a service' for the end-users instead
of mainly rely on the use of virgin resources and creates an abundance of unnecessary by-
products and wastes. Maintenance actions such as repair, refurbishing, reuse, remanufacturing
and recycling are in line with the concept of CE to preserve the condition of assets for long-
lasting usage. Figure 1-3 below shows the analogous connection between AM and CE.

The keywords for achieving CE presented in Figure 1-1 include 'repair’, 'reuse’, ‘'maintain’ or
‘extend’. This shows that asset maintenance plays an active role in this strategic concept. As
Kalmykova et al. (2018) mentioned, the CE strategies overlap with the terminologies such as
'green supply chain management’, 'industrial symbiosis', 'cradle-to-cradle or 'closed-loop
economy'. Potting et al. (2017) summarised the strategies for CE and structured them into three
groups: a) useful application of materials, b) extend the lifespan of products and their parts and
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c) smarter product manufacturing and use. These groups stem from the 10R framework, as
shown in Figure 1-4
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Figure 1-3: Asset Maintenance and Circular Economy, adapted from Valkokari et al. (2017)
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Figure 1-4: Circular Economy strategy: 10R framework, adapted from Potting et al. (2017) and
Klemes et al. (2020)

The strategy in the group 'Extend the lifespan of the product and its parts' (R3-R7) emphasises
retaining finished parts or products longer while maintaining or improving their value
(Morseletto, 2020). Maintenance is defined as the actions for keeping equipment/parts/products
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in good condition for prolonging the durability. According to MacArthur (2013), asset
maintenance is not a part of the CE strategy, but rather it is a set of strategic actions that
resemblance with the CE strategies: Repair (R4), Refurbish (R5) and Remanufacture (R6).
Morseletto (2020) has interpreted maintenance as a form of soft Repair as maintenance is
congruent with the 10R framework. In fact, corrective/reactive maintenance is identical to the
Repair (R4) strategy (den Hollander et al., 2017). Equipment upgrading can be considered as a
life extension strategy, but also as the remedial actions in the forms of
Refurbish/Remanufacture. The equipment lifetime extension is also beneficial in tightening the
material circulating loop efficiency, for which material recycling can be costly or energy-
intensive. Raising resource prices could potentially make the circulating loop more attractive,
but a possible increase in operating and maintenance cost or efficiency gains due to rapid
product innovation can make the circulating power obsolete (MacArthur, 2013). In some cases,
extending the lifespan of the product can slow down innovation or prevent the development of
new products (Bressanelli et al., 2018). However, proper planning of the maintenance strategies
is also required to prevent the waste of valuable resources — labour/time/spares.

Reuse (R3) is also a part of a maintenance strategy in which the products/parts are used within
the inner circulation loop (MacArthur, 2013). For example, pallets or containers could be
reused to carry a variety of goods or properly maintained tube bundles could be reused in a
heat exchanger. Reuse strategy could prevent the rapid consumption of goods as making new
spare parts is often unavailable or prohibitively costly. However, in certain cases, repairing can
be expensive as well, owing to the technical difficulties and the associated time/labour (Milios,
2018). Reduce (R2) strategy should also be widely applied in the field of asset management to
reduce the scraps generation from equipment decommissioning. Globally, Allwood (2014)
shows that 25 % of steel and 50 % of aluminium are converted into scraps in the industries.
Careful maintenance could potentially enhance the service life of the equipment, but the
warranty life of the equipment is inevitably declining annually. Enforcing rules on consequent
material savings from plant decommissioning projects could reduce the generation of scraps.
Eliminating these obstacles is the key to make the economy more circular.

Other than the resource conservation framework, this study also highlights the roles of asset
maintenance and management in striving towards the goals of CE. The research on the impact
of asset maintenance and management in the system of CE is scarce (Morseletto, 2020). Asset
optimisation is now widely adopted in the chemical industries to drive more business profits.
This study considers the asset investment and maintenance optimisation in the processing
system to determine the effectiveness of asset planning in driving business profit, especially in
a plant retrofit project. A Pinch-based tool is also developed to account for the cost targeting
in opportunistic maintenance management. A short term Pinch Methodology for manpower
planning for delegation of maintenance tasks is also derived from showcasing the advantages
of the methodology in resource planning and bottlenecks determination.
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1.3 Research Aim and Objectives

The central research aim of this thesis is to develop and extend the current decision support
models and tools in realising the goals of Circular Economy, emphasising the resource
recycling or reuse and the assets maintenance or management approaches. The main research
questions targeted from this work include:

(i) The fundamental understanding of material recycling or reuse network problems with a
single quality that led to the development of the traditional Material Pinch method has to
be extended to multi-quality problems. This enables decision-makers to solve the real
problems without the need for artificial simplification to single-quality formulations,
reflecting a more realistic Circular Economy system.

(i1) An insightful resources targeting tool with intermediate storage systems is needed for a
Circular Economy system in an eco-industrial park. This allows the users to explore
different solutions of resources mixing and allocation while ensuring the fresh resources
requirements are minimal, and the cross-plant transfer is minimal.

(iii)A balanced economic policy between stakeholders and the government or authorities to
facilitate the Circular Economy system is required. Scientific analysis on the
subsidies/incentives distribution scheme to sponsor the infrastructure building cost.
Proper setting of the tax rates or price negotiations of waste selling is needed as stimulants
for recycling activities while acting as a source of income.

(iv)An integrated framework on asset and process optimisation in the chemical industry to
incorporate the reliability issues, the service life of equipment and depreciation of the
units is needed. This is crucial for long-term development and footprint minimisation to
achieve the goals of the Circular Economy through equipment upgrading or lifetime
extension as well as resource conservation.

(v) A scientific analytical framework to provide insights on the mathematical optimisation
model is needed to determine the bottlenecks in a Circular Economy system. A Pinch-
based framework is not only useful for multiple constraints material recycling or reusing
network, but also can be applied for asset planning- maintenance tasks planning and
scheduling to maximise the usage of resources.

1.4 Thesis Outline

Chapter 1 introduces the research scope of the thesis, summarise the research gaps, and
presents the research aims and objectives. Chapter 2 presents a thorough literature review of
resource conservation with Pinch Analysis tools, Total Site/eco-industrial park synthesis,
Game Theory in resources allocation, as well as asset maintenance and investment planning.
The primary research work and achievements for resources conservation are introduced with
three chapters (Chapter 3, 4 and 5). Chapter 3 introduces the extension of Pinch Analysis
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tools for material resources targeting multiple constraints/contaminants. Chapter 4
introduces the Material Headers/Mains targeting framework with a graphical user interface
based on the Pinch framework for both single and multiple contaminants. Chapter 5 presents
the Game Theory analyses in deriving a balanced economy policy to realise the Circular
Economy in a material exchange eco-industrial park, which includes distribution of
subsidies/incentives and taxation policy. The rest of the two chapters (Chapter 6 and 7) denote
the proposed approaches in asset management considering various risks. Chapter 6
introduces the Pinch framework applied in opportunistic maintenance framework and short
term maintenance tasks targeting. Chapter 7 presents the maintenance decision-making
framework for a chemical process system, as well as for an eco-industrial park. Chapter 8
concludes all the research works and proposing the direction of future works.

Following are the publications for each chapter:

Chapter 3: Extension of Pinch Analysis tools in resources targeting for multiple constraints
resource conservation network problem

e Chin HH, Varbanov PS, Liew PY, Klemes JJ, 2021. Pinch-based targeting methodology
for multi-contaminant material recycle/reuse. Chemical Engineering Science, 230,
116129 (Citations = 12) [IF = 4.311] [CiteScore = 7.3]

e Chin HH, Varbanov PS, Liew PY, Klemes JJ, 2021. Extension of Pinch Analysis to
Targeting and Synthesis of Multi-Contaminant Material Recycle and Reuse Networks.
Chemical Engineering Science (R2 Under Review) [IF = 4.311] [CiteScore = 7.3]

e Chin HH, Varbanov PS, Liew PY, Klemes JJ, 2021. Enhanced Cascade Table Analysis
to target and design multi-constraint resource conservation networks. Computers &
Chemical Engineering, 148, 107262. [IF = 3.845] [CiteScore = 7.0]

e Chin HH, Varbanov PS, Liew PY, Klemes JJ, 2020. Pinch Approach for Targeting in
Multi-Contaminant Material Recycle/Reuse Network. Chemical Engineering
Transaction, 81, 145-150 (Citations = 1) [CiteScore = 1.5]

Chapter 4: Total Site Materials Headers/Mains targeting framework using Pinch
framework and Optimisation

e Chin HH, Xuexiu Jia, Varbanov PS, Klemes JJ, Liu Z-Y, 2021. Internal and Total Site
Water Networks Design with Water Mains Using Pinch-Based and Optimisation
Approaches. ACS Sustainable Chemistry & Engineering, 9(19), 6639-6658. [IF = 8.198]
[CiteScore = 12]

e Chin HH, Varbanov PS, Klemes JJ, Wan-Alwi SR, 2021. Total Site Material Recycling
Network Design and Headers Targeting Framework with Minimal Cross-Plant Source
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Transfer. Computers & Chemical Engineering, 151, 107364. [IF = 3.845] [CiteScore =
7.0]

Chin HH, Xuexiu Jia, Varbanov PS, Kleme$ JJ, Wan-Alwi SR, 2021. Targeting
Flowrates and Concentrations in Internal or Total Site Water Mains for Single
Contaminant. Chemical Engineering Transaction, 86, 895-900 [CiteScore = 1.5]

Chin HH, Varbanov PS, Kleme$ JJ, Wan-Alwi SR, 2021. Industrial Site Water
Exchange Network Synthesis Considering Multiple Qualities and Water Headers.
Journal of Cleaner Production (Under Review) [IF = 9.297] [CiteScore = 13.1]

Chapter 5: Game Theory approaches in deriving a balanced economic policy of waste
recycling in Total Site/Eco-Industrial park

Chin HH, Varbanov PS, Klemes JJ, Bandyopadhyay S, 2021. Subsidised Water
Symbiosis of Eco-Industrial Parks: A Multi-Stage Cooperative Game Theory Approach.
Computers & Chemical Engineering (R1 Under Review) [IF = 3.845] [CiteScore = 7.0]

Chapter 6: Application of Pinch framework in opportunistic maintenance management and
tasks allocation

Chin HH, Varbanov PS, Klemes JJ, Lam HL, 2019. Application of Pinch aAnalysis to
Opportunistic Maintenance Management. Chemical Engineering Transactions, 76, 535-
540 (Citations = 3) [CiteScore: 1.5]

Chin HH, Varbanov PS, Klemes JJ, 2020. Short Term Maintenance Tasks Scheduling
with Pinch Methodology. Chemical Engineering Transactions, 78, 499-504. (Citations
= 1) [CiteScore = 1.5]

Chapter 7: Maintenance decision-making framework for process system

Chin HH, Varbanov PS, Kleme§ JJ, Tan R.R., Benjamin MFD, 2020. Asset
Maintenance Optimisation Approaches in the Chemical and Process Industries - A
Review. Chemical Engineering Research and Design, 164, 162-194. (Citations = 4) [IF
= 3.739] [CiteScore = 6.3]

Chin HH, Wang B, Varbanov PS, Klemes JJ, Zeng M, Wang QW, 2020. Long-term
Investment and Maintenance Planning for Heat Exchanger Network Retrofit. Applied
Energy, 279, 115713. (Citations = 4) [IF = 9.746] [CiteScore = 17.6]

Chin HH, Wang B, Varbanov PS, Klemes JJ, 2021. Markov Decision Process on Asset
Investment and Maintenance Planning for Chemical Process Systems. Computers Aided
Chemical Engineering, 50, 1853-1858 [CiteScore = 0.9].
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CHAPTER 2 LITERATURE REVIEW
2.1 Process Integration tools for material resource conservation

An important invention of Mass Exchange Networks (MENSs) was introduced in 1994 by
Wang and Smith (1994). They proposed a graphical approach to target the minimum
freshwater consumption and wastewater discharged by the transfer of contaminants from
process streams to water streams. EI-Halwagi (2006) introduced the problem of synthesising
for mass transfer operations. They showed that it is possible to target the minimum usage of
external lean streams using systematic representations such as Composite Curves. EI-Halwagi
et al. (2003) later provided a single-stage targeting method to identify minimum resources for
a single contaminant water network, with the solution strategy identified through rigorous
analysis. Both methods apply to mass exchange processes, and they rely on the basic principle
of concentration driving force. A new simpler design procedure was introduced by Olesen
and Polley (1997), continuing the work of Wang and Smith (1994) for single contaminant
problems. This new methodology results in better constructions for regeneration reuse and
recycles designs. Hallale (2002) introduced a new graphical targeting method for water
minimisation. Gomes et al. (2007) presented a heuristic algorithmic procedure, water source
diagram procedure (WSD), to synthesise water mass exchange networks

A comprehensive review of the historical development of Pinch Analysis in the water network
has been done by Foo (2009). Klemes et al. (2018) have conducted a comprehensive overview
of various extensions of PA in Mass Integration, including water and hydrogen integration.
The water PA has been successfully applied to water system optimisation in various
industries, including the ethanol industry (Liu et al., 2019), starch industry (Dakwala et al.,
2009), oil refineries (Mohammadnejad et al., 2011), brick manufacturing industry (Skouteris
et al., 2018) and the steel industry (Tian et al., 2008). Govindarajan (2018) provided a recent
review dedicated to Water Pinch Analysis from 2008 to 2018. This proves the central
importance of using simplified and accurate graphical tools in addressing complex water
design problems. The detailed development until 2013 was covered by the first edition of the
PI Handbook (Klemes, 2013a), which proves the success of PA as a tool for handling a single
contaminant water network target and design.

Mann and Liu (1999) have found that, when considering water regeneration recycling, some
systems had a different Pinch Point, termed Regeneration Pinch, which is located higher than
the process Pinch obtained without regeneration. They also introduced a graphical approach
to determine the minimum water flow rate in the case of multi contaminant systems. Dakwala
et al. (2009) used graphical strategies and demonstrated a case study of a multi-contaminant
system for starch industries based on fixed flow rate operations. They presented a graphical
strategy, namely concentration interval diagram (CID), Concentration Composite Curve and
water supply line primarily to determine the key contaminants for each operation. This
procedure involves shifting the inlet and/or outlet concentration of specific contaminants to
maintain the feasibility of water reuse. However, the concentration shifting requires tedious
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analysis on both inlets and outlets for each operation. Alva-Argaez and Smith (2007) combine
PA and mathematical approaches to identify design water-using systems for petroleum
refineries. An iterative procedure is proposed to handle the multi-contaminants in the
nonlinear superstructure model. Fan et al. (2019) proposed an iterative approach to design the
water network, including regeneration, recycle/reuse and wastewater treatment. However,
multiple impurity problems using the PA approach frequently only locate the approximate
freshwater flowrates rather than the fully optimum figures due to multidimensional problems
to be solved, e.g. in Tan et al. (2007).

Various other strategies have been proposed to tackle multi-contaminant problems. Alva-
Argaez et al. (1999) developed Mixed-Integer Linear Programming (MILP) based multi-
contaminant transhipment model used for targeting, particular for mass exchange networks
and wastewater minimisation problems. Their model could tackle the general problem of
mass exchange networks, but it could not evaluate the mixing effect of multi-contaminant
problems. By using MP, the calculation in designing multiple contaminant water networks
can be fast. However, it is often difficult to understand how the optimal solutions are obtained
and determine the process bottlenecks from these models. To address this problem, Liu et al.
(2009) proposed methodology concepts of concentration potential. The concepts are
presented based on the overall allocating possibility of source streams to demand streams.
The concept is analogous to the single contaminant water network as it identifies the
concentration order of the streams. Fan et al. (2012) extended the concepts of concentration
potential to the fixed flowrate operations. Li et al. (2017) provide a review on this approach
with their extension and applicability, and Zhao et al. (2019) utilised the concept in designing
heat-integrated water networks.

Other attempts include the work of Castano and Higuita (2016), who used the property of
turbidity (which sums a number of contaminants) in the design of water networks. The authors
regarded turbidity as the key measured parameter, and linear correlations of it were made
with the concentration of the suspended solids. To this date, there is limited research in the
context of Pinch based techniques on procedures that determine optimal regenerator
performance prior to the water network design. Mabitla and Majozi (2019) presented a hybrid
of graphical and mathematical approaches in solving multi-contaminant water and
regeneration networks. The graphical approach involves the pre-processing steps to identify
the minimum water target and optimal regenerator removal ratios. The multi-contaminant
problem is simplified using the reference contaminants approach proposed by Calixto et al.
(2015). The detailed design of the reverse osmosis unit is then identified by formulating a
mathematical model that optimises the water and energy use of the unit. However, their
approach could only account for at most two contaminants.

The aforementioned design procedures for the multi-contaminant recycle/reuse problem have
significant advantages, but none of them presents a systematic targeting procedure. Nemati-
Amirkolaii et al. (2019) mentioned that in the case of three or more contaminants available
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in the water network system, they declared that a multidimensional mathematical model
remains the best option. They highlighted that in the food industry, it is almost impossible to
include all the components, such as the microbiological aspect and the quality of the food
product. In some food processing sectors, it is common to select representative contamination
indicators. The development of PA is an essential step for industrial application because it
reveals the inherent system limitations — targets of the resource supply and the internal
bottlenecks. These targets are then used in the detailed design model setting the optimisation
strategy and providing bounds on the key variables. This is the logic that has led to the Process
Integration strategy to identify the target for minimum usage of fresh resources ahead of
detailed design.

2.2 Asset investment planning in the chemical process industry

Optimisation of capacity planning for processes is a problem that is widely studied by various
researchers. The core concept of this field is to optimise future investment in expanding the
units' sizes. More substantial investments at the same time are often more beneficial due to
the time value of money. Manne (1967) was one of the pioneers that developed a solution for
capacity planning with linear growth of demand analytically within an infinity planning
horizon. Sahinidis et al. (1989) investigated a network of existing and new chemical processes
based on the capacity expansion potential with several optimisation strategies. In each period,
the decisions to be made are the amount of chemical to be produced, the capacity expansion
and shut-down actions, aiming to optimise the Net Present Value (NPV). Sahinidis and
Grossmann (1991) then extended for more flexible processes by considering continuous and
batch operation modes. Wiesner et al. (2008) formulated a MILP, which constitutes a step-
wise approach in capacity expansion planning for chemical plants.

Investment planning is also widely applied in energy system planning. The location, timing,
technologies and sizes of new plant additions are the central core of the problem. Bakirtzis et
al. (2012) developed a MILP model for the Greek power system in monthly intervals. The
monthly decisions for unit maintenance scheduling, reservoir management and investment
decisions are formulated in a single optimisation problem. The emission allowance cost is
also included to reflect the environmental effect on the units. Pereira et al. (2017) studied
long-term planning coupled with short-term decision making in expansion planning for
electricity generation with renewable energies. The long-term investment planning with 10
years horizon, with the short term hourly impact, was done to investigate the sensitivity of
the system to renewables. The resources of seasonal availability have a significant impact on
the function of the system. Zhang et al. (2015) studied the transmission system to optimise
the energy hub operations, considering the investment options for transmission lines,
furnaces, generating units and combined heat and power (CHP) units.

Investment planning on a global supply chain is vital to ensure global competitiveness. Liu
and Papageorgiou (2013) proposed a MILP-based multi-objective optimisation framework
that addresses capacity and production planning for the global supply chain. The various
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capacity expansion strategies are also taken into account to optimise the total cost, also the
total flow time and total lost sales. The strategic investment planning on the bioethanol supply
chain is studied by Dal-Mas et al. (2011). A MILP model is developed to assess the economic
and investment risks under the uncertainty of product selling price and biomass production.

For process facilities, Wickart and Madlener (2007) developed a framework to aid in
decision-making whether to invest in a CHP unit or an industrial boiler for utility system. The
uncertainty of electricity and fuel prices were considered. They concluded that capital
investment is less preferred if the operational risks are high. Redlarski et al. (2017) applied
several evolutionary algorithms in the investment planning of a bioethanol plant. The decision
on the investment includes the selection of equipment from the market as well as the location
of the plant itself. Yazdi et al. (2019) developed the Fuzzy Analytic Hierarchy Process to
allow investment planning on offshore process facilities with uncertain data. Knowledge of
experts from various domains is collected to identify the potential risks and rank the factors
affecting the investment. A bi-objective nonlinear optimisation model is then formulated to
minimise the accident risk and safety investments. Baaqgeel and El-Halwagi (2018)
formulated a multi-scale capacity planning model for seawater desalination system,
considering the emerging technologies such as membrane distillation or alternative options
such as multi-effect distillation. Their aim is to simultaneously optimise the sizing of the
desalination units over a planning horizon by maximising economic return.

Lambert et al. (2016) proposed multistage stochastic programming for optimal planning of
district heating networks. The pipe diameters are first identified by minimising the capital
cost. The solutions then serve as the parameters for the long-term deployment model of a
district heating network. Bitin et al. (2019) employed a long-term investment model, coupled
with the Process Integration approach to clusters of district heating networks. The investment
model includes the units' depreciation and the units' lifetime, so the decision to invest and sell
the units is made every year. The objectives studied are NPV and CO emissions.

Past works on investment planning have addressed a wide range of problems, but they were
directed mostly towards capacity expansions. Not many of the proposed methods are fully
applicable to industrial problems. In most cases, the issue that the current equipment on plants
has a limited lifetime is usually ignored. The capital expenditure would eventually be needed
if the equipment’s life has ended. Since the capital investment is inevitable, the money could
be spent on purchasing a more efficient and bigger unit or implementing the Best Available
Techniques (BAT) while utilising units with sizes similar to the old unit. The investments in
improvements in energy efficiency have better advantages than just replacing aged or
obsolete equipment for a long time horizon. This, however, increases the computation
burdens to the modelling framework. The option is now not just “what to invest in", but also
"when to invest” to achieve higher profit. Not only the service life of the units has to be
considered, the remaining life before the failure of the units, which associates with the
reliability of the units, have to be evaluated as well. This issue is crucial because the units'
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failure could drastically affect the system and cause process interruption.
2.3 Asset maintenance planning in the chemical process industry

Tseng et al. (2015) did a comprehensive review of the maintenance management models in
various industries. Most of the studied areas focus on power plants, manufacturing facilities
and oil refineries. Various published works from 1995 to 2011 that utilise preventive and
predictive maintenance strategies, e.g. time-based maintenance (TBM) and condition-based
maintenance (CBM), are reviewed. Alrabghi and Tiwari (2015) conducted a state-of-the-art
review of simulation-based approaches for maintenance systems in various industries. The
majority of the reported works used discrete event simulation and genetic algorithm (GA) as
an optimisation tool. They suggest that a well-developed framework to guide the maintenance
planning process is needed in real case studies, especially in the context of CBM. Carlo and
Arleo (2017) conducted reviews on the applications of 'perfect’ maintenance into real
practises in the industry and provided guidelines to select the proper ‘imperfect' maintenance
model. Jonge and Scarf (2019) presented a comprehensive review of different mathematical
approaches used by researchers in generic systems up until 2018 in maintenance planning

Ahmed et al. (2015) devised a maintenance scheduling problem for a complex gas absorption
system in a hydrocarbon processing facility. Considering the constraints of equipment risk,
maintenance cost, system reliability and availability, the proper scheduling involving
inspection, maintenance and replacement is determined. In their model, they assumed
different actions could alter the original failure characteristics over time. However, accurate
failure analysis of the equipment is needed, which heavily depends on historical data, fault
diagnostics, and prognostic information.

Megow et al. (2010) consider turnaround scheduling in the chemical industry, specifically in
continuous plants. The task is to minimise the cost of maintenance with respect to the
resources used, which are manpower and maintenance equipment. This minimisation is
subject to pre-set precedence rules for maintenance tasks and resource scheduling constraints
that involve shift calendars for maintenance workers. The assignment constraint, which
assigns maintenance resources to jobs in each time period, gives the detailed maintenance
schedule. The interesting trade-off is the time-cost trade-off, where more expensive external
resources can be utilised in order to perform a certain task in reduced time.

Aguirre and Papageorgiou (2017) formulated a continuous-time MILP model to determine
the optimum production and maintenance schedule for a multiproduct batch process. The
tasks are scheduled by using the travelling salesman problem (TSP)/precedence-based
concepts, which are different from the previously applied principle of first-in-first-out (FIFO)
(Dedopoulos and Shah, 1995). Their model also incorporated the production resources
constraint and unit performance decay that reflect the reality of a chemical batch process. The
performance decay is modelled as a statistical distribution. It provides some numerical
guidelines to engineers to determine the optimal maintenance actions considering the
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deterioration model. However, the representation of performance decay without any data as
evidence is hardly convincing. Another published work on integrating process and
maintenance scheduling can be found in Idris (2016). The study is conducted on a Mexican
oil chemical company. The authors proposed a mixed-integer nonlinear programming
(MINLP) model to optimise the product processing time and overall profit. The PM actions
are translated into maintenance demands, and they are considered as products constraints with
specific time windows and goals. By using historical production data from the company, they
applied the Monte Carlo approach to generate several production instances and significant
improvement of profit is obtained using the proposed model. However, the practicality of the
model is questionable since a longer time horizon of maintenance planning enlarges the
problem significantly.

The need to have the right spare parts at the right place and at the right time inevitably requires
the joint optimisation of maintenance schedules and logistics of maintenance resources. The
joint decision-making problem becomes particularly challenging if one considers multiple
options for PM operations and multiple delivery methods for the necessary spare parts. Wang
and Djurdjanovic (2018) presented an integrated decision-making policy for simultaneous
PM scheduling, spare parts inventory management and transportation planning in a system of
geographically dispersed multi-part degrading assets and maintenance. This integrated
decision-making policy considers both perfect and imperfect maintenance options, as well as
multiple shipping methods for spare part deliveries. The problem investigated here is only a
theoretical example, but the framework can be extended and applied to large-scale practical
problems in chemical process plants with real data. The allocation of human resources also
deserves to be researched to execute maintenance activities.

Most of the methods mentioned are mainly mathematical optimisation models. It is often
difficult to understand how the optimal solutions are obtained and determine the process
bottlenecks from these models. Strong programming background is required for the users to
understand the model. As such, this study proposes a graphical approach named Pinch
Analysis to identify the opportunistic maintenance activities grouping created by the failure
events. This method has been widely applied in different fields and is famous for its easily
understandable methodology. Linnhoff et al. (1982) first developed the Heat Recovery Pinch
Analysis in solving the Heat Integration problem. Tan et al. (2016) extended the method to
select the optimal industrial risks and pollution reduction measures based on available
budgets. Klemes et al. (2018) had conducted a comprehensive overview of various extensions
of Pinch Analysis, including water integration, regional resources planning, power system
planning and hydrogen network synthesis. The capability of Pinch Analysis to target the
resources and identify bottlenecks through visualisation provides added merits for its
applicability.
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CHAPTER 3 EXTENSION OF PINCH ANALYSIS TOOLS IN RESOURCES
TARGETING FOR MULTIPLE CONSTRAINTS RESOURCE CONSERVATION
NETWORK PROBLEM

This chapter presents an analysis for extension of the Pinch-based framework in material
resources targeting in the domain of multiple qualities Mass Integration problem, more
specifically a resource conservation network synthesis. Section 3.1 presents a problem analysis
of the problem analysis and derivation of the insights (i.e. source arrangement sequence)- see
the published paper by the same authors (Chin et al., 2021c). Section 3.2 explains the optimal
recycling strategy for the sources in different scenarios (conflicting or non-conflicting sources.
Section 3.3 explains the Pinch-based targeting and network synthesis framework using
Composite Curves) - see the published paper in (Chin et al., 2021c), and Section 3.4 explains
the Cascade Table representation of the multiple qualities problem (Chin et al., 2021a).

3.1 Problem analysis

The typical source-sink allocation model of the water network presented in Figure 3-1 gives rise
to four governing equations — Eqs (3-1)-(3-4). The problem maps to an optimisation formulation.
Its objective function is expressed in Eq (3-1), which stipulates the minimisation of the total
required freshwater, which is the freshwater target.

Sources Sinks

SK1

Zap1=(£1, sK1, £2, 5K1.---, Zk, SK1)

Fresh FEOT  Frpyse Fsia

Cew =(C1,rw Capus---. Crpm

sK;

Fsr1
SR,
ZsiZ1, sk £2, 5K, -2 Lk, 5K)

Csr1=(C1,5r1: CaFuw---, Crpmy

SR,

Csr=(C1, sri» C2, sRir---» Ck, sRy)

SRI ‘ : \ Funw Waste
Lo (Z1 900, Zayow - Ziuny
Csri=(C1,_sri, C2, sRris---» Ck sry Friww T T

Figure 3-1: Source-to-sink allocation model demonstration

Egs (3-2) and (3-3) express the mass balances for sources and sinks, while Eq (3-4) represent the
contaminant constraints for individual sinks. Note that as proven by El-Halwagi et al. (2003), the
composition of the sink should represent the maximum contaminant concentration to minimise the
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use of a fresh resource. These equations are crucial for understanding the model characteristics to
derive the proper procedures for obtaining the optimal freshwater target. The main characteristics
are explained in sections 3.1.1 t0 3.1.2.

Min Fgyr = Zj Frw skj (3-1)
Fspi = X Fspiskj + Fsriww Vi (3-2)
Fskj = XiFsriskj + Frwskj V) (3-3)
Yi FsriskjCrsri + Frw,skjCrrw < FskjZiskj Vi VK (3-4)

where Frwr represents the total freshwater flowrate, Frw,sk; is freshwater to sink 'j' flowrate, Fsri
is source 'I' flowrate, Fsriskj is source 'i' to sink 'j' flowrate, Fsri, ww is source 'i' to waste flowrate,
Fsk; is the sink 'j' flowrate, Ck, sri is the concentration of contaminant 'k in source 'i', Ck,rw is the
concentration of contaminant 'k’ in freshwater, and Z,sk; is the concentration of contaminant 'k’ in
sink 'j'.

The mass-based Pinch Analysis (PA) relies on the ranking or prioritisation of sources/sinks to
determine the fresh resource target. The sinks with lower concentrations are prioritised because
they are harder to be fulfilled, and they should be fulfilled first with better quality/lower
concentration sources. This follows the traditional Process Integration principle to resolve the most
constrained part of the problem first. For multi-contaminant problems, the sources and sinks are
not constrained by a single contaminant anymore. Each sink is controlled by the most limiting
contaminants. The identification of the limiting contaminant thus plays an important role in
determining the source prioritisation pattern. The following sub-sections are devoted to utilising
Egs (3-1)-(3-4) for understanding the multi-contaminant problem and deriving certain heuristics
for fresh resource targeting purposes.

3.1.1 Identify the limiting contaminants for each source-sink pair

Limiting contaminants are those whose constraints the sink the most and determine the real
freshwater flowrate required, based on the available sources. Let's consider two contaminants
problems (contaminant 'k1' and 'k2") with one source (SR1) and one sink (SK1). Using Eq (3-3)
and Eq (3-4), the mass balance for the sink and its contaminant constraints are:

Fsk1 = Fsrisk1 + Frw sk1 (3-5)

Fry sk1Ck1,rw + Fsr1,sk1Ck1sr1 < Fsx1Zraskr Yk (3-6)
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Eqgs (3-5) and (3-6) can be rearranged to find the expression of the minimum freshwater target. To
eliminate the unknown variables Fsri sk1, express Fsri,sk1 in terms of Fski and Fews in Eq (3-5),
and substitute into Eq (3-6) and move Frwi to the left-hand side, the minimum freshwater
requirement for both contaminants are formulated- see Eq (3-7).

Frw,sk1 2 (F5K1 [1 - (M)D , for Contaminant k1 (3-7a)

Ck1,5R1—Ck1,FW

Zya,sk1 — Crz,rw .
F, > | F 1-— . . , for Cont tk2
Fw,SK1 ( SK1 [ ( P — or Contaminan (3-7b)

The freshwater requirement is equal to the maximum value among the requirements across all of
the contaminants- expression (3-7c). The maximum value is used as one contaminant may require
more dilution than another and becomes limiting. For example, if contaminant 'k1' requires 1,000
t/h of freshwater to dilute the sources to fulfil sink constraints, but contaminant 'k2' requires 2,000
t/h of freshwater to dilute, then the freshwater flowrate is 2,000 t/h of freshwater (maximum
amount).

Zysk1 — Cirw
Frw,sk1 2 max <FSK1 [1 - (C —C
k,sr1 — Crrw

Zi,sk1 — Ci FW)]
= F. 1 — min (== : 3-7c
SK I k (Ck,SRl = Crrw (3-7¢)

Zy sk1
= FSKl ll —_ 1’1’111‘1( *’
k \Cxsr1

Where Z*k skj (Z*k,skj = Zk,skj - Ck,rw ) IS the shifted sink concentration and C*k sri (C*k sri= Ck sri
- Cxrw) Is the shifted source concentration. The role of the shifting is to account for the freshwater
source with certain contaminant content.

Based on expression (3-7c¢), the maximum value of the bracketed term represents the real minimum
water target if only a single source is used. As the flowrate of sink SK1 (Fsk1) Is a constant, the
minimum value of the concentration ratio of the sink to the source corresponds to the maximum
amount of the term, indicating more fresh resource is needed. This also means that if contaminant
'k’ corresponds to the minimum value of the ratio, then the sink is limited by contaminant 'k'. The
method agrees with the concentration potential concept proposed by Liu et al. (2009). This
concentration ratio also means how much of SR1 can be used to fulfil one unit of SK1, as shown
in expression (3-7d).
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. (Zksk1 — Cirw
Fspisk1 = Fska [mkm ( Crsrr — Cr (3-7d)
,SR1 JFW

The following steps can be performed to identify the limiting contaminants for a sink-source pair:

(a) For each contaminant 'k', subtract the concentration of the contaminants for all sinks (Zk sk;)
and sources (Cxsri) with the contaminant concentration of the fresh external resources (Ckrw).
This yields both shifted sink concentration (Z*k skj,) and shifted source concentration (C* sri).

(b) The ratio of the shifted sink concentration (Z*k skj,) to the shifted source concentration (C*k sri)
can be computed for each source-sink pair.

(c) If contaminant 'k’ corresponds to the minimum value of the ratio, then the sink is limited by
contaminant 'k’ for the specific source 'i".

For a problem with 'k’ contaminants with 'N' internal sources, the real freshwater target is shown
in expression (3-8) — see derivation in Appendix A. To identify the preferred source ranking for
the specific sink, the ratio of sink concentration to the source concentration play an important role.
In expression (3-8), it is proposed that the maximum source concentration is used because it also
shows exactly the prioritisation of sources if more than two sources are used. For example, if the
coefficient of Fsr1,sk1 IS more negative than Fsro,ski1, then SR1 should be prioritised.

Ci,sr1 — Cirw
Frw,sk1 2 max <FSR1,SK1 [C .~ 11+
k,SR_max k,FW
Ci,sev — Cirw
+ Fspn sk [C .o~ 1|+ Fsgq |1 (3-8)
k,SR_max k,FW

_ ( Zk,SKl - Ck,FW >l>
Ck,SR_max - Ck,FW
The proposed ratio (Z*ks/C*ksr max) helps to identify the source prioritisation as this ratio
constitutes the constant term in expression (3-8). If the ratio is minimum for contaminant 'k’, then

Z —-C . .
the constant term: Fx, [1 — ( SR RFW )] has a maximum value which means the source
Ck,SR_max —Crrw

allocation is more likely to follow the prioritisation sequence for contaminant 'k'. The optimal
source allocation is done to minimise this term. However, this does not mean that the sink should
follow exactly the source prioritisation sequence for contaminant 'k’ because different sources are
traded-off by other contaminants. The proposed concentration ratio is just to show which source
prioritisation order is likely to be followed to achieve the minimum fresh resource target for the
specific sink. Section 3.2 details the explanation of the source allocation characteristics for a multi-
contaminant problem.
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For a more general problem with more than one source, the following heuristics are presented to
identify the most likely limiting contaminant for a sink but also to identify the assignment of the
sinks to the proper cascade:

(a) The ratio of the shifted sink concentration to the shifted maximum of source concentration
(Z*k sk/C*1sr max) for each contaminant ‘k’ are evaluated, where Z*kskj = Zkskj - Ckrw and
C*k,srR_max = Ck,sr_max - Ck,rw. The lower value of the ratio corresponds to tighter limitations of
the contaminant on the current sink.

(b) If contaminant 'k’ corresponds to the minimum value of the ratio, then the sink is limited by
contaminant 'k' for the specific source 'I'. It is to be noted that the limiting contaminant
identified here is the most likely limiting contaminant, but not all. This is because a sink can
be limited by several contaminants.

3.2 Optimal recycle strategy for sources

The concentration ratio (Z*k,sk/C*k,SR_max) shows which contaminant's source prioritisation
order is likely to be followed for the specific sink. However, the source prioritisation cannot be
fully followed as other sources might trade-off other contaminants as well. The following sub-
sections explain the source allocation characteristics for a multi-contaminant problem and infer
the source allocation steps to be followed to achieve the minimum freshwater target.

3.2.1 Conflicting sources

The sources that are conflicting are defined as sources that have different sequences when
considering different contaminants. By referring to the numerical example in Table 1, if only
contaminant ‘A’ is considered, SR1 is cleaner than SR2, while for contaminant 'B', SR2 is cleaner
than SR1. The prioritisation sequence of the sources is not obvious in this case. Considering the
problem as a whole requires computing the ratio (Z*k sk/C*ksr_max). FOr the example in Table 4, for
sink SK1, it is obtained Za sk1/Ca srmax = 100/500=0.2 and Zg sk1/Cs srmax = 100/200=0.5. Since
Zask1/Casrmax < Zp,sk1/Ce,srmax, the source prioritisation sequence based on contaminant 'A'
should be used because contaminant A is the limiting contaminant to fulfil SK1. This means that
SR2 is preferred before SR1.
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Table 3-1: Example: two-contaminant problem with both examples of conflicting and non-
conflicting sources

SR Fer (t/h) Ca,sr (Pppm) Ca,sr (ppm)
Example a: Example b: Non- Example a: Example b: Non-
Conflicting conflicting Conflicting conflicting: Non-
conflicting
1 23 500 500 30 500
2 123 50 50 200 200
Fw - 0 0 0 0
SK Fs (t/h) Zask (ppm) Zg,sk (Ppm)
1 50 100 100 100 100

Reusing Eqs (3-8) by expressing Fsr,sk1 as the variable, the minimum freshwater targets for both
contaminants ‘A" and 'B' are shown in Egs (3-9a-b). These inequalities are plotted in Figure 3-2.

500 100 . .
Fry 2 (F5R1,SK1 [3 - 1] + 50 [1 - (H)D , for contaminant 'A (3-9a)
Frw = (FSRl,SKl [% B 1] +50 [1 - (%)D , for contaminant 'B' (3-9b)
200
Feasible
150 region
E— 100 \ |
3 7 Minimum point  go.. o ()
0 0 10 20 30 40 50

Figure 3-2: Relationship between freshwater requirement (Fw) vs flowrate of SR1 for
numerical example 2, for conflicting SR1 and SR2.

Figure 3-2 shows the plot of the relationship between the freshwater target for SK1 and the flowrate
of SR1 supplied to SK1, for both contaminants. Note that the flowrate of SR2 (Fsr2sk1) IS
dependent on SR1 and Fw, so its flowrate can be computed by performing mass balance around
SK1 (Fsrzsk1 = Fsk1 -Frw,sk1 - Fsri,ski1). The shaded region represents the feasible region of the
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freshwater requirement. By observing Figure 3-2, it is apparent that the minimum freshwater
always falls into the boundaries of the feasible region, i.e. one of the impurity constraints would
always be active. The interesting point is where both the boundary lines intercept, which represents
both impurity constraints, are active. As SR1 and SR2 are conflicting sources in both contaminants'
A' and 'B', the boundary lines are linear with the respective negative and positive gradients.
Assuming no limitation on SR1 and SR2 flowrates, the minimum freshwater point is always at the
point where all impurity constraints are active. If one of the sources have a limited flowrate, the
minimum point cannot be achieved, then any points along the lowest boundary line are resorted
to. In this example, since SR1 has only 23 t/h, all SR1 is used up first and then SR2.

3.2.2 Non-conflicting sources

The previous part explains how the sources with conflicting sequences should be allocated. Using
the same example in Table 4, it is apparent that SR1 and SR2 are not conflicting anymore as Ca sr1>
Casrz2,and Cg sr1> Cg sr2. Similarly, the minimum boundary lines for the freshwater target showing
the relationship between freshwater and SR1 flowrate are plotted, illustrated in Figure 3-3. The
freshwater target of SK1 varies monotonically with the variation of the flowrate of SR1 supplied
to SK1. As a result, the freshwater target is minimal with the minimum use of SR1.

200
R Feasible
S 150 region '\
£
£ 100
g G,
. Minimum point A
0
0 10 20 30 40 50 8

Figure 3-3: Relationship between freshwater requirement (Fw) vs flowrate of SR1, for non-
conflicting SR1 and SR2.

In this case, the intersection point between the boundary lines is no longer the minimum point
because both lines are with a positive gradient. To reduce the freshwater target, the usage of SR1
should be minimised, which means SR2 should be maximised. SR2 should be fully used up first
before SR1 is used. The source prioritisation becomes similar to the single contaminant case. As
Casr1> Casrz, and Cgsr1> Cgsre, the source prioritisation sequence for both contaminants are
SR2->SR1. The following inference can be made: for 'k’ contaminants problem, if the source
prioritisation sequence is consistent among all the 'k’ contaminants, then the sources with lower
concentrations should be used up first.
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3.3 Pinch-based graphical interface for resource targeting
3.3.1 Polygons rule for sources mixing

Yang et al. (2014) presented a triangle rule in the graphical method for hydrogen Pinch Analysis,
accounting for the purification process. In their work, they proposed the purification of the
hydrogen feed stream into purified products and tail gas. The mass of the contaminants is
conserved around the purification unit. Figure 3-4a shows the presented 'polygon’ (triangle) rule.
The feed stream that has a certain flowrate and quality load is plotted on a load vs flowrate diagram.
The horizontal distance of line AC represents the flowrate of the feed stream, while the vertical
distance is the contaminant load of the stream. The gradient of the line represents the contaminant
concentration of the feed stream. The feed stream is balanced by lines 'AB' and '‘BC', which
represent the load and flowrate contributions of the purified product and the tail gas. This concept
can be applied to streams mixing as well, but the process direction is reverse. A dirtier stream (line
'AB") can be mixed with a cleaner stream (line 'BC") to form a stream 'AC'. It doesn't matter which
path to go from point ‘A" to point 'C’, as long as the final point 'C" is reached. The direction of the
process has to be denoted separately, as the diagram represents only the balance.

The ‘triangle’ rule can be generalised into a 'Polygon’ rule, as presented in Figure 3-4b. The feed
stream AC can be balanced by more than two streams such as AB, BD, DE and EC.

(a) (b)
Load (kg/h) Load (kg/h)

Feed Feed
B

A . A :
Flow rate (kg/h) Flow rate (kg/h)

Figure 3-4: Demonstration of ‘polygon’ rule, adapted from Yang et al. (2014)

The concept of the 'Polygon’ rule can be applied to the streams mixing as well. Considering a mass
balance of sinks that are fulfilled by various sources (for a single contaminant)- Eqs(3-3) and (3-
4)
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(a) (b)
Load (kg/h) Load (kg/h)

v SR

Source CC Source CC
= Sink CC — Sink CC
Flow rate (kg/h) Flow rate (kg/h)
(C) (d)
Load (kg/h) Load (kg/h)
Source CC
— SinkCC Source CC shifts to the right until it
forms a ‘triangle’ with Sink
3 -
Source CC
— SinkCC
Flow rate (kg/h) Flow rate (kg/h)

Figure 3-5: Different sources of mixing scenarios

Figures 3-5a-b show examples of feasible source mixing. As long as the final cumulative load of
the source Composite Curve (CC) touches or is below the endpoint (final cumulative load) of the
sink CC, the maximum quality limit of the sink is still fulfilled (Eq 2). This is in-line with the
concept of stream mixing. A dirtier source (higher gradient line) can be mixed with a cleaner
source (lower gradient line) to fulfil the concentration or quality limit of the sink demand- Figure
3-5a. The cumulative load of sources is located below a load of sink CC means that the total
allocated source streams have a lower concentration than the maximum limit of the sink's
concentration- Figure 3-5b. Figure 3-5c is the example of infeasible source mixing as the
cumulative load of the sources is above the sink’s requirement. In this scenario, more freshwater
is needed by shifting the source CC to the right.

3.3.2 Targeting framework for each sink and contaminant cascades

An efficient graphical targeting or design method for the single contaminant material recycle/reuse
problem is the cumulative load vs cumulative flowrate diagram [9]. This strategy is equivalent to
sequential, fulfilling each sink with internal resources, which are prioritised with contaminant
concentrations. Each segment of the line represents each sink/source, with a horizontal length of
the line represents the flowrate and a vertical length represents the contaminant load. The figures
are usually plotted by compositing each sink/source line based on the ascending order of the
contaminants' concentration.

34



In the case of a single contaminant, the recycle strategy first starts with the cleanest (highest quality)
sink with the use of the cleanest source. The source line is moved horizontally (pure fresh resource)
until it touches the sink line, and the source is located below the sink line — see Figure 3-6. The
overlapped flow rate represents how many sources can be used for the sink. The remaining flow
of the sink can only be fulfilled by fresh resources. The remaining flowrate of the source is
transferred to the next sink — Figure 3-6. For the third sink, it can be fully fulfilled by the mix of
the remainder of the second source and third source, without the use of fresh resources — Figure 3-
6. Adding together the fresh resource flow, Figure 3-6 shows the typical representation of the
Composite Curves in the Load vs Flow diagram. The total freshwater target is so (F1 + F2), which
is the fresh resource requirement.

In fact, the water network design with source allocation can already be determined from Figures
3-6a-c. For example, Figure 3-6a shows only part of source 1 can be allocated to sink 1. Figure 3-
6b shows the allocation of sources 1 and 2 to sink 2. The benefits of determining the freshwater
target for each sink sequentially allows for that sink the source allocation to be determined
simultaneously.

If a similar strategy is applied in the multi-contaminant problem, a slight adjustment on the Source
CC has to be done. For illustrative purposes, Figure 3-7 shows that for the first sink, the limit for
contaminant A is reached. There is still room for contaminant B for the first sink as its limit is

Load (kg/h) ik 3
in

Sink 1 Sink 2 .
Load (kgih) @ = gecc
(a) (b) Pinch for Sink 3/ /Source 3
Load (kg/h) Sink CC Sink 2 m
m Source CC Source 2
Sink 2 Source 2
Sink 1 Pinch for Sink 1 Sink 1 Remaining Sink 2 o
source 1 in Source 1 X Remaining
e Source 1 Sink 1 Source 1
Flow rate (kg/h —_—
FresL Usage, F (ko) Fresh Fresh Fiowrate (kgh) __l— Source;_
Usage, F; Usage, F, Fresh Usage, F, Fresh Usage, F;

| )
Combine all T
Load (kg/h)

Sink CC
Source CC

Sink 3 / /Source 3
Material
Recycle Pinch
Source 2
Sink 2

Sink 1

Source 1

=
Total Fresh
Usage, Fi+ F;

Figure 3-6: Sequential source allocation with Pinch-based methodology with graphical
representation, adapted from El-Halwagi et al. (2003)
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not reached (a triangle is formed). This also means the limiting contaminant for the first sink is A
(which is dependent on the source sequence). Moving on to the second sink, the starting point for
the source CC (for contaminant B) after the first sink should be shifted vertically upwards to
account for the unfulfilled concentration limit for the first sink — Figure 3-7b. Note that the 'triangle’
formed in Figure 3-7a around Sink CC (contaminant B) is still feasible, as explained in section 2.1.
For the second sink, the limit for contaminant B is reached, so the source CC for contaminant A
after the second sink should be shifted vertically downwards when the remaining is transferred to
the third sink — Figure 3-7c.

@) (b)
Load (kg/h) V-

Load (kg/h) Sink GG (Contaminant A)

—— Sink CC (Contaminant B)
Source CC (Centaminant A)
—— Source CC (Contaminant B)

Sink 1 #¢ Pinch at “A
Source 2

Adjusted
Source GG —
Shift Upwards

Source 3

Ve Sink CC (Contaminant A)
Sink 2 — Sink CG {Contaminant B)
Source CC (Contaminant &)

Remaining —— Source CC (Contaminant B)
Source 2

Source 2

=y Flow rate (kg/h) —
o st 1 Flow rate (kg/h)

Usage, F; Usage, F;

Load (kg/h)

Sink CC (Contaminant A)

—— Sink CC (Contaminant B)
(c} Source CC (Centaminant A)
—— Source CC (Contaminant B) /

1
/
J
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/

Source CC —
Source 3 Shift Upwards

Sink 2

Remaining
Source 2

Source 2

— O S —

Fresh Fresh Fresh
Usage, Fy Usage, F, Usage. Fs

Figure 3-7: Sequential source allocation with a developed methodology for multiple contaminants

However, the optimal source allocation strategy in a multi-contaminant water network is not
straightforward. The prioritisation of the cleaner source is no longer applicable for the multi-
contaminant case as the ranking of the sources is not obvious. This is demonstrated in Figure 3-8.

Figure 3-8a shows the demonstration plot of the sink and source CC for a single sink and two
sources. Source 1 and Source 2 are conflicting. The sources are arranged based on the ascending
order of contaminant ‘A’ concentration. In this example, the Pinch point occurs at the contaminant
'‘B"if Source 1 is prioritised over Source 2, while for contaminant 'A' Pinch is not reached. However,
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there is room for freshwater reduction by reducing the Source 1 flowrate allocated to sink 1. This
is because Source 1 has a higher concentration in Contaminant B than Source 2. Reducing the use
of Source 1 helps to reduce the load for Contaminant B. As presented in the previous section for
the case of conflicting sources, the optimal freshwater requirement occurs when all contaminant
limits are reached. To achieve this, Source 1 can be reduced until the distances from the endpoint
of both sink CCs to both of the source CCs are identical (see Figure 3-8b), i.e. Pinch Points occur
for all the contaminants. The source CCs can be shifted to the left until both Pinch points are
reached (Figure 3-8c). This is the optimal source allocation strategy for the specific sink. Similar
steps can be repeated for the subsequent sinks.

The determination of the sources flowrates by manually adjusting the curves can be time-
consuming, especially when there are plenty of sources available. This issue can be solved by
using Eqs(3-10-11). To determine the reduced flowrates of the sources, one can set the following
condition from Eq(3-10):

(a) (c)
Load (ka/h) _
Pinch ét B Load (kg/h)

Pinchat'’®

Reduced
Source 1

Pinch at ‘A>

/ Source 2 &
_/~"Source 1 Sink 1
4 Source 2
Flresh Flow rate (kg/h) £ Reduced Source 1
Usage, Fy Sink CC (Contaminant A) Reduced Fresh Flow rate (kg/h)
— Sink CC (Contaminant B) Usage, F;
Source CC (Contaminant A) ’
— Source CC (Contaminant B)
Load (kg/h)

Reduced /,

Reduce Source 1
Source 1

until both distances
@/ are same

/ Source 2

L Source 1
78

me:h Flow rate (kg/h)
Usage, Fy

Figure 3-8: Source allocation strategy for a single sink

Fry sk1 for contaminant A = Fp,, g1 for contaminant B (3-10)
I
(Csri = Cirw) (Zi,sxj = Ci,rw)
Frwskr = ) Forisk; [ e S R T R (3-11)
= (Ck,SRis - Ck,Fw) (Ck,smS - Ck,FW)
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Where Cy sk rer Is the concentration of a reference source. In the example above, the reference

source should be source 2 when the flowrate for source 1 is to be determined. Otherwise, if the
flowrate of source 2 should be determined, then source 1 should be used as the reference source.

The freshwater reduction by reducing the flowrates of the sources is only possible when the Pinch
Point occurs at the non-limiting contaminants. For example, if the Pinch Point occurs at the
contaminant 'A' after shifting the source CC in Figure 3-7a, the freshwater requirement is already
at the optimum level. There is no room for further reduction. The ratio with the concentration of
sink to the maximum concentration of source can be used as the indicator to determine the limiting
contaminant for the specific sink.

For a more general 'k' contaminants case and many sources available, the source allocation is
dependent on the number of contaminants. The following step is presented to identify the optimal
source flowrates for a specific sink:

Q) For a specific sink, check whether the Pinch Point occurs at the CCs that correspond to the
main limiting contaminant. The main limiting contaminant is the one producing the
smallest concentration ratio of- see Eq (3-9). If the Pinch is at the limiting contaminant, go
to step (vi), else continue to step (ii).

(i)  Forasink, if there are 'k’ contaminants, then pair with 'k’ sources that are arranged in the
order based on the contaminant cascade that the sink is assigned to.

- For example, if SK1 is assigned to contaminant cascade 'A', then pair with the first 'k’ sources
that are arranged with ascending order of concentration 'A'. This is explained in the next point.

(iii)  Set Fg, k1 for contaminant 'kl' = Fp, sx; for contaminant 'k2' for each binary
contaminant pair minus 1 (Cz — 1). Determine the flowrates of the first 'k' sources using
Eq(3-9) by using one of the sources as a reference source.

- For example, if there are 3 contaminants, i.e. k={A, B, C}, then set a condition Fr,, sx1 =
Fry sk1 Tor each binary pair, i.e. A-C, A-B, B-C. By setting Fr,, sx1 for A = Fp,, sk, for B and
Fry sk1 for B = Fp, 51 for C, this means the freshwater requirement for A is set to equal to
for C as well. Setting the freshwater conditions is sufficient for 2 of the pairs (°C, — 1).

- For 3 contaminants case, solve the system of equations with Eq(3-11) for both A-B and B-C
pairs. If SR1, SR2 and SR3 are the first 3 sources in the cascade, determine the flowrate of
SR1 and SR2 by setting SR3 as a reference source. This is to achieve the limits for 3
contaminants. As there are 3 equations (1 sink mass balance equation and 2 Eqs(3-11) for two
of the contaminant pairs) for 3 contaminants, to ensure zero degrees of freedom, 3 sources are
needed.
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- Repeat this by setting each source as the reference source until all the flowrates have been
identified.

(iv)  If one of the source flowrates is determined as negative, this means the scenario where all

contaminants have Pinch Points does not exist. If this is the case, repeat the procedures (i)

to (iv) for 'k-1' contaminants. If not, go to step (vi)

Check if the sources flowrates are sufficient for the sink. If one of the sources has
insufficient flowrates, the source should be fully utilised. The procedures (i) to (iv) are
repeated with the next 'k’ sources.

(V)

- For example, for the 3 contaminants example, if the optimal flowrates of SR1 exceed the
available SR1, fully use up SR1 for the sink. Repeat similar procedures using the next three
sources, i.e. SR2, SR3 and SRA4.

(vi)

Repeat procedures (i) to (v) until all sinks are fulfilled

3.3.3 Overall Targeting framework

Based on these observations, the following overall design procedures using graphical methodology
with Pinch concept are presented in Figure 3-9:

Start source

allocation step 7 Manual method ‘ _" Numerical method
for each sink l 1
- (
. — Reduce the flowrate of the If there are 'k’ contaminants,
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Figure 3-9: Proposed source allocation heuristics for a specific sink, adapted from Chin et al. (2021a).
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3.3.4 Case Study and discussion of results

The proposed methodology is demonstrated in several case studies. The first case study contains
four sources/sinks with two contaminants as the constraints from Teles et al. (2008). For this case,
several scenarios are studies by changing the source sequence through adjusting their
concentrations. The scenario where there is a sink that should be Above the Pinch is also explored.
For other case studies demonstrations, the readers could refer to the paper Chin et al. (2021c)

For this study, the concentration or flowrate of sources is adjusted to study different scenarios with
the proposed methodology.

3.3.4.1 Scenario 1: Complete conflicting sources

The concentrations of the sources are shuffled so that the sources are complete conflicting, In this
scenario, the source arrangement for contaminant 'B' is manipulated so that it is opposite with the
sequence for contaminant 'A’". Table 3-2 shows the source and sink data:

Table 3-2: Data for case study 1: scenario 1

- (Fti;/h) E;?Srm ((:p;m> tory Gy G
1 23 50 300 1 23 20 60

2 47 100 120 2 47 50 20

3 123 150 100 3 123 100 150

4 60 250 80 4 70 200 80
Fw - 0 0

The concentration ratio for each contaminant 'k’ (Zk,s«/Ck,sr max) is first determined for all the sinks.
The results are presented in Table 3-3. Judging based on the smallest value of the ratio, SK1 and
SK3 should be assigned to cascade 'A' as they are limited by contaminant ‘A’. The SK2 and SK4
are assigned to cascade ‘B’ for the identical reason.

The next step is to check whether the sinks are located Below or Above Pinch regions. Based on
the results from Table 3-3, it can be deduced that all sinks are impossible to be fulfilled based
solely on the sources. This also can be checked by computing the concentration ratios for each
sink/source pair- see Table 3-4. As each ratio is less than or equal to 1, this suggests that the sinks
requirements are higher quality than the sources. The sinks cannot be fully satisfied with just the
available sources without the fresh resources.
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Table 3-3: Concentration ratio results, using maximum source concentration as denominators
for Case study 1 scenario 1

Zask/Casrmax  ZB,sk/CB,sRmax Minimum  Cascade
CA,SRmax =250 CB,SRmaX =300 ratio

SK1 0.08 0.20 0.08 A
SK2 0.20 0.07 0.07 B
SK3 0.40 0.50 0.40 A
SK4 0.8 0.27 0.27 B

Table 3-4: Concentration ratios for each sink-to-source pair. The highlighted in bold represent
the smallest values

Contaminant A (Zs/Csr) Contaminant B (Zsk/Csr)
SK1 SK2 SK3 SK4 SK1 SK2 SK3  SK4
SR1 0.40 1 2 4 SR1 0.20 0.067 0.50 0.27
SR2 0.20 0.50 1 2 SR2 0.50 0.17 1.25 0.67
SR3 0.13 0.33 0.67 1.33 SR3 0.60 0.20 1.50 0.80
SR4 0.08 0.20 0.40 0.80 SR4 0.80 0.25 1.875 1.00

After the sink classification is done, Pinch Analysis can be initiated for each sink. As the total
flowrates of sinks in contaminant cascade 'A' (SK1+SK3) has the greatest flowrate, they should be
‘Pinched’ first as they require more resources. The design methodology starts with SK1 first as it
has a lower concentration. The source ranking order based on contaminant ‘A" is
SR1->SR2->SR3->SR4. Figure 7a first presents the source and sink CCs specifically for SK1.
Notice that the Pinch occurs at contaminant 'B', with required freshwater as 18.4 t/h.

According to the proposed source allocation methodology in Section 3.3.4, since the Pinch does
not occur at the sink's main limiting contaminant 'A' - step (i), as well as SR1 and SR2 are
conflicting sources, there is still room for freshwater reduction. SR1 allocated to SK1 can be
reduced. Using the graphical strategy presented in Section 3.3.2, SR1 can be reduced until the
distance of sink CC to source CC for both contaminants are identical. The source CC is then shifted
to the left. Figure 7b shows the source and sink CCs with reduced SR1. Otherwise, using the
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procedure from Section 3.3.3, step (ii) from the source allocation step can be performed. Since this
involves two contaminants, pair with two sources from the arranged source, i.e. SR1 and SR2. In
step (iii), use Eqs(3-10 to 11) to determine the flowrates of SR2 and SR1 to be allocated to SK1.
As this is only two contaminants, setting the freshwater requirement- Eq(3-10) for A to be equal
to B is enough. In step (iv), the flowrates of SR2 and SR1 that can be allocated to SK1 needs to be
checked. The determined flowrates are found as: SR1=3.45 t/h and SR2=2.875 t/h. As both
flowrates are not negative and are less than the available flowrates, the step for SK1 is completed.
The procedure is then repeated for SK3 — step (vi). It can be noticed that the freshwater requirement
is reduced to 16.675 t/h, with only 3.45 t/h of SR1 to be allocated to SK1- see Figures 3-10.
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(a) (b)
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Figure 3-10: Source and sink CC for SK1 (a) Follow the source ranking order (b) Further
freshwater reduction
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Figure 3-11: Source and sink CC for SK1+SK3 in contaminant cascade 'A' (a) Before shifting
source CC for SK3 (b) After shifting source CC for SK3

The design methodology is repeated for SK3, and the Composite Curves are stacked above SK1.
Figure 3-11a first presents the source and sink CCs before identifying the freshwater target for
SK3. It is worth to be noted that contaminant 'B' is not constraining for SK3. After shifting the
source CC to the right, the Pinch occurs at the sink's main limiting contaminant 'A’, see Figure 3-
11b. As the Pinch occurs at the main limiting contaminant, there is no room to further reduce the
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freshwater target. In this case, the total freshwater target for both SK1 and SK3 is 16.675 + 13.258
=29.933 t/h.

The step is repeated again for the sinks that are in contaminant cascade 'B'. The source ranking
order based on contaminant 'B' is SR4->SR3->SR2->SR1. The design first starts with SK2. If the
sources are allocated based solely on the prioritisation of SR4, the Pinch occurs at contaminant ‘A’
(see Figure 3-12a). This is not optimal as SR3 can still be allocated due to the limit for contaminant
'B" is not reached. The flowrate of SR4 is then reduced, and SR3 is used until both contaminants
have Pinches (see Figure 3-12b). An identical scenario is observed for SK4 (Figures 3-12c and d).
Notice that in Figure 3-12d, a triangle is formed around the source and sink CC for contaminant
'A'. This is feasible as the final load of contaminant ‘A’ for SK4 is still satisfied.

The Composite Curves show exactly the sources to be allocated for each sink. This is because the
freshwater target and the Pinch are determined sequentially for each sink. By doing this, the
simultaneous target and source allocation for each sink can be obtained. The allocation of sources
is directly connected to the network design as well. The detailed illustration of the source allocation
to the sinks is shown in Figure 3-13. More applications of case study can be found in Chin et al.
(2021f).
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Figure 3-12: Source and sink CC for scenario 1 case study 1 (a) SK2 (b) SK2 with the
reduced freshwater target (c)SK4 (d) SK4 with reduced freshwater target
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Figure 3-13: Detailed network design for case study 1

3.3.5 Conclusions

This work has formulated a Pinch-Based methodology for targeting and synthesis of material
recycle-reuse networks with multiple contaminants, on the example of water networks. It
involves the methods to determine the sink classification to proper contaminant cascade and to
Below/Above Pinch. This step determines the main source prioritisation for each sink which is
based on the limiting contaminant of the sinks. The procedure to determine the reduced flowrate
of the sources to satisfy the contaminant constraints is proposed as well. The cascade containing
the largest total flowrates of sinks should be ‘Pinched’ first. In this work, it is proposed that the
Pinch Analysis should be conducted for each sink sequentially. If the Pinch Point occurs at the
non-limiting contaminant of the sink, a source reduction can be performed to further reduce the
freshwater target for that sink. As the method involves targeting the freshwater for each sink, this
enables the exact source allocation to be directly identified.

Note that the freshwater requirements determined in this work represent the resource requirement
ignoring the interaction between the sinks and sources. The data used in this work are the
maximum flowrates and concentrations of the sources and sinks. Certain sink's maximum
concentration limit might not be reached, and this could affect the concentration of the sources
from the same operation of the sink. If fixed contaminant load is assumed for each unit operation,
the concentration of the source might be reduced as well, and the overall fresh requirement can
be reduced. For fixed load operation, the flowrates of the sink and source can be reduced as long
as the fixed mass load is guaranteed. This could lead to a reduction in the fresh resource.
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3.4 Enhanced Cascade Table Analysis on multiple constraints resources targeting
3.4.1 Introduction

The objective of this part is to extend the Cascade Table Analysis for simultaneous targeting and
design of material conservation networks with multiple constraints, demonstrated with a multi-
contaminant water recycling network. The graphical plots using the load vs flowrate diagram are
added for visualisation of the numerical approach. Both representations can show the Pinch Point(s)
for different contaminants, maximum mass recovery, source allocation and minimum external
resource targets for individual sinks simultaneously. The results can then be directly translated into
a source allocation network with the optimal design without the need to perform calculations to
check for mass transfer feasibility.

3.4.2 Methodology

This section explains the method of using Cascade Table Analysis, based on Manan et al. (2004),
to target and design for water recycle/reuse network. The method is first demonstrated using the
single contaminant problem, and it is shown how it could be used for network design as well. The
extension of the Cascade Table to multiple contaminants is then explained.

3.4.2.1 Cascade table analysis-targeting for single contaminant problem

For a single contaminant problem, the Water Cascade Analysis (WCA) developed by Manan et al.
(2004) is aimed to determine the minimum freshwater target for a process based on the possibility
of using the available water sources. The table is used to determine the net water source or water
demand at each purity level. To demonstrate the construction of the Water Cascade Table, the case
study from Manan et al. (2004) is used, with data represented in Table 3-5.

Table 3-5: Water source and sink data for example 1

SR Fo (kg/h)  Casr(ppm)  SK Fsk (kg/h) Zask (ppm)
20 100 1 20 0
100 100 2 100 50
40 800 3 40 50
10 800 4 10 400
Fw TBC 0
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Table 3-6:Generic Cascade Table representation for a single contaminant

n Conc.,Cn ACn=Cn-Cn1 YiFsgi 2 Fskj Fretn= Feumn = Aloadn = CumLoadn= CumFreshn
m i icn - F a1+F F *A L a1+ =
(ppm) (ppm) (kg/h) (ka/h) gl i:sm_(;n cum,n-1+Fnetn cumn*ACn CUTIOZZ\dn 1 ((Zgnjléoa;jn/
j r'SKj,Cn (kg/h) (kg/h) n-1 n-Crw
(kg/h) (kg/h) (kg/h)
Feum,0 = max
|CumFreshy|
1 Cl Zi FSRi,CI Z] FSKj,Cl Fnet,l 0 0
AC1=C2-Cy Feum1= Aload: =
Feum,0 + Fret,1 Feum1* AC1
2 Cz YiFspica Y Fskjca Fret,2 CumLoad: CumFreshz
AC2=C3-C2 Feum2 = Aload2 =
Feum,1 + Fret2 Feum,2* AC2
3 Cs YiFspics YiFskjcs Fret3 CumLoads CumFreshs
AC3=C4-C3 Feums3 = Aloads =
Feumz2 + Fret,3 Feum3* AC3
n Cn YiFspicn YiFskjcn Fret,n CumLoadn CumFreshn
ACh Feumn = Aloadn =
Feumn-1+ Fret,n Feumn® ACn
n+1 Cns1 YiFspicon+1) 2jFskjcmsery  Fretnst CumLoadn+1 CumFreshn+1
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The generic Cascade Table for a single contaminant is shown in Table 3-6 that shows the
calculation procedure. The first two columns in Table 3-6 shows the concentration levels of the
streams, arranged in ascending order (or descending order of the qualities). Column 3 calculates
the differences in concentrations between two consecutive levels. Columns 4 and 5 denote the
total flowrates of the sources and sinks in each concentration level. Column 6 shows the
difference between the flowrates of sources and sinks, and Column 7 calculates the cumulated
flowrates differences. Column 8 computes the contaminant loads in each level, and Column 9
calculates the cumulated load. Column 10 calculates the freshwater requirement for each level.
The highest absolute value among the levels represents the required total freshwater flowrate, as
indicated in the first row of Column 7.

Table 3-7 shows the construction of the Water Cascade Table for the example. The first column
consists of the contaminant concentration levels arranged in ascending order or descending order
of water quality. This is because the cascade analysis is done from the highest quality/cleanest to
the lowest quality/dirtiest. The value in the last row represents the maximum value of the
concentration (1,000,000 ppm). Column 2 represents the concentration differences between the
current concentration level and the next concentration (AC). For example, at the first
concentration level (0 ppm), the concentration difference is the next concentration level minus
current concentration (50 — 0 = 50 ppm). Column 3 contains the flowrates of the water sources
for each concentration level, while Column 4 is the flowrates of the water sinks/demands for each
concentration level. Column 5 is the difference between Column 3 and 4, which shows whether
it is water deficit and surplus for each concentration level. If the value is negative, then it is a
water deficit; else, if the value is positive, then it is a water surplus.

The net water deficit of 20 kg/h at the first concentration level is cascaded to the second level to
meet the demand for the second concentration level: 140 kg/s, yielding a cumulative net water
deficit (Fcum) Of 160 kg/h (20+140). This net water deficit is then cascaded to the subsequent
concentration level. This is represented in Column 6, assuming the freshwater resource is zero.
Column 7 represents the product of the cumulative water source/demand (Fcum) in Column 6 and
the concentration difference across the concentration level (AC) in Column 2- Eq(3-12). Column
8 is the cumulative load difference from Column 7. Column 9 is the cumulative pure water deficit
or surplus, calculated from Eq(3-13). For example, at concentration level 3 (100 ppm), the
cumulative pure water deficit is calculated as -9,000/(100-0) = -90 kg/h. The most negative value
is the total freshwater target required for this process. In this representation, the pure water surplus
(positive values) means that water is not required for this concentration level, and the water sources
which are higher purity are enough to fulfil the water deficit for this level. The negative pure water
surplus or pure water deficit means that water of higher purity than this level is required. Negative
pure water surplus indicates the cascade is the infeasible cascade. Adding the absolute value of the
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most negative value in Column 9 to Column 6 gives the feasible cascade- see Table 3-7a. For this
example, the total freshwater target is 90 kg/h, and the Pinch is at 100 ppm (SR1+SR2).

AC =Cy — Cyy4q where N = concentration level (3-12)

Cum.A loady— . -
Cum. Freshresourcey = —EO%N-1 where N = concentration level (3-13)

Cn—Crw

Table 3-7: Water Cascade Table for example 1- infeasible

Concentration,C AC YiFspi XjFskj XiFsgi —XjFskj Feum Aload Cum Cum
(PP (pm) (ko) (kgih) (kg/h) gy (gry A% Fred
(kg/h) (kg/h)
0
0 20 20
50 -20 -1,000
50 - 140 -140 -1,000 -20
50 -160 -8,000
100 120 - 120 -9,000 -90
300 -40 -12,000
400 - 10 -10 -21,000 -52.5
400 -50 -20,000
800 50 - 50 -41,000 -51.25
999,200 0
1,000,000 -41,000 -0.041

As mentioned by El-Halwagi et al. (2003), the Pinch Point is always located at one of the source
stream using a load vs flowrate diagram, in which the source is labelled as the Pinch-causing source
- see Figure 3-14. Figure 3-14 also shows the relationship between the graphical plots and the
Water Cascade Table. Based on the figure, it shows that the Pinch should always be at the source
stream equal to or higher than the concentration of sinks that are Below the Pinch. In this case, the
Pinch is at 100 ppm, larger than the last sink Below the Pinch with a concentration of 50 ppm. This
point is the bottleneck of the sources recycling in this specific process, as this source has higher
impurity than all the other sinks Below Pinch, and the other lower impurity sources are used up in
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the process. The concentration limit for SK4 is 400 ppm, for which SR1 and SR2 are enough to
fulfil.

Table 3-7a: Water Cascade Table for example 1- feasible

C AC Ei FSRi 2] FSK] Zi FSRi _Z] FSKj Fcum A|Oad Cum Cum
PP o) (ko Ko/ o/ (o) (kghy o020 TN
g (ko/hy (ka/h) (kg/h)  (kg/h)
90
(Fresh)
0 20 20
50 70 3,500
50 - 140 -140 3,500 70
50 70 -3,500
100 120 - 120 0 0
(Pinch)
300 50 15000
400 - 10 -10 15000 375
400 40 16,000
800 50 - 50 31,000 3875
999,200 90 82093k
(Waste)
M 89,959k  89.959

Notice that the Pinch-causing source divides the graph into two regions: high quality (Below the
Pinch in the plot) and low quality (Above the Pinch in the plot) regions. The sources Below the
Pinch are of higher quality, and in this case, they are cleaner than both SK2 and SK3. The sources
can be fully used. The Pinch-causing source (SR2) has lower quality (higher concentration) than
the sinks Below the Pinch. By observing the Water Cascade Table in Figure 3-14, it can be deduced
that the Pinch point is always of lower quality (higher concentration) than the sinks Below the
Pinch. Part of the Pinch-causing source is used up for the sinks at the high-quality region (Below
the Pinch in the plot), denoted as Fror = 70 kg/h. The remaining is used for the low-quality region
(Above the Pinch in the plot), denoted as FLgr = 50 kg/h.
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Figure 3-14: Cumulative load vs flowrate diagram and the Water Cascade Table used for targeting
3.4.2.2 Cascade table analysis-targeting and design for single contaminant problem

The above algorithm explains the targeting for total freshwater resources in a specific process.
According to Chin et al. (2021a), performing Pinch Analysis for each sink sequentially enables the
freshwater target and the source allocation to be determined accordingly, inspired by the idea of
the Material Recovery Pinch Diagram by El-Halwagi et al.(2003)- see Figure 3-6.

A similar example is used to showcase how the Water Cascade Table can be used to target and
perform source allocation for each sink. The explanation is aided with the graphical representation
using load vs flowrate diagram — see Figure 3-15. Based on example 1, SK1 is the demand for
pure water, so no other sources can be allocated to it. The freshwater required for SK1 is 20 kg/h.
Moving on to the next cleanest SK2 and SK3 since they have the same impurity constraints, part
of SR2 is recycled to both of the sinks (70 kg/h). The Pinch-causing source for the sinks is SR2
(100 ppm), and the freshwater required for SK2+3 is 70 kg/h. The remaining SR2 (120-70 = 50
ka/h) is transferred to SK4. Similar steps are repeated, and it shows that SK4 does not require fresh
resources.

However, let us consider a scenario when SR2 is not enough. The flowrate of SR2 is now reduced
to 20 kg/h. SR1 and SR2 are clearly not enough now, and SR3 has to be used for SK2+3. In this
case, SR3 becomes the Pinch-causing source — see Figure 3-16.

The typical arrangement is to sort the streams with ascending order of their concentrations.
However, there is another possible arrangement for Water Cascade. In fact, the sources or streams
above the sinks can be considered as the sources at the high-quality region (Below the Pinch) and
should be fully used up. The source right next to the sink should be the Pinch-causing source, and
the Pinch Point should always be located at the source just below the sink. Figure 3-17 shows the
alternative arrangement of the streams, and it shows the results are identical.
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Figure 3-15: Sequential sink targeting with graphical representation and Water Cascade Table for example
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Figure 3-16: Sequential sink targeting with Composite Curves graphical representation and Water
Cascade Table for example 1 (Scenario where Fsr2 = 20 kg/h)
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Figure 3-17: Water Cascade Table for SK2+3 in example 1 scenario 2 with different stream
arrangement (a) ascending order of concentration (b) grouping the 'high quality' sources above the sink

This alternative arrangement may not be useful for a single contaminant case, but it is crucial for
multiple contaminants cases. This is because the arrangement sequence of the streams based on
different contaminants can be varied. For example, SR1 may have the lowest concentration on A,
but it might have a very high amount of contaminant B. The cascades for both contaminants A and
B can be very different. In this case, the concentration difference in Column 2 can become negative,
and the cumulative load is negative. This will cause the calculated cumulative pure water deficit
at a certain concentration level to be negative - see Eq(3-13), but perhaps this concentration level
is actually pure water surplus. This will be explained in Section 3.4.2.3.

3.4.2.3 Cascade table analysis-targeting and design for multiple contaminant problem

A similar procedure as the single contaminant case can be used to construct the Water Cascade
Table for multiple contaminants, but with slight modification on the arrangement sequence of the
sources. As stated in Section 3.2, the arrangement sequence of the streams based on different
contaminants can be varied. The sources may have different contaminants concentrations, and the
cascades for each contaminant are very different. In this case, it is easier to arrange the stream in
an alternative way, as shown in Figure 3-17, i.e. group all the high quality' sources above the sink
stream and the Pinch-causing source below the sink.
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It is imperative to first determine for each sink, which contaminant cascade it will fall into, and
the arrangement of the sources. The sources that should be in the high-quality region (Below Pinch)
and the Pinch-causing source has to be identified prior to performing the cascade analysis. The
following heuristic is proposed to identify the sources that should be in the high-quality region

(Below Pinch), and the Pinch is causing source.

1. Determine the limiting contaminant for the specific sink using Eq(3-14).

ii.  Arrange the available sources in ascending order based on the limiting contaminant of sinks.
iii.  Add up the flowrates of each source (Fsri) and its contaminant loads (FsriCksri for any k).
For source 'i', if the cumulative flowrates of sources after adding Fsri exceed or equal to
sink's flowrate (Fskj) OR cumulative loads after adding FsriCk sri €xceed or equal to sink's
load FskjZkskj, then source 'i' is the Pinch-causing source. All sources before source 'i* are

considered 'high quality' sources.

Figure 3-9 is the recommended source allocation strategy for a specific sink. This is based on the
analysis from Chin et al. (2021) that concluded that the optimal source allocation for a sink is to
fulfil all the contaminants loads limits as much as possible. The readers can refer to Chin et al.
(2021) for a detailed explanation of the strategy.

Table 3-8: Source and sink data for example 2

SR Fsr Casr Cssr SK Fsk ZAsk  ZBsK
(t/h) (ppm) (ppm) (th) (ppm)  (ppm)

1 23 50 120 1 23 20 60

2 47 100 80 2 47 50 20

3 123 150 300 3 123 100 150

4 60 250 100 4 70 200 80

Fw - 0 0

The similar two contaminant problem from Teles et al. (2008) is used to showcase the proposed
full Water Cascade Table analysis. Table 3-8 shows the source-sink data. The contaminant
cascades for each sink has to be identified first, which can be identified using Eq (3)- see Section
3.1.1. Table 3-9 presents the results. Judging based on the smallest value of the ratio, SK1 and
SK3 are limited to contaminant ‘A’, and they are assigned to contaminant cascade 'A', while

SK2 and SK4 are assigned to contaminant cascade ‘B’ for the identical reason.
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Table 3-9: Sink-to-source concentration for Example 2, with maximum source concentration as the
denominator

ZAsk/CAa,sRmax ZB,sk/CB,sRmax Minimum ratio Cascade

Casrmax = 250 ppm Ceg,srmax = 300 ppm

SK1 0.08 0.4 0.08 A
SK2 0.4 0.27 0.07 B
SK3 0.40 0.50 0.40 A
SK4 0.8 0.27 0.27 B

The contaminant cascade with the highest sinks' flowrates should be 'Pinched’ first as they are
demanding more water, so allocating the sources to them first could reduce the fresh resource
requirement (Chin et al., 2021). As the total sink flowrates (SK1+SK3) in contaminant cascade ‘A’
has the highest flowrate, the design methodology is performed on contaminant cascade 'A' first.
The design methodology starts with SK1 first. The source ranking order based on contaminant ‘A’
is SR1->SR2->SR3->SR4. The previous heuristic can be used to determine the Pinch-causing
source. Since in this case, the flowrate of SR1 (23 t/h) is equal to the flowrate of sink 1 (23 t/h) or
the load of contaminant A (23 x 50) exceeds the load of the sink (23 x 20), SR1 is the Pinch-
causing source. In Figure 3-18a, the Source CC is shifted to the right until it touches the endpoint
of SK1 line. It should be noted that the Pinch occurs at contaminant 'A’". Since SK1 is determined
as limited by contaminant 'A’, there is no room for fresh resource reduction for SK1. The cascade
table in Figure 3-18b also shows exactly how much of SR1 is allocated to SK1, which is 9.2 t/h.
The remaining SR1 (13.8 t/h) is used for the subsequent sinks.

Notice the feasible cascade in Figure 3-18b, and there are several concentration levels that contain
still negative pure water surplus, which should mean that they have a pure water deficit. However,
they are not actually deficit due to the concentration difference at the previous level is negative.
This is due to the arrangement of sources that are not based on the ascending order any more. If
arranging the sources and sinks solely based on ascending order of the concentration level, the
results might become misleading, and so the fresh resource might be wrongly identified.
Determining the Pinch-causing source and the 'high quality’ sources are crucial for multiple
contaminants cases.

After SK1 is satisfied, the next sink to be fulfilled is SK3. Figure 3-19 shows the plot of the CC
with SK3 is stacked above SK1. SR3 is the Pinch-causing source, and SR1+2 are the high-quality
sources due to the cumulative load of both contaminants for SR1, SR2, and SR3 exceed the loads
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for SK3. In Figure 3-19a, SR3 is located below the sink stream in the cascade table as it is the
Pinch-causing source.

Cascade A

. . Ca Cs ACa ACe  IiFsm IiFsxy LiFsmi Feum Aloada Aloads Cum Cum Cum Cum
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10 20 30 40 50 20 60 0 23 23 278 828 13.80 13.80
— ]
Cumulative flowrate (t/h) 30 80 Fspisq=92h c 92 27 552
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4 Not Pinches due to the negah\fe Donoen?ration
difference

Figure 3-18; Sequential source allocation with Pinch Approach for SK1 from example 2 (a) CC
Graphical representation (b) Water Cascade Table

Notice the Pinch Point occurs at contaminant 'B', but this is not the main limiting contaminant for
SKa3. There is still room for reduction of the freshwater requirement. The flowrate of SR3 can be
reduced by mixing some of the SR4 to further reduce the freshwater target for SK3. This is because
SR3 has the lowest quality in terms of contaminant 'B', and it causes the Pinch to occur at the sink’s
non-limiting contaminant. Based on Figure 3-9 using the manual method, SR3 can be reduced until
the cumulative freshwater requirement for both contaminants is identical. Otherwise, using the
numerical method, the first pair with two sources from the arranged source, i.e. SR3 and SR4. As
SR1 and SR2 are clearly not enough for SK3, they are fully used for SK3. Use Eqs(4-5) to
determine the flowrates of SR3 and SR4 to be allocated to SK3. As this is only two contaminants,
setting the freshwater requirement- Eq(4) for A to be equal to B is enough. In step (iv), the
flowrates of SR3 and SR4 that can be allocated to SK3 needs to be checked. The determined
flowrates are found as: SR3 = 42.792 t/h and SR4 = 1.965 t/h. As both flowrates are not negative
and are less than the available flowrates, as well as the total source flowrates
(13.8+47+42.792+1.965 = 105.56 t/h) is less than sink flowrate (123 t/h), the step for SK3 is
completed. Notice that in Figure 3-19b, the SR3 is no longer the Pinch-causing source since it is
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reduced. SR4 becomes the new Pinch-causing source. In the cascade table, SR3 is moved to the
‘high quality' source grouping, and it is located above the sink stream.

(a) SK3
60.0 Cascade A
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Figure 3-19; Sequential source allocation with Pinch Approach using CC graphical representation and
Cascade Analysis from example 2: (a) SK3 (b) SK3 with reduced freshwater target

As for the sinks in contaminant cascade 'B', a similar methodology is applied. The source order is
SR2-> SR4-> SR1-> SR3. SK2 is the first to be fulfilled. As SR2 and SR1 are already allocated to
SK1 and SK3, the sources that are remained are SR4 and SR3. For SK2, the Pinch-causing source
is SR4. By performing PA, the Pinch Points of both contaminants are reached for SK2, by using
solely SR4 (see Figure 3-20a). This is the optimal allocation for SK2. As the SR4 is used, the
remaining SR4 is not enough for SK4, and SR3 becomes the Pinch-causing source for SK4. For
the next sink SK4, the Pinch Point also occurs at contaminant 'B- see Figure 3-20b, which is its
main limiting contaminant. There is no room for further freshwater reduction in this case.
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(a) SK2 Cascade B
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Figure 3-20; Sequential source allocation with Pinch Approach using CC graphical representation and
Cascade Analysis from example 2: (a) SK2 (b) SK4

3.4.3 Non-mass transferred (fixed flowrate) vs mass transferred (fixed load) operations

Water-using operations in the chemical processes can be divided or modelled as fixed contaminant
load (FL), such as absorption and reactor, or fixed flowrate (FF), such as boiler (Prakash and
Shenoy, 2015). The main feature of FL operations is that they are assumed as mass transfer
processes with a fixed amount of contaminant mass loads to be removed. The inlet and outlet
stream flowrates are equal, and there are no water losses or gains. The FF operations do not involve
mass transfer, and the principal characteristic is that water loss or gain may take place in the
operation. This kind of problem also can be characterised as a water source or sink that generates
or consumes a fixed quantity of water. The inlet and outlet flow rates are specified and different,

while its outlet concentration must reach their maximum value and are independent of the inlet
concentrations.

For mass transfer based operation, the transferred contaminant load is usually assumed as constant,
see Eq(3-15). For an operation M, it has the requirement of maximum water inlet concentration
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(Cintes 1) and outlet concentration (C)i4%,. ). For the fixed load operation, the available data is

usually the maximum water flowrate (f3,), which is the sink and source flowrate, and the maximum
inlet and outlet concentrations.

Aloady = fM(C%ﬁet,M - %;lextM (3-15)

In operation involving multiple contaminants, the mass transfer occurs simultaneously, and there
IS a certain relationship between the contaminants. According to Wang and Smith (1995), the ratio
of the mass transferred load for all contaminants is a constant, see Eq(3-16). In other words, if the
inlet concentration of one contaminant, 'k1' for a fixed load operation 'M’, is reduced, then the
outlet concentration of contaminant 'k1' is reduced as well. This is the major assumption made by
the previous literature references.

Aloady, y (3-16)

Mk = constant

- Aloady, u
In this work, the maximum concentrations of the sources and sinks (or the so-called limiting water
profile) for the fixed load operation can be used to perform the Pinch Analysis, using the Load vs
Flowrate diagram or the proposed Water Cascade Table analysis. In fact, the optimum freshwater
requirement identified using the limiting data is the highest freshwater amount. Based on the
example in Figure 3-21a, the maximum limit for contaminant ‘A" has been reached for sink 1, but
the limit for contaminant 'B' is not reached. This means that the sink or the inlet concentration of
operation 1 does not reach the maximum for contaminant B; the source or the outlet concentration
of operation 1 should not reach the maximum as well. In this case, the concentration of source 1
is not at the maximum value but rather at a reduced value, see Figure 3-21b. In this example, source
1 is recycled back for sink 1. However, if source 1 is used for other operations, the reduced
concentration of source 1 could further reduce the freshwater target for other sinks as well.

(a) Sink CC (Contaminant A) (b)
=—S8ink CC (Contaminant B) Load (kg/h)
Source CC (Contaminant A) .
Load (kg/h) ——source CC (Contaminant B) Reduced concentration
I =l of B for sink 1 (inlet)
_____ Reduced concentration
of B for source 1 (outlet)
/" Sink 1% Pinch at ‘A Sink 1 * Pinch at'A
/ Source 2 / Source 2
Source 1 -’./Source 1
I » ﬁ'—‘
’ Flow rate (kg/h) Fresh Flow rate (kg/h)

Fresh

Usage, F4 Usage, F

Figure 3-21: Adjusting concentrations of sinks and sources due to the fixed load operation (a) Before
adjusting the concentration of sink and source (b) After adjusting the concentration of sink and source
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For fixed flowrate operations, the sink and source flowrates are fixed, and the concentrations of
both sinks and sources are fixed as well. However, for fixed load operations, the concentrations
and the flowrates are now the degrees of freedom. In this work, the flowrate is set to be the
maximum flowrates for the operation. This is because to attain the optimum freshwater target, the
load in Eq(3-15) is to be reduced for an operation, and this can be done by reducing the inlet and
outlet concentrations only. The freshwater target results are still identical. In fact, this is equivalent
to the fixed flowrate problem, but the concentrations of contaminants are not fixed. Setting the
flowrate of the operation equal to the maximum flowrates required is beneficial for a retrofit
project as the capacity of a unit can be fixed. However, if the equipment capacity can be reduced
to save capital cost, the flowrates can be set as the degree of freedom as well.

3.4.4 Case Study and results discussion

A case study is used to elucidate the applicability of the proposed methodology. The first case
study is a three contaminant problem, with four sources and four sinks available based on Wang
and Smith (1994) — see Table 3-9. These sinks and sources from this problem are from the mass-
transferred operations assuming fixed transferred loads.

Table 3-9: Source and sink data for case study 1

SR Fsr Casr Cssr Ccsr SK Fsk Zask Zs sk Zcsk
(th) (Ppm) (Ppm) (Ppm) (t/h) (ppm) (ppm) (ppm)

1 34 160 450 30 1 34 0 0 0

2 75 300 270 740 2 75 200 100 500

3 20 1,240 1,400 1,580 3 20 600 850 390

4 80 800 930 900 4 80 300 460 400

Fw - 0 0

Prior to performing the Pinch Analysis, the first step is to determine the limiting contaminant for
each sink and assign the sinks into proper contaminant cascade. SK1 requires pure water, So no
other sources can be allocated to it. Based on Table 3-10, each sink is dedicated to different
cascades. The Pinch should perform based on the descending order of flowrates of the sinks in
the cascade, which is SK4->SK2->SKa3.
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Table 3-10: Identification of source prioritisation sequence/contaminant cascade of each sinks
for case study 1

Za s/ Ca srmax Zz s«/Cg srmax Zc sk/Cc srmax Minimum Cascade
CA,SRmax CB,SRmax CC,SRmax ratio
= 1,240 ppm = 1,400 ppm =1,580 ppm

SK1 0 0 0 0 -

SK2 0.1613 0.0714 0.3165 0.0714 B

SK3 0.4839 0.6071 0.2468 0.2468 C

SK4 0.2419 0.3286 0.2532 0.2419 A

The Pinch-causing source and the sources that are below the Pinch have to be identified to utilise
the Cascade Table for SK4. Using the heuristic proposed in Section 2.4, the source arrangement
based on contaminant A is SR1->SR2->SR4->SR3. SR1 is not the Pinch-causing source as its
flowrate (34 t/h) or loads for all contaminants are less than SK4. Adding SR2 to the list, SR2
becomes the Pinch-causing source as the total flowrates of SR1, and SR2 (34+75 t/h) exceeds
the flowrate of SK4 (80 t/h), and SR1 should be the source located Below the Pinch. In the
Cascade Table representation in Table 3-11, SR1 is placed above the SK4, and SR2 placed is
below the SK4 in the table form. It shows that the freshwater requirement for SK4 is about 4.14
t/h, and the Pinch is at contaminant 'C'. However, it is worth noticing that in this case, the sources
are non-conflicting in terms of contaminants 'A" and 'C', i.e. the source arrangement of both
contaminants 'A' and 'C' are SR1->SR2->SR4->SR3. In this case, since the sources are already
in order, there is no room for further freshwater reduction for this sink. About 41.87 t/h of SR2
and all SR1 are recycled to SK4.

Moving on to SK2, a similar procedure is repeated. The source arrangement based on
contaminant 'B' is SR2->SR1->SR4->SR3. The remaining SR2 (33.14 t/h) is to be used recycled
back to SK2. SR2 is the Pinch-causing source for SK2 due to its load for contaminant B (33.14
x 270 = 8,948 t/h) exceeds the load for SK2 (75 x 100 = 7,500 t/h). Table 3-12 shows the Cascade
Table representation for SK2. Only about 27.78 t/h of SK2 is recycled to SR2, and additional
freshwater of 47.22 t/h is required for SK2. The Pinch is at the contaminant 'B' as well, so there
is no further freshwater reduction for SK2.

However, since this operation is assumed as the fixed-load mass transferred operations, as the
maximum loads for contaminants 'A' and 'C' for SK2 (the inlet) are not reached, the
concentrations of SR2 (the outlet) can be reduced. The concentrations of contaminants 'A" and
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'C' for SK2 are reduced to (A: 27.78x300/75 = 111.12 ppm, C: 27.78x740/75=274.1 ppm). Using
Eqgs(3-15 to 16), the concentrations of contaminants ‘A" and 'C' for SR2 are reduced to 211.11
ppm and 514.07 ppm, as shown by the calculations below.

_ Aloadp, _ 75(270-100) _  75(270—100)
" Aloada,  75(300-200)  75(CH%%,-111.12)

KZ,A

Crer, = 211.11 ppm
__Aloadg, _ 75(270-100) _  75(270—100)
Kac = Soaac, — 75(740-500)  75(CRSY,—274.1)
c2 C.SR2 :

CESR2 = 514.07 ppm

As the concentrations of A and C for SR2 have been reduced, the freshwater requirement for
SK4 actually can be reduced as well. This is because part of the SR2 is recycled to SK4. Table
3-13 shows the Cascade Table representation for SK4 after the concentrations of SR2 are
reduced. It can be shown that no freshwater is required anymore for SK4. The recycled flowrate
of SR2 to SK4 becomes 46 t/h. The remaining 29 t/h of SK2 is transferred to the next cascade
for SK2. Table 3-14 shows the updated Cascade Table representation for SK2. Notice that since
contaminant B for SK2 and SR2 are unchanged, and the Pinch for SK2 was at the contaminant
B. The freshwater required for SK2 is unchanged, and the recycled flowrate of SR2 is unchanged
as well (27.78 t/h). In this case, the concentrations of contaminants 'A" and 'C' for SR2 cannot be
reduced anymore.

However, it is worth to be noted that SK4 now is not 'Pinched'. This is because a very high-
quality SR1 in terms of contaminants A and C is fully used for SK4. SR1 should be conserved
for the remaining sink: SK3. SR1 actually can be further reduced for SK4 until Pinch(s) occurs
for SK4. Table 3-15 shows the final Cascade Table representation for SK4, with a reduced
flowrate of SR1. It can be observed that the Pinch occurs at the Pinch-causing source: SR2 at
contaminant 'C'. The SR1 is reduced to about 18.85 t/h, and the remaining SR1 can be used for
SK3.

Table 3-16 shows the Cascade Table representation for the remaining SK3. The source
arrangement based on contaminant 'C' is SR1->SR2->SR4->SR3. The remaining SR1 and SR2
available are about 15.15 t/h and 1.22 t/h. For SK3, the Pinch-causing source becomes SR4. The
remaining SR1 and SR2 should be Below the Pinch Region for SK3, and they are located above
the sink stream in Table 3-16. It shows that no freshwater is required for this sink, and there are
no Pinches for this sink. Notice that the negative water surpluses shown in the last three columns
are not really water deficits, but the negativity is caused by a negative concentration difference.
If all SR1 was fully used for SK4, there might be additional freshwater demand for this sink.
Conserving the sources are thus important when performing the Pinch Analysis for each sink
sequentially.
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The full design procedure is completed at this stage. Only SK1 and SK2 require freshwater. SK1
requires 34 t/h of freshwater, and SK2 requires about 47.22 t/h. The total freshwater target is
determined as 81.22 t/h (34+47.22) of freshwater. The solutions obtained are similar to the results
from previous works, i.e. Wang and Smith (1994) and later, Francisco et al. (2018). Although the
overall framework can be fully computed automatically, the source allocation across the
contaminant cascades is difficult to be identified as well. For example, the allocated SR1 to SK4
has to be conserved so that the source can be used for SK3. The algorithm can be designed as
when there are still demands of resources, the sources allocations to the sinks should be conserved
so that the Pinches for the sinks should be reached. However, source allocation is just a strategy
for allocating the sources. When there are infeasible matches between streams, the Cascade Table
or the graphical representations allow flexible tuning of the streams so that it matches the
requirement of a practical plant.

3.4.5 Conclusions

This work has formulated an enhanced version of Cascade Table Analysis dedicated to multi-
contaminant material recycle-reuse networks, on the example of water networks. Instead of
arranging the sources solely based on the ascending order of contaminants concentrations or
descending order qualities of streams, this work proposes the sources Below the Pinch should be
grouped and located above the sink stream. The Pinch-causing source should be placed right
under the sink in the Cascade Table representation. This alternative stream arrangement prevents
the false freshwater deficit from being identified, caused by the negative concentration
differences between concentration levels for multiple contaminants. If the Pinch Point occurs at
the non-limiting contaminant of the sink, a source reduction can be performed to further reduce
the freshwater target for that sink. Heuristics for the algorithm have been proposed.

The Cascade Table Analysis or the graphical representations provide a step-by-step procedure
for multiple contaminants material network design and provides a user-friendly interface to the
solutions. This is beneficial for engineers as the method shows the exact allocation of each source
for each sink. Although the overall framework can be fully computed automatically, the source
allocation across the contaminant cascades is difficult to identify as well. The algorithm can be
designed as when there are still demands of resources, the sources allocations to the sinks should
be conserved so that the Pinches for the sinks should be reached. However, the proposed source
allocation procedure in Figure 3-9 is just a strategy for allocating the sources. When there are
infeasible matches between streams, the Cascade Table or the graphical representations allow
flexible manual tuning of the streams matches so that it fulfils the requirement of a practical
plant. Future research can be focused on multiple fresh resources or water regeneration potential,
as well as property-based integration.
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Table 3-11: Water Cascade Table for SK4 in case study 1

Ca Ce Cc ACa ACs ACc  ZiFspi X F,—,.-,- YiFspi — Feum Aloada Aloads Aloadc Cum Cum Cum Cum Cum Cum
(ppm) (ppm)  (ppm) (ppm) (ppm) (ppm) (th) (t/h) 2 Fskj (t/h) (t/h) (t/h) (t/h) Aloada Aloads Aloadc Fresha Freshe Freshc
(t/h) (th) (th) (th) (th) (t/h) (th)
4.14
0 0 0 0 |
160 450 30 4.14 661.60  1,860.75  124.05
160 450 30 34 34 | | i . 661.60 1,860.75 124.05 4.14 4.14 4.14
140 10 370 . 3814 533890 381.35 14,109.95
300 460 400 80 -80 6,000.50 2,242.10 14,234.00 20.00 4.87 35.59
0 -190 340 -41.87 0.00 7,954.35 -14,234.10
300 270 740 75 75 6,000.50 10,196.45 -0.10 20.00 37.76 0.00
500 660 160 33.14  16,567.5 21,869.1 5,301.60
800 930 900 80 80 22,568.00 32,065.55 5,301.50 28.21 34.48 5.89
440 470 680 113.14 49,7794 53,173.5 76,931.80
1,240 1,400 1,580 20 20 72,347.40 85,239.00 82,233.30 58.34 60.89 52.05
999k 998k 998k 133.14 133M 1337 133 x 101
M 1M 1M 0 0 0 133M 133T 133 x 108
Table 3-12: Water Cascade Table for SK2 in case study 1
Ca Ce Cc ACa ACs ACc | YiFspi XjFsxj ZiFsgi — Foum Aloada Aloads Aloadc Cum Cum Cum Cum Cum Cum
(ppm) (ppm) | (ppm) | (ppm) (ppm) | (ppm) | (t'h) (th) | Z;Fsgj (t/h) (t/h) (t/h) (t/h) Aloada Aloads Aloadc Fresha Freshs Freshc
(t/h) (t/h) (t/h) (th) (t'h) (t/h) (t/h)
47.22
0 0 0 0 0
200 100 500 47.22 9,444.00  4,722.00 | 23,610.00
200 100 500 75 -75 9,444.00 4,722.00 23,610.00 47.22 47.22 47.22
100 170 -460 -27.78 | -2,778.00  -4,722.8 | 12,778.80
300 270 40 33 0 33 6,666.00 -0.60 36,388.80 22.22 0.00 909.72
-140 180 -10 5.36 -749.72 963.92 -53.55
160 450 30 0 0 0 5,916.28 963.32 36,335.25 36.98 2.14 1,211.17
640 480 870 5.36 3,427.29 | 2,570.46 @ 4,658.97
800 930 900 80 0 80 9,343.57 3,633.79 40,994.22 11.68 3.80 45.55
440 470 680 85.36 | 37,556.3 @ 40,116.9 58,041.49
1,240 1,400 1,580 20 20 46,899.83 43,650.70 99,035.71 37.82 31.18 62.68
999k 999k 998k 105.36
1M ™ ™
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Table 3-13: Water Cascade Table for SK4 in case study 1, after reducing the concentration of SR2

Ca Ce Ce ACa ACe ACc  XiFspi XiFsgj ZXiFspi — Feum Aloada Aloads Aloade Cum Cum Cum Cum Cum Cum
{ppm) (ppm)  (ppm) (ppm) (ppm) (ppm) (th) (t/h) 2 Fsky (t/h) (t/h) (t/h) (t'h) Aloada Aloads Aloadc Fresha Freshe Freshe
(t/h) (t/h) (th) (t/h) (t/h) (t/h) (t/h)
0
0 0 0 0
160 450 30 0 0.00 0.00 0.00
160 450 30 34 34 . 0.00 0.00 0.00 0.00 0.00 0.00
140 10 370 34 4,760.00 340 12,580.00
300 460 400 80 -80 i ] 4,760.00 340.00 12,580.00 15.87 0.74 31.45
| -89 -190 114 -46 4,088.89 8,740 -5,247.41
21111 270.00 514.07 75 75 | | 8,848.89 = 9,080.00 7,332.59 41.92 33.63 14.26
589 660 386 29 17,0778 19,140  11,191.85 | |
800 930 900 80 80 ] i | . 25,926.67 @ 28,220.00 18,524 44 32.41 30.34 20.58
440 470 680 109 47,9600 51,230  74,120.00 i
1,240 1,400 1,580 i i .20 20 . 73,886.67 @ 79,450.00 @ 92,644.44 59.59 56.75 58.64
989k = 999k 998k 129
1M M ™
Table 3-14: Water Cascade Table for SK2 in case study 1, after reducing the concentration of SR2
Ca Cs Cc ACa ACs ACc | XiFspi XjFsgj: LiFsp — Fom Aloada Aloade Aloadc Cum Cum Cum Cum Cum Cum
(ppm) (ppm)  (ppm) (ppm)  (ppm) : (ppm)  (t/h) (th) | E;Fsk; (t/h) (t/h) (t/h) (t/h) Aloada Aloads Aloadc Fresha Freshs Freshc
(th) (th) (t/n) (t/) (t/n) (th) (tih)
47.22
0 0 0 0
200 100 500 47.22 | 9,444.00 4,722.00 | 23,610.00
200 100 500 75 -75 9,444.00 4,722.00 23,610.00 47.22 47.22 47.22
11 170 14 -27.78 -308.67 4,722.60 -390.98
211.11 270.00  514.07 29 Q 29 9,135.33 -0.60 23,219.02 43.27 0.00 45.17
-51 180 -484 1.22 -62.36 219.60 -590.57
160 450 30 0 Q 0 9,072.98 219.00 22,628.45 56.71 0.49 754.28
640 480 870 1.22 780.80 585.60 1,061.40
800 930 900 80 Q 80 9,853.78 804.60 23,689.85 12.32 0.87 26.32
440 470 680 81.22 | 35,736.8 | 38,173.4 | 55,229.60
1,240 1,400 1,580 20 20 45,590.58 38,978.00 78,919.45 36.77 27.84 49.95
999k 999k | 998k 101.22
M 1M ™M 0 0
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Table 3-15: Water Cascade Table for SK4 in case study 1, after reducing the concentration of SR2 and flowrate of SR1
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3-16: Water Cascade Table for SK3
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Fresha
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Cum
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Cum
Freshs
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Cum
Freshc
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CHAPTER 4 TOTAL SITE MATERIALS HEADERS/MAINS TARGETING
FRAMEWORK USING PINCH FRAMEWORK AND OPTIMISATION

This chapter presents a framework for identifying material mains/headers for internal
process (Chin et al., 2021e) or at the site-level using Pinch-based concept. Section 4.1
presents the explanation of the utilisation of Pinch-based Composite Curves in identifying
the headers/mains based on the sources mixing for single quality. The Total Site headers
targeting ensure the cross-plant sources transfer flowrate are minimal while ensuring the
overall fresh resource required are minimal as well (Chin et al., 2021b). Section 4.2 extends
the analysis to multiple qualities for a problem with the same type of resources. Section 4.3
presents the mathematical optimisation framework, and a result comparison between the
two approaches are presented.

4.1 Headers/Mains targeting framework for single contaminant/quality

For material-based integration in the Total Site, Karuppiah and Grossmann (2006) developed
the non-linear optimisation model for Total Site Water Integration considering various
contaminants types. Chew et al. (2010a) introduced the unassisted integration scheme for a
cross-plant transfer involving multiple processes. The concept is to utilise the unused or purged
sources of one plant to another plant to minimise the fresh resource required and the total cross-
plant transfer. The framework is applied for varieties of material types involving hydrogen,
water or property-based integration. Chew et al. (2010b) extended the previous approach by
another assisted integration scheme, which involves using high-quality sources from one plant
to replace low-quality sources for another plant. Alnouri et al. (2018) proposed central and
distributed options in site-level water integration to achieve zero liquid discharge. Aguilar-
Oropeza et al. (2019) studied the acceptability of the network system in an industrial water
park by proposing a strategy to generate a set of solutions with trading-off objectives and
minimise the compromised solutions or dissatisfaction of each plant. Jiang et al. (2019)
proposed a system with a water utility generation station in an industrial park. Different types
of water utilities are produced, including desalted water in the utility generation station and can
be shared among the plants. Boysen et al. (2020) evaluated the economic and environmental
impacts of an industrial park in Germany and suggested that water reuse is an environmentally
beneficial option.

Centralised material headers/mains allow maximisation of waste resources recycling and
minimisation of piping connections between industrial plants in a Total Site. Feng and Seider
(2001) introduced the plant-level centralised headers/main concept for the water recycle or
reuse network design with concentration identified certain heuristic. Wang et al. (2013)
extended it for multiple contaminants, and Cao et al. (2004) extended the concept accounting
for the regenerated water main. Using a mathematical approach, Chen et al. (2010) developed
a comprehensive mixed-integer non-linear programming (MINLP) method for Total Site
Integration with centralised and decentralised water mains. They studied different design
objectives involving minimum fresh resource consumption and minimum total annualised cost.



Their water mains concept assumes the mains are vessels connecting various plants. Fadzil et
al. (2018a) proposed a step-by-step numerical targeting framework for headers with a pre-set
number of headers and contaminant concentration range for water network, and Fadzil et al.
(2018b) later proposed a U-shaped two ways centralised header concept as a pipeline
connecting the multiple sites.

Based on the analysis, it is proven that the material headers/mains concept could aid in
promoting the resource conservation practice by reducing the network complexity and
enhancing the controllability of the integrated network. Material headers/mains are essentially
mixers of material sources. Their parameters, including the total number of material headers,
amount and quality of the header sources, are critical for processes. The existing studies on
material reuse and network design mainly pre-define the parameters based on certain heuristics
and excluding alternative source mixing options for the headers. The mathematical approach
could solve the issues comprehensively, but it involves non-linear formulation with the
flowrates and quality of the headers sources unknown. The computation burden of the model
can be rather heavy, for which the users are not able to explore different design options swiftly.
In this case, Pinch Analysis provides an insightful framework aided with visualisation to the
optimal resources conservation strategies, providing lower or upper bounds on certain variables
to complement the mathematical approach.

The analysis also shows that the determination of the number of headers/mains, flowrates and
the qualities of material header sources at both processes and Total Site levels has not been
systematically investigated previously. Other than determining headers’ parameters, the total
amount of cross-plant transfer in the Total Site should be minimised as well to reduce the
capital cost for piping and operational cost for pumps/compressors’ duty.

4.1.1 Internal process headers targeting
4.1.1.1 Water mains/header targeting for single Pinch Point

The water header/main is effectively a mixer of the available water sources followed by a
splitter to the water sink links. As mentioned earlier, excessive source mixing could decrease
the quality of the water sources. It is critical to determine the flowrates and the contaminant
concentrations of the water header. An illustrative example of a process with its Source and
Sink CC is presented in Figure 4-1. It is used to demonstrate the concept and the graphical
method for the optimal selection of water headers and their concentration levels for a single
contaminant.
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Figure 4-1: lllustrative example of constructing the header line for a single contaminant problem

Based on the configuration in Figure 4-1a, for the sinks below the Pinch Point, headers can be
formed by mixing the sources in that part of the problem. The header line can be drawn from
the starting point of the shifted Source CC to the Pinch Point to ensure the freshwater
requirement is still minimised. The header line (the thick dashed arrow in Figure 4-1), in fact,
can be regarded as another source line containing the mix of Source 1 and part of Source 2 (see
Figure 4-1b). The contaminant load of the header is the summation of loads of Sources 1 and
2. The projection of the header line on the X-axis (flowrate) indicates the total sum of flowrates
of the sources to be sent into the header and its gradient indicates the mixture concentration.
Note that this header is responsible for supplying water to the sinks below the Pinch.

Assuming no direct recycle/reuse is allowed, another header is required for the remaining
process sinks above the Pinch. A similar procedure can be followed, but the header line is
drawn from the Pinch Point along the Source CC to cover the remaining sinks. The overall
header targeting is shown by the demonstration in Figure 4-2. The header above the Pinch for
this case is just part of Source 3. Overall, the total minimum number of headers required are
four (two water-source headers with one below Pinch and one above Pinch, one freshwater
header, and one wastewater header). However, in the illustrative case shown in Figure 4-2, the
header above the Pinch can be just a single connection of Source 3 recycled back to Sink 3.
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Figure 4-2: Overall water header targeting for the single contaminant illustrative process

A single header below the Pinch is usually not enough to serve all sinks without adding more
freshwater. Consider a case where the header below the Pinch is drawn, but it crosses at the
Sink CC (see Figure 4-3a). Note that the header line crosses the Sink CC at two points, i.e. at
the Sink 1 portion and at the Pinch Point. This indicates there is too much mixing of the sources,
which decreases the quality of the water in the header. This would cause an additional
requirement for freshwater. The header line should be split below the Pinch to ensure that the
freshwater target is still satisfied. Based on Figure 4-3b, Header 1 is formed by a part of Source
1, for which it is drawn from the starting point of Source CC and ends at the load point of Sink
1 (y-coordinate). The line for Header 2 is drawn from the ending point of Header 1 to the Pinch
Point. For this scenario, there should be at least two headers formed for the sinks below the
Pinch, while only one header is enough for the sink above the Pinch.
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Figure 4-3: Single contaminant example (a) Single header below the Pinch is not enough (b)
Another header is required by splitting the header lines

Notice that the lines representing Header 1 and Header 2 can have different lengths or different
gradients. Different combinations of both header lines can be formed as long as the header lines
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are below the Sink CC. This is to ensure the maximum contaminant limits for all the sinks are
not violated and incurs additional freshwater requirements. It is indicated that the optimal
number of water main can be identified, but the water profile (flowrate and contaminants
concentrations) in the water mains are still variables. The water profile can be now targeted
with the objective of minimum freshwater intake and total cost.

Similar concepts can be applied for site-level water integration. The Pinch Analysis combining
the water sources and sinks from various processes can be grouped together to determine the
overall water target. Headers targeting can now be performed. However, this approach assumes
no internal integration at the process level. If integration at the process level is performed first,
the targeting can be performed for the process before site-level integration.

4.1.1.2 Water mains/header targeting for multiple Pinch Points

There are certain occasions where there are multiple Pinch Points for the system. Figure 4-3a
shows the Composite Curves representation for such a system. In this case, it is clear that a
single header line is not sufficient for the sinks below the Pinch Points. Figure 4-3b shows the
construction of the header lines. A single header line is drawn connecting the Source CC
starting point to the first Pinch Point (header 1), and another header line is constructed
connecting the First Pinch Point to the Second Pinch Point (header 2).

One can observe that the minimum number of header sources are at least equal to or larger than
the number of Pinch Points for the system. For example, two Pinch Points indicate at least two
headers from the sources are required. If there are no sinks above the Pinch Point, the system
in Figure 4-4 require only two headers from the sources. However, the header lines might
intersect at the sink CC as well. If there are any intersections at the header 1 or the header 2
lines, the header lines have to be split until no intersection occurs. The users are allowed to
adjust the split ratio of the header lines at different combinations of the headers’ flowrates and
concentration, as long as they are below the Sink CC.
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Figure 4-4: (a) Multiple Pinch Points for an illustrative system (b) Header lines construction
for the Multiple Pinch Points problem
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4.1.1.3 Water mains/header targeting for a threshold problem

There are also possibilities where the system is a threshold problem, i.e. no wastewater
generations with or without Pinch Points. Figure 4-5a shows a scenario when there is no Pinch
Point. This happens when the total flowrates of the available sources are less than the total
flowrates of the sinks. In such a case, the header line is a mixture of all the sources. Another
scenario when there are Pinch Point(s), but no wastewater generations are shown in Figure 4-
5b. Similarly, the header line can be drawn from the Source CC starting point connecting to
the Pinch Point. Note that intersection between the header lines and the Sink CC might happen
as well.
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Figure 4-5: Threshold problem for an illustrative system (a) no Pinch Point (b) single Pinch
Point

4.1.1.4 Overall procedure

The following procedure for headers targeting using the Composite Curves summarising the
conceptual explanations from the previous sections is presented as follows:

e Construct the Composite Curves for the process/site to determine the freshwater target and
Pinch Point(s).

e Draw a header line below the First Pinch Point, starting from the shifted Source CC initial
point and connect to the Pinch Point(s).

e If there are multiple Pinch Points, connect the Pinch Points with the header lines

e Draw a header line above the last Pinch Point, starting from the Pinch Point along with the
Source CC until the horizontal length matches where the Sink CC ends. (For single Pinch
Point problem, first Pinch Point = last Pinch Point)

e Check if intersection(s) exists between the header lines and the Sink CC. If there are any,
split the header lines, and draw the header lines with any combinations until the entire
Header Curve is at the right side of Sink CC.

71



Determine the number of headers (number of segments in the header lines), each header
source’s concentration (gradient) and flowrates (horizontal length).

Similar concepts can be applied for site-level Water Integration. The Pinch Analysis combining
the water sources and sinks from various processes can be grouped together to determine the
overall water target. Headers targeting can now be performed. However, this approach assumes
no internal integration at the process level. If integration at the process level is performed first,

the targeting can be performed for the process before site-level integration.

4.1.1.5 Case study and results

For internal water header design, the proposed graphical approach presented in Section 4.1.1.4
is applied to the plants specified in Table 4-1. The step-by-step framework is demonstrated in
this section, and can be found in Chin et al. (2021d).

Table 4-1: Total Site data for a single contaminant case (Fadzil et al., 2018)

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5

Fsr Cros Fsr  Crps Fsr  Crps Fsk  Crps Fsr  Crps

(t’h)  (ppm) (t/h)  (ppm) (t/h)  (ppm) (t/h)  (ppm) (t/h)  (ppm)
SR1 200 50 SR1 50 50 SR1 100 130 SR1 20 50 SR1 20 130
SR2 80 100 SR2 250 100 SR2 120 290 SR2 80 100 SR2 100 130
SR3 80 100 SR3 150 130 SR3 85 300 SR3 100 125 SR3 40 250
SR4 140 150 SR4 150 250 SR4 200 350 SR4 100 150 SR4 25 400
SR5 200 200 SR5 50 800
SR6 200 450

Fsk Ztps Fsk  Ztps Fsk  Ztps Fsk  Ztps Fsk  Ztps

th)  (ppm) (t/h)  (ppm) (t/h)  (ppm) (t/h)  (ppm) (t/h)  (ppm)
SK1 200 0 SK1 50 20 SK1 100 O SK1 20 0 SK1 20 0
SK2 80 50 SK2 250 50 SK2 120 100 SK2 80 25 SK2 100 50
SK3 80 50 SK3 150 100 SK3 85 125 SK3 100 25 SK3 40 80
SK4 140 100 SK4 150 200 SK4 200 300 SK4 100 50 SK4 25 100
SK5 200 120 SK5 50 100
SK6 200 200
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Step (i): Determine initial Composite Curves for the plant. Figure 4-6 shows the Composite
Curve representation for plant 1. Figure 4-6a shows that there are two Pinch Points for the
process.

Step (i) and (iii): Construct header lines below the Pinch Point and above the Pinch
Points. As the problem has two Pinch Points, a header line for the sinks below the Pinch can
be drawn — Step (ii), and another header line is drawn connecting the two Pinch Points — Step
(iii).

Step (iv): Check for any intersections between header lines and Sink CC. it is needed to
check whether there is an intersection between the drawn header lines and the Sink CC. For
plant 1, Header 1 alone is not feasible as it is above the Sink CC, and it shows there are two
intersection points: the first Pinch Point and the Source CC starting point. This means another
one header line is needed for below the first Pinch. Figure 4-6b shows the overall header lines
with a total of three header segments. As the header curves are now entirely under Sink CC,
the headers mix is feasible.

Step (v): Determine headers’ properties. The headers, sources flow, and concentration can
be determined. Header 1 is made up of Source 1, Header 2 is made up of the mixture of SR2,
SR3 and SR4, while Header 3 is made up of SR4. The gradients of the header line segments
represent the concentration of the headers. The flowrates and the concentrations of each header
using the configurations in Figure 4-6b are Header 1: (200 t/h, 50 ppm), Header 2: (293.33 t/h,
122.73 ppm), Header 3: (200 t/h, 200 ppm).
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Figure 4-6: Internal water mains design for single contaminant using Composite Curves for plant 1

A similar procedure is repeated for other plants. Figure 4-7 shows the Composite Curves with
all the header lines for Plants 2, 3, 4 and 5. A minimum of three headers from the mixture of
sources is required for Plant 2, while Plants 3 and 4 require at least 2 headers from the sources.
Only a single header is needed for Plant 5.
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Before header design
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Figure 4-7: Internal water mains design for single contaminant using Composite Curves for (a) Plant 2
(b) Plant 3 (c) Plant 4 (d) Plant 5

4.1.2 Total Site headers targeting

For Total Site Material Integration, the optimal overall fresh resource consumption can be
achieved by exploiting the reuse potential of the unused sources in LQR from different plants.
The cross-plant transfer should also be minimised to reduce network complexity. The aim of
targeting cross-plant source transfer is to minimise the total cross-plant flows while ensuring
the overall fresh resource target is achieved. The fresh resource target can be identified using
the Composite Curves, where all sources and sinks from each plant can be treated as they are
from a single process. This approach is called the single network targeting (Chew et al., 2010a).
However, this approach involves a lot of cross-plants source transfer, which require high capital
cost for piping. If one is to use the typical CC to identify the network design, the sources in the
HQR for different plants are actually shared among each other, which do not affect the overall
fresh resource target. This is actually wasting the potential of the sources while increasing the
cross-plant flow. It is first required to understand various cross-plant transfer schemes available
for the Total Site to ensure effective utilisation of the sources.

4.1.2.1 Minimal cross-plant sources transfer schemes

Various feasible cross-plant transfer schemes can be identified using the Pinch-based strategy.
The potentially best case for a cross-plant transfer scheme is the source transfer from the LQR
of one plant to the HQR of another plant. This is because LQR does not require a fresh resource,
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but HQR requires fresh resources, and source transfer from LQR to HQR could help to reduce
the fresh resource intake and waste generation. It is to be noted that the mass is balanced in
LQR and HQR, i.e. Inlet flownor/iLgr = Outlet flowngr/iLor. The mass is conserved in the overall
system as well. The mentioned scheme is illustrated in Figure 4-8. Using as an example a site
comprising two plants, it can be noted that part of the sources from LQR in plant A (ea) is
transferred to the HQR of plant B. By material balance around LQR in plant A, the waste
discharge of the plant is reduced by ea amount. As this amount is transferred to HQR in plant
B, this actually reduces the fresh resource requirement for plant B by an amount of ea due to
material balance in HQR.

The transfer is usually possible in one direction only as the LQR sources of plant A is better
than the HQR of Plant B (Pinch Point of B is higher than in A). However, there can be occasions
that the Pinch Point for Plant B changes as a result of the transfer from Plant A and becomes
lower, and the LQR sources from Plant B have better sources. This happens as the Pinch-
causing source in plant B is replaced with a source from plant A, but a new lower Pinch Point
may form in plant B. For a better illustration of this scenario, the reader can refer to Section
3.2.3 Figures 11. The new LQR source from Plant B can be transferred to Plant A. Assuming
part that of source (eg) of the LQR in Plant B is transferred to the HQR in Plant A, that would
reduce the fresh resource intake for Plant A as well. Overall, the total fresh resource
consumption and the total waste generation are reduced by (ea+ eg) amounts.

This scheme is possible only when the purged source from a plant has better quality than some
of the sources in another plant. For example, if the purged sources from plant A is 130 ppm,
and the Pinch-causing source from plant B is 150 ppm, the transfer of purged sources from
plant A to plant B could reduce the fresh resource requirements for plant B. As long as there is
a transfer from an LQR of one plant to the HQR of another plant, there are guaranteed to be
some reduction of fresh resource intake. This is actually the concept of an unassisted integration
scheme proposed by Chew et al. (2010a).
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Figure 4-8: Cross-plant transfer Scheme 1: LQR to HQR only
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The transfer from the HQR of a plant to the LQR of another plant is usually not preferable as
this increases the fresh resource intake for the plant that send out the sources. However, this
scheme is possible if it is accompanied by another transfer from an LQR to the HQR. This is
demonstrated in Figure 4-9. Plant A has sent some amount of sources (ea) from its HQR to the
LQR of plant B, and this causes the increment of fresh resources for plant A by (ea) amount.
Plant B then sends some amount of sources from its LQR to the HQR of plant A by (es) amount,
and the changes in fresh resource intake in total is for plant A is (ea- eg). It is obvious that the
overall fresh resource intake can be reduced only if ea < eg.
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Figure 4-9: Cross-plant transfer Scheme 2: HQR to LOR + LQR to HQR

This second scheme is applied when the Pinch-causing source of one plant is lower than the
Pinch Point concentration of the Total Site. For example, let’s say the Pinch concentration for
the Total Site is 200 ppm (identified by the single network targeting method), and the Pinch-
causing source of plant B is 150 ppm. Assuming there are sinks in the LQR, some of the Pinch-
causing sources for plant B is given to the sinks in the LQR. The Pinch-causing source for plant
B is actually wasted for sinks in LQR. Let’s say the Pinch-causing source for plant A is 200
ppm (or = 200 ppm), and this means the LQR sources in plant B has better quality than some
sources in HQR in plant A. The Pinch-causing source for plant B (eg) actually can be
transferred to HQR in plant A since it is lower than the Pinch concentration of plant A, and this
could reduce the fresh resource intake for plant A. The Pinch-causing source in the LQR for
plant B can be replaced by using the Pinch-causing source in the HQR in plant A (ea) To
maintain the balance of the sinks in LQR for plant B. In this scenario, since the concentration
of transferred sources from plant A is higher than plant B, the replacement amount from plant
A (ea) is always lower than the Pinch-causing source that is replaced in plant B (eg) due to
constant load (ea x 200 = eg x 150). This guarantees the reduction of fresh resource intake.
This is actually the concept of assisted integration scheme proposed by Chew et al. (2010b).
and the readers could refer to it for a more detailed explanation of this scheme.
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Figure 4-10: Cross-plant transfer schemes (a) Scheme 3: LQR to LQR + LQR to HQR (b)
Scheme 4: HQR to HQR + LQR to HQR

Other various transfer schemes are possible. Scheme 3, according to Figure 4-10a, involves the
transfer of sources from LQR to another LQR section of another plant. In the perspective of
Total Site Integration, this cross-plant transfer from one LQR to another LQR is futile as the
total waste generation is the same. The transfer amount (ea) does not alter the total waste
generation. If it is combined with Scheme 1 (LQR to HQR), the total fresh resource and waste
generations could be reduced. Scheme 3 is only applicable when the Pinch-causing source with
Site Concentration is needed. For example, let’s say the Site Pinch Point is at 200 ppm. If plant
B has an LQR sink that is fulfilled by a 200 ppm source, the source can be replaced by another
LQR source from another plant that has > 200 ppm. This is to preserve the 200 ppm source as
it can be used for another plant. This is applicable when no other better quality sources are
available. However, this condition is applied only when the LQR sink has a higher
concentration than the replacing LQR source. If the LQR sink is 300 ppm and the replacing
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source is 250 ppm, this is a feasible scheme. In such a case, replacing the source, which is 250
ppm, which requires (ea) amount, would be lower than the replaced LQR source amount (eg),
which is 200 ppm, due to constant load (ea x 250 = e x 200). Since ea < eg, both total fresh
resource and waste generation can be reduced.

Similar reasons apply to Scheme 4 (Figure 4-10b) but for reducing individual fresh resource
consumptions if no other transfer is possible, only if (ea> eg). This Scheme is applicable when
the replacing source (ea) has better quality than the replaced source (eg). This is because no
individual plant would sacrifice its HQR sources for other plants without benefiting from them.
In this work, the focus is to reduce the total fresh resource consumption, so mainly, Scheme 1,
2 and 3 are considered in the algorithm as explained in the later section.

4.1.2.2 Data Extraction for Total Site Methodology

Prior to performing targeting for Total Site integration, it is important to extract the correct data
from the process. Similar to Chew et al. (2010a), the extracted data should contain all the
sources and sinks in the HQR, with the remaining unused or purged sources. The aim of the
Total Site targeting is to identify the overall fresh resource target based on available sources.
The sources and sinks in the HQR are selected for the Total Site because the sinks can be
fulfilled by any unused/purged sources from other plants, which further reduce the individual
fresh resource target. The sinks in the LQR and the sources allocated for them can be removed
from Total Site targeting. This is because they are already fulfilled with no fresh resource
necessary and fulfilled by the sources from the internal process.

Note that the Pinch-causing sources in the LQR should be reduced, and the quality limit for the
LQR sinks should be satisfied by performing waste targeting. The procedure of data extraction
follows the steps described in (Chew et al., 2010a) and is shown in Figure 4-11. Figure 4-11a
represents the CC for an individual plant. The sink in the LQR and sources associated with the
sink is removed, with the remaining as the extracted data for the Total Site- Figure 4-11b. The
next sub-section explains the procedure to apply various cross-plant transfer schemes to
achieve the overall minimum fresh resource target.
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Figure 4-11: (a) Composite Curves for an individual process (b) Extracted data for Total Site
targeting
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4.1.2.3 Source Transfer Diagram

Based on the cross-plant transfer scheme 1 (LQR to HQR only), the unused or purged sources
from LQR in one plant can be transferred to the HQR of another plant. This applies only when
the purged sources have better quality than the sources in the HQR of the other plant. In this
work, a diagram called Source Transfer Diagram is proposed to identify transfer the unused or
purged sources for the sources in the HQR. The diagram is composed of quality (e.g.
concentration for water case) in the y-axis, while the x-axis contains the load of the source
streams. The reason the load is used as the x-axis instead of flowrate is that the flowrates of the
unused source to be transferred are not the same as the flowrates of the HQR source to be
replaced. This is due to their qualities (concentrations) are different. However, the load of the
transferred source should be identical to the load of the replaced source.
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Figure 4-12: Source Transfer Diagram for (a) prior to cross-plant transfer (b) new purged
sources are available with the replaced HQR sources

Two-step curves are plotted in this diagram, i.e. step curve containing HQR sources from each
plant and another with the unused or purged sources. This is demonstrated in Figure 4-12. The
HQR sources curve is constructing the sources in descending order of the quality (ascending
order of concentrations), where each line segments represent an HQR source from a plant. The
next source segment is then plotted after the previous source segment. The purged source curve
is constructed in a similar manner but using the purged sources in LQR. Figure 4-12a shows
the illustration of the Source Transfer Diagram prior to cross-plant transfer. The unused/purge
source curve is moved until the right side of its first segment is matched with the right side of
the segment of the HQR source curve right below it.

Based on Figure 4-12a, all unused sources from plant A could be transferred to plant B since
the unused sources are cleaner than the HQR source in plant B. The Site Pinch Point line is
also plotted in the diagram. It should be noted that the Site Pinch Point always occur at one of
the HQR sources. Assuming the purged source from plant A has a lower concentration than the
Site Pinch concentration, this source should be in the HQR for the Total Site, which means it
should be fully reused. Replacing the HQR source in plant B helps to reduce the fresh resource
intake while ensuring the purged source is utilised properly. The CC representations are shown
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in Figure 4-13a and b, where the Pinch-causing source in the HQR for plant B is replaced by
the unused sources from other plants. The fresh resource target can then be reduced by shifting
the new Source CC in the HQR to the left until it touches the Sink CC- see Figure 4-13c. The
replaced Pinch-causing source becomes the new, unused source stream and can be potentially
transferred to another plant. The Source Transfer Diagram is then updated to account for the
new, unused sources in Figure 4-13b. Based on the figure in this example, the new, unused
sources can be further transferred to the HQR of plant C.
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Figure 4-13: (a) The source to be replaced by the purged sources from other plants (b) Source
from other plants replace the original source (c) freshwater target for the individual plant is
reduced and the replaced source becomes the new purged source.

However, replacing the HQR sources with cleaner purged sources not always results in the
same Pinch Point as the original identified Pinch Point. This scenario is demonstrated in
Figures 4-14a and b. In Figure 4-14b, Source 1 becomes the new Pinch-causing source for the
process, and the subsequent sources become the LQR sources. In this case, the Source Transfer
Diagram has to be updated with the new purged sources.
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The Source Transfer Diagram is mainly to match the unused sources from the LQR of one plant
with the sources in the HQR for another plant. This follows the cross-plant transfer scheme 1
with LQR to HQR transfer only. Scheme 2 (HQR to LQR + LQR to HQR) requires manual
identification of the Pinch-causing source that has a lower concentration than the Total Site
Pinch Point. The cross-plant source transfer has to be identified after the data extraction step.
The full cross-plants source targeting and network design framework are described in Section
4125
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Figure 4-14: (a) Replacement of sources in the HQR by sources from other plants (b) New
Pinch Point is formed at a higher quality (lower concentration)

Figure 4-15a shows a case where one of the purged sources from a plant and the HQR source
from another plant have lower concentrations than the Site Pinch Point. In this case, the cleanest
purged source can be reused to replace the HQR source in plant B, as shown. However, this
transfer is actually less effective and require more cross-plant transfer (total 4 transfers). The
cleanest purged source from plant A is supposed to be in the HQR for the Total Site. Using it
to replace the HQR source in plant B, which is also in the HQR for the Total Site, actually does
not alter the total fresh resource target when both of them are in the HQR. The cleanest purged
source from plant A can instead be used to replace the HQR sources from other plants that have
lower qualities than the Site Pinch Point (in LQR for Total Site) — see Figure 4-15b. The plant
A purged source can be used to replace plant C sources, and the replaced source as well as the
plant B purged source can be used to plant D. This transfer scheme requires fewer cross-plant
transfers (total 3 transfers) and would yield the similar fresh resource target as compared to
Figure 4-15a. This is actually similar to swapping the arrangement of the source in the Site
Source CC arrangement. Even though replacing the plant B source shown in Figure 4-15a could
yield better quality purged sources, a more cross-plant transfer is needed and can be
unnecessary for Total Site fresh resource targeting.
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Figure 4-15: (a) Less effective Source Transfer in the HQR of Total Site (b) Better Source
Transfer with the purged source to the HQR sources across the Site Pinch Point

Similar reasoning applies to the transfer of the source in the LQR of Total Site. The purged
sources transfer to the HQR sources, which are in the Site LQR, is less effective in reducing
the fresh resource - see Figure 4-16a. Even though some reduction in the fresh resource can be
obtained, in Site CC, these sources do not alter the fresh resource target. The cleaner source is
not fully utilised. The transfer is more effective when the purged source has at least higher
quality (lower concentration) than the Site Pinch- see Figure 4-16b.

Based on this observation, it is thus proposed that the purged source should always transfer
across or at the Site Pinch. The purged source should replace the HQR sources, which are at
least lower quality (higher concentration) than the Site Pinch Point, or the purged source should
always at least higher quality (lower concentration) than the Site Pinch Point. It should be noted
that the Site Pinch Point always exists at one of the HQR sources.
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Figure 4-16: (a) Less effective Source Transfer in the LQR of Total Site (b) Better Source
Transfer with the purged source to the HQR sources across the Site Pinch Point
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4.1.2.4 Headers Targeting for Total Site

Identification of the headers using the Total Site Composite Curves requires first the
determination of which sources are the cross-plant transfer source streams in the Site Source
CC. The targeting of minimal cross-plant source transfer and the network design should be
performed prior to header targeting and design. The Site Composite Curves containing the
extracted sources and sinks from individual plants can then be constructed, and the cross-plant
source streams can be identified. Figure 4-17a shows an example of the Site Composite Curves,
with labelled cross-plant streams. The cross-plant source streams can then be mixed to
determine the flowrate and the quality of the Total Site header. In the example of Figure 4-17b,
it shows a single header below the Site Pinch Point is enough for the sinks. It is worth noting
that in this example, the identification of the header is similar to swapping the position of cross-
plant Source 2 and Source 1 (see Figure 4-17b). As identified earlier in Section 3.1, swapping
the position of the source streams below the Pinch Point or the HQR do not alter the overall
fresh resource requirement.
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Figure 4-17: (a) Site Composite Curves with labelled cross-plant source streams (b) Mixed
header source from the cross-plant sources streams.

In Figure 4-17b, the header source formed by the mixture has a higher quality than Source 1,
and so its segment should be located before Source 1. Since the source segments are in
ascending order, the new Source CC with the header segment should be located at the right of
Sink CC without an interception point. If the header source mix causes the intersection between
Source CC and Sink CC — see Figure 4-18a, this indicates not all cross-plant source streams
can be mixed. In the example in Figure 4-18, at least two headers are required for the Total Site
network. One of the options for this example is to not mix both cross-plant sources at all, and
each of them can represent a single header- Figure 4-18b. However, this is not the only solution.
The cross-plant Source 1 can be mixed with part of the cross-plant Source 2 to form a header.
As explained before, as long as the Site Source CC with the headers does not cross the Site
Sink CC, the headers mix is feasible with the identified fresh resource target. Note that this

83



applies when the Site Source CC segments are arranged in ascending order of the sources’
gradient (impurity) only.
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Figure 4-18: (a) Site Source CC with header segment crosses at the Site Sink CC (b) Two
headers below the Site Pinch Point with both cross-plant source streams are not mixed

As a summary, the Total Site headers/mains targeting step can be summarised as follows:

a. Construct the Site Composite Curves to determine the fresh resource target for direct
recycling or reuse with the cross-plant source streams marked.

b. For below the Pinch region (HQR), to group the cross-plant source segments below the
Pinch together in the Site Source CC. Draw a header line by mixing all the cross-plant
sources.

c. Arrange the Site Source CC with a header segment with ascending order of the gradient.

d. Check if intersection(s) exists between the new Site Source CC and the Site Sink CC. If
there are any, split the header line, and draw the header lines with any combinations
(along with the cross-plant source streams segments) until the entire Site Source CC is at
the right side of Sink CC. (No. of intersections = minimum no. of headers below Pinch).

e. Repeat steps (ii) to (iv) above the Pinch region (LQR).

f. Determine the number of headers (number of segments in the header lines), each header
source’s concentration (gradient) and flowrates (horizontal length).

4.1.25 Overall framework

The overall proposed Total Site Material Headers/Main targeting and design framework
summarising the conceptual explanation in Section 4.1.2 is presented in Figure 4-19. The
general framework can be divided into four main hierarchical steps:

(i) Data extraction from each individual process

(i) Identification of Site Pinch Point and minimum total fresh resource intake with CC
(iii)Optimise the cross-plant source transfer and fresh resource intake

(iv)Headers targeting and network design for Total Site.
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Figure 4-19: Flowchart of the proposed Total Site Material Integration with a headers design
framework

The first step involves the data extraction stage, where the CCs are first constructed for each
individual plant. Sources and sinks in the HQR and the unused sources in the LQR are extracted
— see Section 4.1.2.2. The second step involves the identification of the Pinch Point and the
minimum fresh resource for the Total Site. The fresh resource target identified serves as the
ultimate goal of this framework. The third step is to determine the optimal cross-plant source
transfer by reusing the unused or purged sources from each plant. It is first required to check
whether there is a possibility to transfer sources from HQR to LQR with Scheme 2 (where the
Pinch-causing source of one plant has a lower concentration than the Site Pinch Point), or LQR
to LQR with Scheme 3 (where an LQR source of a plant higher than Site Pinch Point can be
used to replace the LQR Pinch-causing source of another plant, provided the impurity of the
LQR sink fulfilled by the Pinch-causing source is higher than the Site Pinch Point). If a Pinch-
causing source has a lower concentration than the Site Pinch Point, all of it should be in the
HQR of the Total Site, and it should not be wasted to use for sinks in the LQR. The sinks in
the site LQR should be fulfilled by the site LQR sources as well. The readers are referred to as
Chew et al. (2010b) for the detailed method for Scheme 2. The Source Transfer Diagram is
proposed as the graphical tool to determine the optimal utilisation of the purged sources (cross-
plant transfer Scheme 1: LQR to HQR only). The new source allocation has to be checked with
CCs for each plant. This step is carried out iteratively until the total fresh resource requirement
is identical to the resource target for the Total Site identified in the second step. The final step
is to identify the cross-plant source streams, and they are used to determine the minimum
number of headers, optimal flowrates and concentrations of the headers/mains. The full
methodology is demonstrated with a case study in the following section.
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4.1.2.6 Case study and results

The selected case study is the water allocation problem with a single contaminant. The data
required for this study are presented in Table 4-1. Details can be found in Chin et al. (2021b)

Step 1: Data extraction from each plant. The Total Site sources and sinks are first extracted
from the individual plant. The sources and sinks in the HQR and the unused sources in the LQR
are extracted to the Total Site. The LQR unused sources should also contain the Pinch-causing
source as the waste targeting should be performed on the sinks in the LQR. The Composite
Curves for each plant are now shown. Table 4-2 shows the extracted data for each plant. The
freshwater targets and the Pinch-causing sources are targeted. Note that in Plant 1, the Pinch-
causing source is supposed to be SR5. However, as SK6 has identical flowrates and quality
with SR5, the entire SR5 is used for SK6. The SR4, which is better quality than SR5, is
preserved, and it becomes another Pinch-causing source. This plant contains two Pinch-causing
sources, but SR4 is the primary Pinch-causing source (150 ppm). The summation of the
freshwater requirement for all plants is 831.03 t/h.

Step 2: Identification of Site Pinch Point and minimum total fresh resource intake. The
next step then involves the identification of the Site Pinch Point and the minimum fresh
resource intake using the extracted data. Using the Composite Curve representation, the Site
Pinch Point is determined as 130 ppm, and the overall fresh resource target is identified as
765.96 t/h, as shown in Figure 4-20. This clearly shows that there is room for improvement.

Step 3: Optimise the cross-plant source transfer and fresh resource intake.

Step 3a: First iteration. According to the flowchart presented in Figure 4-19, it needs to be
checked whether any Pinch-causing source has a lower concentration than the Site Pinch Point
(for Scheme 2). If it has a lower concentration than the Site Pinch Point, all of it should be in
the site HQR, and it should not be wasted to use for sinks in the LQR of the process. From the
extracted data in Table 4-2, it can be seen that the Pinch-causing source for Plant 4 has a
concentration of 125 ppm (SR3), which is lower than Site Pinch Point (130 ppm). The SR3
allocated for the sinks in LQR can be replaced by a lower quality source (= 130 ppm) in HQR
of other plants. However, all of the sinks for Plant 4 are actually in the HQR, and they are not
removed. In this case, there is no need for cross-plant transfer Scheme 2 (HQR to LQR + LQR
to HQR), and the cross-plant transfer Scheme 1 (LQR to HQR only) should be enough to reach
the overall fresh resource target.

The Source Transfer Diagram is plotted using the extracted unused/purged sources and the
HQR sources in Figure 4-21. The purged source curve should be moved until its first segment
is on top of the HQR source of the first segment. It can be seen that the Pinch-causing source
for Plant 4 (SR3) in the LQR (125 ppm) could be used to replace the HQR sources with various
concentrations: 130 ppm, 150 ppm and 290 ppm. As mentioned earlier, the most effective
cross-plant sources transfer is to transfer the purged sources across the Site Pinch. The cross-
plant flows can be reduced while ensuring the fresh resource target is still achieved. The
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transfer of sources is shown later, where using the 125 ppm source to replace 290 ppm sources
is better than replacing 130 ppm sources.

Table 4-2: Extracted Total Site data. “*’ denotes the Pinch-causing sources for each plant, and red
texts denote removed sources or sinks

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5
Fsr/ C/ Fsr/ C/ Fsr/ C/ Fsr/  C/ Fsr/ C/
t/h t/h t/h t/h t/h
ppm ppm ppm ppm ppm
HOR HQR HQR HQR HQR
Fw 206.7 0 1423 0 1734 0 206 O 1027 O
SR1 40 50 SR1 50 50 SR1 100 130 SR1 20 50 SR1 20 130

SR2 80 100 SR2 250 100 SR2 120 290 SR2 80 100 SR2* 62.3 130

SR3 80 100 SR3*  7.69 130 SR3 85 300 SR3* 44 125

SR4* 1333 150 SR4*  26.6 350

LQR Unused LQR Unused LQR Unused LQR Unused LQR Unused

SR4*  6.667 150 SR3* 79.8 130 SR4* 1734 350 SR3* 56 125 SR2* 37.7 130

SR5* 0 200 SR4 62.5 250 SR4 100 150 SR3 40 250
SR6 200 450 SR5 50 800 SR4 25 400
Fsk/ z/ Fsk/ zZ/ Fsk/ zZ/ Fsk/  Z/ Fsk/ zZ/
t/h ppm t/h ppm t/h ppm t/h ppm t/h ppm
SK1 200 0 SK1 50 20 SK1 100 0 SK1 20 0 SK1 20 0
SK2 80 50 SK2 250 50 SK2 120 100 SK2 80 25 SK2 100 50
SK3 80 50 SK3 150 100 SK3 85 125  SK3 100 25 SK3 40 80
SK4 140 100 SK4 0 200 SK4 200 300 SK4 100 50 SK4 25 100
SK5 200 120 SK5 50 100
SK6 0 200

The method is demonstrated by replacing 130 ppm sources with the SR3 from Plant 4 first,
then the replacing of the 290 ppm source is shown later. In this case study, both Plant 2 and
Plant 5 have HQR sources with 130 ppm. The 125 ppm purged source can be transferred to
Plants 2 or 5. Figure 4-21b shows the replacement of part of the 130 ppm HQR sources with
the 125 ppm purged source, and the replaced source is purged and can be used to replace the
others. As the replaced source becomes part of the unused source, the total load of the 130 ppm
unused source can then be used to replace the HQR source with 150 ppm (Plant 1). Notice that
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all these source transfers happen around the Site Pinch Point, which is effective. The 150 ppm
source from Plant 1 is now replaced, and theoretically, it can be used to replace the HQR
sources in Plant 2 (290 ppm, 300 ppm, 350 ppm); however, as these sources have a higher
concentration than the Site Pinch Point (130 ppm), which should be in the LQR of the Total
Site. Using LQR source to replace other LQR sources is futile for the overall integration. This
scenario indicates the purged sources lower than 130 ppm is needed.
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Figure 4-20: Identification of Pinch Point and fresh resource target for the Total Site
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Figure 4-21: Source Transfer Diagram for the case study- 1 round iteration

Transferring 56 t/h of SR3 from Plant 4 to Plant 5 and 153.84 t/h of sources from Plant 5 and
Plant 2 to Plant 1 (133.33 x 150/130), the targets for the individual plant need to be updated.
The Total Site data is updated after the first iteration of cross-plant transfer and shown in Table
4-3. Based on the results, they are transferring 56 t/h of Plant 4 SR3 to Plant 5 yields about an
additional 53.85 t/h of SR2 with 130 ppm. Notice that the freshwater target for Plant 5 is
reduced from 102.7 to 100.5 t/h. The total amount of unused SR2 from Plant 5 becomes 91.55
t/h (53.85 + 37.7) of SR2 that can be transferred to Plant 1. The remaining 130 ppm source to
be supplied for Plant 1 can be obtained from Plant 2 SR2, which is about 62.29 t/h (153.84-
91.55). After supplying these sources to Plant 1, based on Table 4-3, a new Pinch Point is
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formed at 50 ppm (SR1), and the freshwater target is reduced from 206.7 to 200 t/h for Plant
1. Notice that since a new Pinch Point is formed, the Pinch-causing source for Plant 1 is now
the SR1(50 ppm), and part of it (about 22.5 t/h) can be purged for reusing in other plants. SK2-
6 become the LQR sinks, and SR2-5 are all allocated to the LQR sinks, so they are removed
since they can be fulfilled without a fresh resource supply. As of now, the 150 ppm source
(SR4) from Plant 1 is categorised as an LQR source; the replacing SR2 amount from Plant 5
and SR3 from Plant 1 should be updated as well. It is not necessary to replace all of SR4 Plant
1, and

Table 4-3: Updated Total Site data with the 1% iteration of the cross-plant transfer. ‘*’ denotes the

Pinch-causing sources for each plant. Red font denotes removed sources or sinks.

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5
Fsr/ C/ Fsr/ c/ Fsr/ c/ Fse/  C/ Fsr/ c/
t/h ppm t/h ppm t/h ppm th  ppm t/h ppm
HOR HOR HOR HOR HOR
Fw 200 0 1423 0 1734 0 206 O 1005 O
SR1* 160 50 SR1 50 50 SR1 100 130 SR1 20 50 SR1 20 130
LQR Unused SR2 250 100 SR2 120 290 SR2 80 100 SR2*  8.462 130
SR1* 225 50 SR3*  7.69 130 SR3 85 300 SR3* 44 125
SR2 0 100 SR4*  26.6 350
SR80 100 Unused Unused Unused Grused
SR4 140 150 SR3* 175 130 SR4* 1734 350 SR4 100 150 SR3 40 250
SR5 0 200 SR4 62.5 250 SR5 50 800 SR4 25 400
SR6 198.3 450
Transferred Transferred Transferred
SR 6230 130 SR3- 56 125  or2T 9155 130
Fsk/ z/ Fsk/ z/ Fsk/ z/ Fsk/  Z/ Fsk/ zl
t/h ppm t/h ppm t/h ppm t/h ppm t/h ppm
SK1 200 0 SK1 50 20 SK1 100 0 SK1 20 0 SK1 20 0
SK2 0 50 SK2 250 50 SK2 120 100  SK2 80 25 SK2 100 50
SK3 0 50 SK3 150 100 SK3 85 125  SK3 100 25 SK3 40 80
SK4 0 100 SK4 0 200 SK4 200 300 SK4 100 50 SK4 25 100
SK5 0 120 SK5 50 100
SK6 0 200
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the transferred 130 ppm source should be minimised for Plant 1. Multiple source targeting can
be performed — see Foo (2007) in this case. The identified transferred amount is 162.50 t/h
(70.95+91.55). The total freshwater target identified are reduced to 822.20 t/h (200 + 142.31 +
173.35 + 206 +100.54) at current iteration, which is still higher than 765.96 t/h.

Step 3b: Second iteration. As the freshwater target is still not matched with the site target, the
step is repeated. It is then required to check for a possibility for applying Scheme 2 or 3. For
Plant 3, the Pinch-causing source is at 350 ppm, and SR2 and SR3 are both HQR sources with
lower quality than the Site Pinch Point. This indicates that it is still not fully exploiting the
source potential from other plants. The currently available sources are SR1 from Plant 1 (22.5
t/h with 50 ppm) and SR3 from Plant 2 (17.5 t/h with 130 ppm). These sources are not enough
to the sources from Plant 3. However, it should be noted that in Plant 2, the sink in LQR (SK4)
has 200 ppm and the Pinch-causing source is 130 ppm. In fact, since SR4 from Plant 1 is unused
now, this source actually can replace the Pinch-causing source in the LQR for Plant 2,
preserving it for Plant 3. This is actually the cross-plant transfer Scheme 3, where the source
from LQR of Plant 1 is used to transfer to the LQR of Plant 2, which then the replaced source
is transferred to HQR of plant 3 — see Section 3.2.1 The amount is determined and tabulated in
Table 4-4, where 67.8 t/h of SR1 from Plant 1 is transferred to Plant 2. An additional amount
of SR3 is unused in Plant 2, which is now about 80 t/h. Since new purged and HQR sources
are found, the Source Transfer Diagram can be updated to show the reusing potential of the
remaining SR1 from Plant 1, shown in Figure 4-22.
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Figure 4-22: Source Transfer Diagram for the case study — 2" round iteration

The new purged source SR1 from Plant 1 can be used to replace HQR sources in any other
plant since its concentration is the lowest (50 ppm). However, it is more effective to transfer
the source at or across the Site Pinch. In this case, Plant 1 SR1 can be used to replace the HQR
sources, which have the Site Pinch concentration: 130 ppm. Since Plants 2, 3 and 5 all have
HQR sources with 130 ppm, the unused SR1 can be used for any of them.
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Table 4-4: Updated Total Site data with 1% iteration of cross-plant transfer, applying cross-plant
Scheme 3 in Plant 1. “*’ denotes the Pinch-causing sources for each plant, red texts denote

removed sources or sinks

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5
Fe/  Cf Fe/  Cf Fe/  Cf Fe/  Cf Fol
t’h ppm t’/h ppm t’/h ppm t’/h ppm t/h ppm
HQR HQR HQR HQR HQR
Fw 200 0 1423 0 1734 0 206 O 1005 O
SR1* 160 50 SR1 50 50 SR1 100 130 SR1 20 50 SR1 20 130
LQR Unused SR2 250 100 SR2 120 290 SR2 80 100 SR2* 8.462 130
SR1* 225 50 SR3*  7.69 130 SR3 85 300 SR3* 44 125
SR2 0 100 SR4*  26.6 350
SR80 100 Unused Unused Unused Grused
SR4 72.2 150 SR3* 7136 130 SR4* 1734 350 SR4 100 150 SR3 40 250
SR5 0 200 SR4 75 250 SR5 50 800 SR4 25 400
SR6 198.3 450
Transferred Transferred Transferred Transferred
SR 678 150 SRS 7095 130 DRSS 56 125  oraT 9155 130
Fsk/ z/ Fsk/ z/ Fsk/ z/ Fsk/  Z/ Fsk/ zl
t/h ppm t/h ppm t/h ppm t/h ppm t/h ppm
SK1 200 0 SK1 50 20 SK1 100 0 SK1 20 0 SK1 20 0
SK2 0 50 SK2 250 50 SK2 120 100 SK2 80 25 SK2 100 50
SK3 0 50 SK3 150 100 SK3 85 125 SK3 100 25 SK3 40 80
SK4 0 100 SK4 0 200 SK4 200 300 SK4 100 50 SK4 25 100
SK5 0 120 SK5 50 100
SK6 0 200

Note that if all purged SR1 from Plant 1 is transferred to Plant 2, the Pinch-causing source for
Plant 2 is changed to SR2 (not shown). This means an additional source with 100 ppm is
available for Plant 3. However, this causes additional cross-plant transfer, as explained in
Section 4.1.2.3 earlier. The better way is to transfer the SR1 from Plant 1 to either Plant 3 or
Plant 5. Transferring the source to Plants 3 or 5 does not change the Pinch-causing sources.
The updated Total Site results are presented in Table 4-5.The total freshwater target now
becomes 765.96 t/h (200 + 142.31 + 117.11 + 206 +100.54). This coincides with the target in
Step 2. The total cross-plant sources transfer amount is identified as 374.14 t/h. The full
network design is presented in Figure 4-23.
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Step 3c: Further optimisation- Revised first iteration. However, the total cross-plant
transfer can be reduced further. In the first round of iteration, the SR3 from Plant 4 (56 t/h) is
transferred to Plant 5 to replace sources with 130 ppm. It is actually better to replace the 290
ppm sources in Plant 3, where the SR3 from Plant 4 is transferred across the Site Pinch (130
ppm). This could yield lower cross-plant transfers and achieving the total fresh resource target
as well. The full network design using this strategy is shown in Figure 4-24, with the total
cross-plant transfers amount as 320.3 t/h. This clearly shows that the source transfer across the
Site Pinch is beneficial in reducing the cross-plant flow.

Table 4-5: Updated Total Site data with the 2" iteration of the cross-plant transfer. ‘* denotes the
Pinch-causing sources for each plant, and red texts denote removed sources or sinks

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5
Fsr/ C/ Fsr/ C/ Fsr/ C/ Fse/  C/ Fsr/ C/
t/h ppm t/h ppm t/h ppm t/h ppm t/h ppm
HOR HOR HOR HOR HOR
Fw 200 0 1423 0 1171 0 206 O 1005 O
SR1* 160 50 SR1 50 50 SR1* 854 130 SRl 20 50 SR1 20 130
LQR Unused SR2 250 100 SR2 80 100 SR2* 8462 130
SR1* 225 50 SR3*  7.69 130 SR3* 44 125
SR2 0 100
SR80 100 Unused Unused Unused Grused
SR4 722 150 SR3* 0 130 SR3 196 300 SR4 100 150 SR3 40 250
SR5 0 200 SR4 75 250 SR4 200 350 SR5 50 800 SR4 25 400
SR6 198.3 450
Transferred Transferred Transferred Transferred
SRA 678 150 SR3T 7095 130 SR3- 56 125  or2T 9155 130
SRl 225 50 R 6534 130
Fsk/ 2/ Fs«/  Z/ Fsk/  ZI Fsk/ 2/ Fs«/  ZI
t/h ppm t/h ppm t/h ppm t/h ppm t/h ppm
SK1 200 0 SK1 50 20 SK1 100 0 SK1 20 0 SK1 20 0
SK2 0 50 SK2 250 50 SK2 120 100 SK2 80 25 SK2 100 50
SK3 0 50 SK3 150 100 SK3 85 125  SK3 100 25 SK3 40 80
SK4 0 100 SK4 0 200 SK4 0 300 SK4 100 50 SK4 25 100
SK5 0 120 SK5 50 100
SK6 0 200
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Figure 4-23: Network design for Total Site- Plant 4 SR3 is transferred to Plant 5 in 1% iteration. The total cross-plant transfer amount is 374.14
t/h.
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Figure 4-24: Network design for Total Site — Plant 4 SR3 is transferred to Plant 3 instead of Plant 5 in 1%t iteration. The total cross-plant transfer
amount is 320.3 t/h.
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Step 4: Headers targeting and network design. The cross-plant sources have to be identified
first to design the headers. The minimum numbers of headers, flowrates and the concentration
of the headers are identified using the Site CC using the cross-plant sources in Figure 4-24 with
a minimal cross-plant transfer and are presented in Figure 4-25. It is shown that if only two
headers from the sources are formed, where one header below the Site Pinch (252.5 t/h with
121.8 ppm) and another above the Site Pinch (67.8 t/h with 150 ppm), the Site Source CC
actually crosses the Site Sink CC. This means the additional fresh resource is required with
only two headers. By checking the CC for individual plants, Plant 3 actually requires more
freshwater with the headers. The CC for Plant 3 with the headers is presented in Figure 4-26a,
as the header crosses the Sink CC for Plant 3. A higher-quality header is needed if cross-plant
source transfer is minimal. As shown in Figure 4-26b, a separate header formed by any
combinations of cross-plant sources for Plant 3 is required.

0.600

+—e Site Sink CC
Site Source CC
o—o Site Headers

0.500

0.400

0.300

Cum load ( t/h)

0.200 § l'l_cudcx' 2: 67.8 t/h,
» 150 ppm

0.100 p »
« Header 1: 252.5 t/h,

0 ¢ 5 121.8 ppm
0 500 1,000 1.500 2,000 2,500 3.000 3.500
F\VT =765.96 th Cumulative flowrate (t/h)
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Figure 4-26: CC for plant 3 (a) The header causes the target to increase (b) New header mix
for plant 3

By forming another header with cross-plant sources for Plant 3, the full network design is
updated and shown in Figure 4-27. It can be seen that the minimal cross-plant transfer (or the
total flow inside the headers from the cross-plant sources) is 320.3 t/h with 765.96 t/h
freshwater, which coincides with the minimal results identified earlier. The internal headers for
each process can be determined as well using individual CCs (see Supplementary Material).
The full network design with the site headers and internal headers is shown in Figure 4-28.
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Figure 4-27: Network design for Total Site with three site headers from cross-plant sources. The overall freshwater target is 765.96 t/h with
minimal total cross-plant transfer (total flowrates of headers sources) is 320.31 t/h
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Figure 4-28: Network design for Total Site with site headers and internal process headers. The overall freshwater target is 765.96 t/h with
minimal total cross-plant transfer (total flowrates of headers sources) is 320.31 t/h
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4.2 Headers/Mains targeting framework for multiple contaminant/quality
4.2.1 Internal process headers targeting

The freshwater targeting procedure, using the Composite Curves for multiple contaminants, is
more complicated than the case of a single contaminant. Based on Chin et al. (2021c), first
requires determining the limiting contaminants for each sink. The individual source-to-sink
allocation is then performed with CCs with the arrangement of sources based on the limiting
contaminant of each sink and needs to check which contaminants limits are not fulfilled. Those
that are not satisfied require some shifting (Figure 4-29), as discussed next. Note that Figure 4-
29a considers Sink 1 only, and Figure 4-29b is a continuation dedicated containing Sinks 1 and
2, then Figure 4-29c displays further the steps for Sinks 1, 2 and 3. Figure 4-29a is a partial
construction in Figure 4-29b, and Figure 4-29b is a partial construction for Figure 4-29c.
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Figure 4-29: Sequential source allocation with a developed methodology for multiple contaminants, adapted from
Chin et al. (2021d)
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Notice that in Figure 4-29a, by performing the typical Pinch Analysis on Sink 1 only, the Pinch
Point is at contaminant A for Sink 1, while for contaminant B, the maximum contaminant limit
is not reached- the Source CC is below the endpoint of the sink (see the circled part). In fact,
the only constraint, in this case, is that the Source CC should be below the endpoints of Sink
CC. For contaminant B, although the Source CC crosses at Sink CC, the Source CC is still
below the endpoint of Sink CC, which indicates the total contaminant flowrates/loads are still
below the sink’s loads. This is actually a feasible source-sink matching that follows the Polygon
Rule of CC- see Chin et al. (2021c), which term originated from Yang et al. (2014)

Based on Figure 4-29a, the contaminant B limit for Sink 1 is not reached, but the contaminant
A limit is achieved. The total allocated sources to Sink 1 are actually cleaner in terms of
contaminant B, but the load of contaminant A is identical to that of the sink. As a load of Sink
1 for contaminant B is now lower than the original load, the real load of contaminant B (instead
of the original load) should be the one cascaded to the next sink. This means the real
concentration of contaminant B for Sink 1 actually becomes lower, and this should be used
when constructing the segment of Sink 1 in the Sink CC. In Figure 4-29b, the starting point of
the sink 2 segment has to be matched with the real contaminant loads for Sink 1. The starting
point of Sink CC of contaminant B for Sink 2 has to move downwards to match with the new
constructed Sink 1 segment. Similarly, for Sink 2 in Figure 4-29c, the contaminant A limit is
not reached but the contaminant B limit is satisfied for Sink 2, so the Sink 3 segment has to
move downwards (contaminant A) to match with the new constructed Sink 2 segment. The
Composite Curves for the overall system are shown in Figure 4-30. Note that the vertical
shifting of the Sink CC does not alter the specification of the streams but only accounted for
the cleaner water supply not reaching the contaminants limits of the sinks.
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Figure 4-30: Overall Source and Sink CC for the multiple contaminants illustrative example

However, the optimal source allocation does not rely solely on the prioritisation of the sources
due to the multiple constraints of the contaminants — see Chapter 3 Section 3.3.
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4.2.1.1 Header targeting and design with Composite Curves

The water header targeting procedure is similar to the single contaminant case. Consider a two
contaminants example, and the sinks are assigned to the contaminant cascade A, which means
their main limiting contaminant is A. Assuming that in this case, both contaminants A and B
are fulfilled, the sink CCs for contaminants A and B are expected with no vertical shifting as
the limits are fulfilled. Figure 4-31 shows the examples after the freshwater target for each sink
is identified. In the example of Figure 4-31, only a single header is sufficient to cover the sinks,
and the freshwater requirement is similar, provided that the header source for the non-limiting
contaminant (contaminant B) still satisfies all the sinks’ limits. If the header causes any other
contaminant limits (A/B) to be unfulfilled, this causes additional freshwater requirements to
the overall system; an additional header is required — see Figure 4-32.
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Figure 4-31: lllustrative example of constructing header lines for multiple contaminants — all
contaminant limits are reached
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Figure 4-32: Illustrative example of constructing a single header line for multiple contaminants is not
enough (a) the contaminant B limit for sink 1 is supposed to be fulfilled, but not fulfilled due to the
header (b) the header mix becomes infeasible for the overall system
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In Figure 4-32a, the contaminant B limit for sink 1 is supposed to be fulfilled in Figure 4-31
but not fulfilled due to the header mix. The single header mix becomes infeasible for the overall
system without adding more freshwater, see Figure 4-32b, where a new intersection point
between the header lines and the sink CC occurs. This suggests that the number of fulfilled
contaminant limits for all sinks is smaller than the number of headers to allow for degrees of
freedom in source mixing to achieve this.

Another case is considered next, where only the limit for the main limiting contaminants is
reached for the sinks. In the demonstration example, only the limit of Contaminant A (the
limiting contaminant) is reached. It can be seen that in this case, the Sink CC for contaminant
B requires some vertical shifting at Sink 1 and Sink 2 as their contaminant limits are not reached.
According to Figure 4-33, the initial observation is that only a single header is enough to satisfy
all the sinks without causing additional freshwater requirements.
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Figure 4-33: Illustrative example of constructing header lines for multiple contaminants — one of the
contaminants limits are reached only

However, this might not be the case because the sources are mixed into the headers, which
would alter the quality levels of the sources for both contaminants. As the sources are mixed,
some of the sink’s limiting contaminant (e.g. A) might become the non-limiting, while the non-
limiting one (e.g. B) becomes the limiting contaminant. This can cause additional freshwater
requirement for the sink and for the overall target. That case is illustrated on a modification of
the previous example that shows the individual header-to-sink CC in Figure 4-34a. It can be
seen that for Sink 1, the contaminant A limit is still satisfied without violating contaminant B.
However, for the case of Sink 2, the header for contaminant B becomes limiting, and additional
freshwater is required for Sink 2, which causes the increment of the overall freshwater target
identified by multi-contaminant Pinch Analysis. This suggests that a single header using the
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mix of the source below the overall Pinch Point is not enough to cover the sink without adding
more fresh resources. An additional header is required to ensure contaminant A is the limiting
one for sink 2. The additional header line can be drawn starting from the Source CC starting
point, and the endpoint can be many points along with the Source CC as the locus path — see
Figure 4-35. Notice that the order of sources in the Source CC can be altered, depending on the

individual source-to-sink allocation.
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Figure 4-34: (a) The header line for sink 2 for contaminant B (which is supposed to be the unsatisfied
contaminant) becomes the limiting (b) Sink CC for contaminant A at Sink 3 is shifted downwards.
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Figure 4-35: Example of construction of multiple header lines for multiple contaminants

Based on the explanations above, the water header/main targeting steps for multiple

contaminants can be summarised as follows:
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4.2.2
4221

Construct an initial multi-contaminant Pinch Analysis for the process/site to determine
the overall freshwater target for direct recycle or reuse. Perform vertical shifting of the
sink CC if necessary.

Draw a header line below the Pinch Point(s), starting from the shifted Source CC initial
point and connect to the Pinch Point(s).

Check if intersection(s) exists between the header lines and the Sink CC. If there are
any, split the header lines, and draw the header lines with any combinations until the
entire header curve is at the right side of Sink CC. (No. of intersections = minimum no.
of headers below Pinch).

Check for individual source-sink allocation, whether the supposing fulfilled
contaminant limit is fulfilled using the header sources. If no, go to step (v), else go to
step (vi).

Split the header line and draw an additional header line(s) using Source CC as the locus
path. Go back to step (iv). (No. of fulfilled contaminant limits for all sinks = no. of
headers)

Repeat the steps for sinks that are above the Pinch Point(s).

Determine the no. of a header, each header source’s concentration (gradient) and
flowrates (horizontal length).

Total Site headers targeting

Minimal cross-plant sources transfer schemes

The multiple qualities problem can have a similar representation using Composite Curves as
well. Each quality has an individual High-Quality Region and Low-Quality Region, as shown
in Figure 4-36. The Pinch Points of individual plants and the Site Pinch Point(s) can be
identified with Composite Curves. A feasible and effective cross-transfer scheme can be
identified in a similar manner.
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Figure 4-36: Division into High-Quality Region and Low-Quality Region with two qualities
(both qualities have Pinch Points)
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It has been shown in the previous section that the supplier plants with Pinch Points lower than
the Site Pinch Points can transfer their sources to receiver plants with Pinch Points higher
than the Site Pinch Points. Figure 4-37 shows an example of a feasible transfer scheme
(Scheme 1) for the two qualities problem. The supplier plant (Plant B) has Pinch Points lower
or equal to the Site Pinch Points for both qualities, and the receiver plant (Plant A) has higher

Pinch Points than the Site Pinch Points for both qualities. Note that the Pinch Points are the
real Pinch Points, not the ‘pseudo’ Pinch Points.
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Figure 4-37: Plant B send its unused sources (LQR) to Plant A (HQR higher than Site Pinch
Points)

In the demonstration shown in Figure 4-38, it is shown that the receiver and supplier both
have lower Pinch Point for Quality B. In terms of Quality A, Plant B can supply its source
from its LQR to Plant A’s HQR since Plant A has a higher Pinch Point than the Site Pinch
Point. Since both plants have lower Pinch Points for Quality B, the transfer can be ineffective
for Quality B but effective for Quality A. Since also Plant B has a lower Pinch Point in Quality
B than Plant A, the transfer from Plant B LQR to Plant A HQR is still effective and feasible.
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Figure 4-38: Plant B send its unused sources (LQR) to Plant A (HQR). Plant A has a higher
Pinch Point than Site Pinch for Quality A but a lower Pinch Point than Site Pinch for B.
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However, in the case where Plant B has a higher Pinch Point in Quality B than the Site Pinch
Point - see Figure 14, the cross-plant transfer of LQR (Plant B) to HQR (Plant A) is actually
ineffective, although it is effective in terms of Quality A. The alternative schemes presented
in the previous section should be sought out instead. The cross-plant transfer strategies from
the single quality representation are applicable to multiple qualities as well, but the transfer
should be checked for all qualities. The Pinch Points for multiple qualities are also strongly
dependent on the source-to-sink allocation strategy, so it is required that the network design
should be known prior to analysing the Composite Curves.
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Figure 4-39: Plant B cannot send its unused sources (LQR for Quality A, but HQR for Quality
B) to Plant A (HQR) due to Pinch Point for Quality B for Plant B is higher than the Site Pinch

4.2.2.2 Overall headers targeting framework

The headers targeting for single quality/contaminant problem is straightforward, just using the
Composite Curves as shown in Figure 4-40, with all the sources and sinks from all the plants
stacked in the Site Source and Sink CC. The header lines can be easily drawn from the Site
Source Composite Curves, with a mix of cross-plant sources. However, in the case of multiple
qualities, the individual allocation of the headers should be checked when there are Pinch
Points in various qualities. In this case, an iterative procedure is proposed to determine the
headers’ properties as well as the individual allocation as well- Figure 4-41.
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Figure 4-40: Site-level headers mixed with cross-plant sources and sent to the demands/sinks
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Figure 4-41: Site-level headers targeting and design for multiple qualities problems

For site-level framework, the first step involves identifying the cross-plant sources first by
analysing the Pinch Points of all plants through the Composite Curves. With the cross-plant
sources, an iterative allocation procedure with the pre-set number of headers is determined first,
with the freshwater requirement determined from an individual approach with a mathematical
approach. In the first iteration, the number of the header can be set to one (H=1). It is then
checked that the number of the header is sufficient to fulfil the demands without incurring an
increment on the fresh resource. If not, the number of headers is increased by one, and the
procedure is repeated.
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4.2.2.3 Case studies and results — Internal and Site Headers

Internal Headers Targeting For a problem with multiple contaminants, the headers targeting
framework can be used for data in Table 4-6. The step-by-step framework is demonstrated in
this section.

Table 4-6: Total Site data for multiple contaminants case (Chin et al., 2021d)

Plant 1 Plant 2 Plant 3

Fsr Ca Cs Cc Fsr Ca Ce Cc Fsr Ca Ce Cc

(th) (ppm)  (ppm)  (ppm) th) (epm)  (ppm)  (ppm) (th) (ppm)  (ppm)  (ppm)
SR1 45 15 400 35 SR1 45 15 400 35 SR1 15 140 105 15
SR2 34 117.7 12500 168.2 SR2 34 150 250 169 SR2 15 205 55 40
SR3 8.01 1038 45 125,000 SR3 59 110 45 125 SR3 10 410 205 55
SR4 19 22 120 30 SR4 19 22 120 30 SR4 11 5 10 5
SR5 448 225 229 307.5 SR5 43 225 229 305 SR5 25 600 230 35
SR6 170 4.7 1.2 2,000 SR6 170 20 30 200 SR6 30 70 300 45
SR7 29 173.7 3,500 205 SR7 29 150 350 205 SR7 20 250 1,100 150

SR8 25 150 660 90

Fsk  Za ZB Zc Fsk  Za Zs Zc Fsk  Za ZB Zc

(th) _(ppm)  (ppm)  (ppm) (th) (ppm)  (ppm)  (ppm) (th) (ppm)  (ppm)  (ppm)
SK1 45 0 0 0 SK1 45 0 0 0 SK1 15 5 7 5
SK2 34 17.6 294.3 33.1 SK2 34 8 94 33 SK2 15 5 7 5
SK3 8.01 37 20 5 SK3 59 3.7 20 5 SK3 10 25 100 15
SK4 19 0 0 0 SK4 19 0 0 0 SK4 11 30 130 20
SK5 815 7.5 200 175 SK5 890 75 160 175 SK5 25 200 210 50
SKé 170 O 0 0 SK6 170 O 0 0 SK6 30 150 100 20
SK7 29 3.7 20 5 SK7 20 475 300 100

SK8 25 200 120 40

Step (i): Construct initial multi-contaminant Composite Curves. To identify the freshwater
target using Composite Curves, the first step is to classify the sinks into the contaminant
cascades by determining their main limiting contaminant — see the detailed procedure in Chin
et al.?L. Using Plant 2 as the example, Table 4-7 shows the classification of sinks to the proper
cascade by determining the concentration ratio- Eq(2). It shows that SK3 and SK2 are classified
to cascade C, while SK5 and SK7 are classified to cascade A. Cascade A should be targeted
first due to its total sink flowrate allocated to it is higher than the one in cascade C. Using the
source allocation step for each sink in Figure 3-9, the overall Composite Curves representation
for both cascades are shown in Figure 4-42. It shows the Pinch Points are at all of the
contaminants.

Table 4-7: Classification of sinks to the contaminant cascade for plant 2.

Za sk/Ca srRmax Zs,5k/Cp,srRmax Zc sk/Cc srmax Minimum Cascade
Casrmax= 225 ppm Cs,srRmax= 12,500 Ccsrmax= 125,000 ratio
ppm ppm

SK4 0 0 0 0 A/B/C
SK1 O 0 0 0 A/B/C
SK6 0 0 0 0 A/BIC
SK3 0.0247 0.0500 0.0244 0.0244 C
SK7 0.0247 0.0500 0.0244 0.0244 A
SK5 0.0500 0.5000 0.0854 0.0500 A
SK2 0.1173 0.7358 0.1615 0.1173 C
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Figure 4-42: Source and Sink Composite Curves for Plant 2

Step (ii): Construct initial Multi-Contaminant Composite Curves. The combined
representation of the Source and Sink CCs are combined in a single diagram shown in Figure
4-43. In this representation, the contaminant cascade A is drawn before the contaminant
cascade C. According to Figure 4-43, a single header line below the Pinch Point can be drawn
(only intersects at Pinch Points). The initial observation shows that a single header from the
source is sufficient for the process. However, it must be checked with the source-to-sink

nch Point at C

inch Point at A

allocation.
Contaminant Cascade A 1 Contaminant Cascade C
200,000 I
I e
180,000 | —e—Sink CC(A) IJ' g—Overall Pinch Point at B
160,000 | —e— Sink CC(B) [
140000 | —* Sik CC(C) v
-a 120,000 Source CC(A) l : 3
:}4’ ’ Source CC(B) P ;—p-* Overall Pj
E 100,000 Source CC(C) ,: P
£ 80000 . _ i I
“ 60,000 Header line i : &
> i s=h —+Overall §
40,000 - wlll 31
i,
20,000 Fr
0 =
6 200 400 T 600 800 1,0 1,200 1,400 1,600

Fyr= 10185 t/h

Flowrate (t/h)

Figure 4-43: Combining Composite Curves for cascade A and C, with an internal header line for plant

2
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Figure 4-44: Checking individual source-to-sink allocation using the single header mixed sources (a)
SKS5 (b) SK5 and SK2 for plant 2

Figure 4-44 shows the allocation of the header for SK5. For SK5, the only Pinch Point formed
is at contaminant A, but not at contaminant B and C- see Figure 4-44a. However, it is shown
that this header mix is for the scenario where all Pinch Points for three contaminants for all
sinks, see Figure 4-42, where no vertical shifting in the Sink CCs for all contaminants. The fact
that no vertical shifting indicates that all contaminant limits for all sinks are fulfilled. Using the
single header mix, vertical shifting of the Sink CCs at Sink 5 are required as the limit for
contaminants B and C are not fulfilled for sink 5- see Figure 4-44b. It is also worth noting that
for SK2, the only Pinch is at Contaminant A. The vertical shifting of the Sink CCs results in
that the header mix identified earlier is not feasible (without adding more freshwater). This
requires multiple header lines to be identified. Since the source allocation identified with the
Pinch Analysis shows all contaminants limits for all the sinks are fulfilled, this means at least
3 headers from the sources (as there are 3 contaminants) are required to allow for degrees of
freedom to achieve all contaminant limits for all sinks.

Another simpler case from Plant 1 is used to demonstrate the procedure. Table 4-8 shows the
classification of sinks to the proper cascade by determining the concentration ratio. It shows
that all of the sinks should be classified to cascade A. Figure 4-45 shows the Source and Sink
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Composite Curves with the internal water header line for the process with 2 overall Pinch
Points at contaminants A and C. Single header line is drawn with only intersection point at the
Pinch Points. Note also no vertical shifting of the sink CCs for contaminant A and C, which
mean those contaminant limits for all sinks are fulfilled.

Table 4-8: Classification of sinks to the contaminant cascade for plant 1.

ZA,SK/CA,SRmax ZB,SK/CB,SRmax ZC,SK/CC,SRmaX Minimum Cascade
Casrmax= 150 ppm Cs.srmax= 400 ppm Cc,srmax= 205 ppm ratio
SK1 0 0 0 0 -
SK4 0 0 0 0 -
SK6 0 0 0 0 -
SK3 0.0247 0.0500 0.0244 0.0244 A
SK5 0.0500 0.4000 0.0854 0.0500 A
SK2 0.0533 0.2350 0.1610 0.0533 A
160,000 .
Contaminant Cascade A SK2
140,000
120,000
%\'J 100.000 SK5 —eo—Sink CC(A)
% sooo0 L L | || = . Sk CC(B)
g Header line —e—Sink CC(C)
E 60,000 - Source CC(A)
40,000 : Source CC(B)
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20,000 I — 7'39',;-—.{?"0V81’aﬂ Pinch Point at C
0 ’)_S’_Kls4s6 & - __ Z,f.a-@«. Overall Pinch Point at A
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Fyr=1,061.12 th  Cumulative Flowrate (/)

Figure 4-45: Source and Sink Composite Curves, with internal header lines for plant 1

Figure 4-46a shows the allocation of the header mix for SK3. The only Pinch Point formed is
at contaminant C, but not at contaminant A. Using the single header mix, vertical shifting of
the Sink CCs at Sink 3 are required as the limit for contaminant C is not fulfilled for sink 3-
see Figure 4-46b. The contaminant limit for B is still not fulfilled for SK3, and this does not
affect the overall target as in Figure 4-45 the contaminant B is not fulfilled overall. It is worth
to also note that for SKS5, the only Pinch is at the contaminant C. Since the source allocation
identified with the Pinch Analysis shows both contaminants A and C limits for all the sinks are
fulfilled, this means at least 2 headers from the sources (as there are 2 contaminants limits
reached) are required to allow for degrees of freedom to achieve the required contaminant limits
for sinks.
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Figure 4-46: Checking individual source-to-sink allocation using the single header mixed sources (a)
SK3 (b) SK3 and SK5 for plant 1

Total Site Headers Targeting. For site-level headers synthesis, it is first required to
determine the Pinch Points for all the three plants for the case study. By performing Multi-
Contaminant Pinch Analysis, it can be shown that the Pinch Points for each plant are: Plant
1: {225 ppm, 12,500 ppm, 2,000 ppm}, Plant 2: {110 ppm, oo, 200 ppm} and Plant 3: {600
ppm, 300 ppm, oo}. The total fresh resources required are about 2,190 t/h. The minimum fresh
resources and the Pinch Points for the Total Site can be identified using various methods such
as Mathematical Programming, Pinch-based Composite Curves, Water Source Diagram and
concentration potential. In this case, a mathematical approach is used. It is identified that the
fresh resources required are 2,074.06 t/h, and the Pinch Points are {600 ppm, oo, 2,000 ppm}.
The study is divided into just two plants studies (Plant 1 and 2) and three plant studies (Plant
1,2 and 3).

4.2.2.3.1 Two plants

If the industrial site only contains two plants, the total minimal fresh resource is 2,074.67 t/h,
with Pinch Points {225 ppm, 12,500 ppm, 2,000 ppm}, which follows the Pinch Points of
Plant 1 for contaminants A, B and C. This means that Plant 1 is the limiting one, and its fresh
resources can be further reduced. The current total fresh resource without site integration is
2,079.6 t/h, which is higher than the fresh resource with site integration. It can be seen that
the LQR of SR2 contains sources that have better qualities than the Site Pinches. Since the

111



Pinch Points for Plant 2 are all lower than the Site Pinch Points, Plant 2 could send its LQR
sources to Plant 1. The Pinch-causing sources for Plant 2 are SR3 for contaminant A and SR6
for contaminants C. It is obvious that SR6 is a better source compared to SR3 since its
contaminants concentrations for A and B are better than SR3, and the target is to reduce the
limits of contaminants A and B for Plant 1.

A new source, SR6 from Plant 2, is available for Plant 1. The flowrate of the required cross-
plant transfer is mainly to replace the SR2 in Plant 1. By using the optimisation method, it is
determined that the flowrate of SR6 is 5.99 t/h. A single transfer from Plant 2 is enough to
achieve the fresh resource for the Total Site (2,074.67 t/h). Since only a single cross-plant
source, a single header is enough for both plants. Figure 4-47 shows the header construction
for two plants, where the SR6 from Plant 2 is the header source, and it is sent to SK2 and SK5
from Plant 1 (where the results are from mathematical optimisation).

Plant 2
SR6:5.99th

SK2:189th SKEs:4.10th

Header 1

H1: F=5.99 t’h, C (ppm)= {20, 30, 200}

Figure 4-47: Total Site headers allocation for multiple qualities: Two plants study

4.2.2.3.2 Three plants

For the three plants study, the Pinch Points for each plant are: Plant 1: {225 ppm, 12,500 ppm,
2,000 ppm}, Plant 2: {110 ppm, oo, 200 ppm} and Plant 3: {600 ppm, 300 ppm, co}. The total
fresh resources required are about 2,190 t/h. The fresh resources for the Total Site required
are 2,074.06 t/h, and the Pinch Points are {600 ppm, oo, 2,000 ppm}. The Pinch Points for
individual plants should be lower or equal to the Site Pinch Points. By analysing the Pinch
Points, several insights can be identified:

0] Plant 1 can send its LQR sources as its Pinch Points for contaminants A & B are lower
than the Site Pinch Points, and its Pinch Point for contaminant C is identical to Site
Pinch.

(i) Plant 2 can send its LQR sources as its Pinch Point for contaminants A, B & C are
lower than the Site Pinch

(iii)  Plant 3 has Pinch Point for contaminant C higher than the Site Pinch, it can obtain
sources transfer from other plants. It can send its LQR sources to other plants as well.
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For further fresh resource reduction, the Pinch Points for each plant can be examined. The
fresh resource for Plant 1 is limited by contaminant B as its Pinch Point is at 12,500 ppm, and
it can be replaced by other sources. The candidate sources would be the LQR sources that
have lower concentrations than the Pinch Points from Plant 2 and Plant 3. The ideal one would
be SR3 and SR6 from Plant 2 since it has lower contaminants B, as discussed in the previous
section. Plant 2 SR2 have lower qualities than SR3 in all contaminants, so SR3 should be
used before SR2. The same reasoning applies to SR6 and SR5.

Plant 3 have potential LQR sources that are lower than the Site Pinch Points: SR7 and SR8.
However, since SR8 has lower contaminants than SR7, SR8 should be prioritised. The Pinch-
causing sources from Plant 3 in the LQR region can be used as well (SR5 and SR6). Since
Plant 3 has Pinch Point for contaminant C higher than the Site Pinch, it can obtain sources
from other plants as well. The candidate source would be the Plant 1 SR6, which is the Pinch-
causing source for contaminant C for Plant 1. The minimal total cross-plant transfers with
detailed allocations are solved using mathematical optimisation. The minimal cross-transfer
sources are determined as 108.9 t/h with minimal fresh resources. The procedure in Figure 4-
41 is then used to determine the number of headers required. By solving the number of
headers iteratively with the cross-plant sources, it is determined that three headers are
sufficient to cover the demands. Figure 4-48 shows the header sources mix from each plant
and its allocation to each sink.

Plant 2

SR3: 11.15 t/h
SR6: 2.61 t/h SR6: 50.81 t/h

Plant 1
SK2: SK3:0.22t/h

0.02 th SK2: 0.55 th| SK7: 0.80 t/]
SR6:  SKs5: + SK2:

Plant 3

SKé6: 1.41 th

SR8: 14.33 t/h

»l .
0.31 t/h 4,06 t/h| 0.02 t/] SRé: 28 vh| SR4: 169 vh SK8:2.99 t/h
/
L1 —
-——-—"/

Header 1
Header 2
Header 3

Hl1: F=2.92 t/h, C (ppm)= {18.39, 26.96, 390}

H2:F =11.15 th, C (ppm)= {110, 45, 125}

H3: F =94.83 t/h, C (ppm)= {54.14, 204.56, 131.15}

Figure 4-48: Total Site headers allocation for multiple qualities: Three plants study

4.3 Mathematical Optimisation approach (Results comparison)

This section presents the comparison of the results between the proposed Pinch-based approach
with the mathematical optimisation approach. The full model is presented in Appendix B, and
the results comparison is presented in Appendix C.

Several assumptions or parameters required for the optimisation model are listed as follows:
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(@) The unit price for fresh resource cost, wastewater treatment cost and electricity are $ 1/t,
$ 0.5/t and $ 0.1/kWh

(b) The annual operating hours (Op) for the plants are 8,000 h/y
(c) The interest rate (IR) is 10 %, and the operating life (n;;z.) for all the plants are 20 y.

(d) Stainless steel (Fm = 2) pump with type factor (Ft = 1.50) and 1,800 shaft rpm is used to
pump water in all piping connections?’. The friction of the pipe is neglected.

(e) The distance between units in each process is 0.1 km, while the distance between plant ‘p’
and plant ‘p+1’° is 1 km. This means, for example, the distance between Plant 1 and Plant
2 is 1 km, and the distance between Plant 1 and Plant 3 is 2 km. The distance between the
process and the Total Site headers to be built is 0.4 km. The piping length is assumed
similar to the elevation length.

(f) The water header/main is assumed as a vessel containing a mixture of water sources.
4.4 Conclusion

This work has proposed a header targeting and design approach for Water Integration problems
using the Material Recovery Pinch Diagram. The freshwater target is identified first using the
Pinch Analysis, and the header curves are constructed by mixing some of the source segments
in the Source Composite Curve. The study is also applied for both single- and multiple-
contaminant cases. The approach can target the header source flowrates, the concentration of
the header’s mix, and the minimum number of headers required to achieve the identified
freshwater target. A mathematical model is also formulated by accounting for the piping cost,
pumping cost and the water header capital cost. The results show the Total Site minimum TAC
for the single contaminant study is 12.9 M$/y, while for multiple contaminants case is 20.0
M$/y, which are compromised by higher freshwater intake due to more expensive capital
expenditure.

This approach is beneficial as it provides a graphical interface to the users. The users could
manipulate the headers’ flow and concentrations by adjusting the length and gradients of the
header lines based on their preferences. The header lines can be adjusted by using the Source
Composite Curve as the locus path, and the header lines should be located below the Sink
Composite Curve to guarantee a minimum fresh resource target.

Several findings are obtained from this work:

e Swapping the order of sources within HQR (or LQR) does not alter the fresh resource
requirement (or waste generation) for a process.

e The combination of cross-plant transfer Scheme 2 (HQR to LQR) and Scheme 3 (LQR
to LQR) with Scheme 1 (LQR to HQR) yields the optimal total fresh resource target
with the minimal cross-plant transfer.
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e Transferring purged sources from one plant to replace the HQR sources from another
plant is more effective when the transfer happens across the Site Pinch Point than within
just the site HQR or site LQR. The overall cross-plant transfer can be minimised while
the total fresh resource target that can be obtained is still identical.

e A minimum number of headers in the Total Site can be identified with Site CC that
guarantees fresh resource intake is minimal, but the total cross-plant sources transfer is
not minimal, which may require more capital and operational cost.

However, the header design using the Composite Curves depends on the source-to-sink
allocation strategy. For the single contaminant case, the Pinch-based strategy of allocating
source is to satisfy the maximum limit of the sinks (below the Pinch). For the multiple
contaminants case, the individual source-to-sink allocation defines the Pinch Points and specify
the vertical shifting of the Sink/Source CC (where sinks’ contaminant limits are not reached
below the Pinch). It is an iterative procedure to check whether the header mix is feasible with
the source-to-sink allocation for multiple contaminants cases. In this work, the source-to-sink
allocation strategy is to fulfil all the contaminant limits for every sink as much as possible.
Different approaches such as concentration potential, Water Source Diagram or Mathematical
Programming approach can be used to determine the individual source-to-sink allocation first,
and then the Composite Curves can be drawn to determine the number of headers, the flowrates
and the concentrations. The solutions obtained may differ for each approach.
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CHAPTER 5 GAME THEORY APPROACHES IN DERIVING A BALANCED
ECONOMIC POLICY OF WASTES RECYCLING IN TOTAL SITE/ECO-
INDUSTRIAL PARK

This chapter aims to identify the distribution of stable and fair profits to the plants from the
government to each stakeholder with the Cooperative Game approach. Designing water
symbiosis networks in an industrial site is aimed to solve the water quality and security
problem by minimising freshwater consumption or pollutant discharge. However,
implementing the symbiosis requires an expensive capital cost on the site and may need cost
compensation by the authority to facilitate the operation. This study considers the grand
coalition of finite players (industrial plants/stakeholders) with authority to facilitate water
recycling in an eco-industrial park. The first stage includes the determination of the park
authority’s objectives (i.e., to minimise cost, resource usage, or pollutants discharge) if the
stakeholders cooperate. In the next stage, the park authority can then compensate the cost
by providing fair incentives or subsidies for the stakeholders that participate in the symbiosis
(Section 5.2). The incentives can be a rewarding scheme for the recycling efforts, while the
subsidies are the money required to build the facilities. The stakeholders are then allowed
to decide the recycling amount that maximises their economic interests. A wastewater tax
can be imposed by the authority to the stakeholders to stimulate them to take part in the
symbiosis while generating the money source for subsidisation. Proper game analysis is
provided to analyse the Nash Equilibrium solutions of the tax rate (Section 5.3). Section 5.4
presents the overall framework, and Section 5.5 presents the case study and results

5.1 Introduction

A possible approach to finding a fair distribution of cost and resources is to apply the
Cooperative Game Theory (CGT). This is expected to ensure stable and efficient operation
in an eco-industrial park. One example is from Lozano et al. (2013) for transportation and
logistic cost-sharing. Most of the current research has focused on the waste recycling of
products generated by social services and consumption, such as waste recycling and
distribution (He et al., 2019) and recycling path selection and optimisation (Herczeg et al.,
2018). In the field of Process Integration, Hiede et al. (2012) studied energy integration
between companies by using Pinch Analysis and Cooperative Game approach to explore the
allocation of utility savings. Chang et al. (2014) proposed a game-theoretic method in
optimising the configuration of site-level plant Heat Integration schemes. Chang et al. (2018)
later provided a stepwise development of the indirect Heat Integration schemes using the
game theory approach. Jin et al. (2018) proposed innovative risk-based Shapley values for
exploring the cost savings for site-level Heat Integration problems. Wang et al. (2020)
introduced a method ensuring fair and stable cost allocation for site-level Heat Integration
problems using an ideal expert model. Carmen (2019) utilised different utility allocation
schemes for water distribution networks for agriculture industries, including social welfare,
Nash Bargaining Solution and Russian Welfare strategies. These strategies ensure the fair
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design of the water distribution scheme. Ramos et al. (2018) formulated a multi-leader-
followers and single-leader-follower framework for synthesising an eco-industrial park. They
consider the possibility that the authority or the stakeholders can be the leaders as well as the
followers. Chhipi-Shrestha et al. (2019) applied game theory in selecting sustainable
municipal water reuse applications, and Jato-Espino and Ruiz-Puente (2021) strengthen the
waste exchange scheme in industrial parks using Game Theory as well. Cruz-Auviles et al.
(2021) incorporated fairness in their approach in designing water networks in eco-industrial
parks. Jin et al. (2020) proposed a hybrid of government value compensation model and game
theory approach for waste recycling in an industrial park.

Jacobsen (2006) have conducted an economic and environmental analysis on the water and
steam exchanges in Kalundborg industrial park, where it shows that the long-term resource
saving benefits can be minor, but the crucial part is the economic benefits for each
participating plant to facilitate industrial symbiosis. As mentioned above, most of the works
related to water industrial park design did not account for fair cost or resources allocation
among different plants. Another issue is the lack of studies that consider scientific subsidising
strategies by the authority to the stakeholders, which hinders the application of the industrial
park. The cost of waste recycling or treatment can be very high for the stakeholder to bear,
which further affects the enthusiasm and initiatives of the company (Chen et al., 2019). A
very little research has been conducted on how the government should compensate firms for
waste recycling in industrial parks.

This study aims to apply the game theory and value compensation approaches to determine
the optimal incentives and subsidising strategy from the government for each plant. The ideal
case where all the plants cooperate to achieve pollution reduction goals can be designed with
Cooperative Game Theory (CGT) approaches. The stable and fair cost allocation among the
stakeholders can be evaluated using the CGT strategies. A game analysis on the taxation
system by the authority as a stimulation for the stakeholders is also provided. The following
section explains the proposed methodology used in this work.

5.2 Government subsidies/incentives allocations with Cooperative Game Theory

Each plant in the industrial site might be reluctant to participate in the symbiosis programme
even though the minimal total TAC is identified through optimisation. This is because the
additional cost they need to pay to build the overall system may exceed the resources cost-
saving, which they might not obtain any profit. This hinders the practical implementation of
the proposed scheme. In this case, the authority plays a central role in providing subsidies to
the plants to convince them to take part in the industrial symbiosis for greater environmental
benefits. Jin et al. (2020) have developed a framework for the government subsidisation
strategy in a competitive environment, where each plant and the government only concern
about their own benefits. However, this approach may raise dissatisfaction from the
stakeholders on the subsidised amount provided by the government, as some might receive a
larger or smaller amount. In fact, they should cooperate in formulating a fair (minimising
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dissatisfaction) and stable subsidisation allocation contract among the stakeholders while
minimising the budget required by the government. It is also necessary to ensure the subsidies
allocated for the grand cooperation are greater than the subsidies the stakeholders can obtain if
they do not participate in the symbiosis. This is to ensure they are more willing to join the
symbiosis to achieve Total Integration.

Identification of the incentives and subsidisation allocation to each plant is not an obvious task.
It is required to know the contribution of each plant to the total TAC, the total resource-saving
or the waste discharge. However, a smaller plant may contribute less to the resources saving as
they require a lesser amount of fresh resources. The scale of the plant is also an important factor
in allocating the cost as well. An analytical approach is required to determine the fair cost
distribution among the plants so that the satisfaction of all the plants can be maximised. The
Cooperative Game Theory is the most suitable concept in establishing fair resources sharing
contract between stakeholders. Figure 5-1 shows the conceptual framework for this study,
where the first stage involves the determination of the solutions for all possible coalitions. The
subsequent stages are the subsidies or incentives allocations by the park authority.

A Q 0O Step 1: Water Eco-Industrial ~ Step 2: Fair Government Step 3: Fair Government
[‘ ‘[ I J Park Optimisation Incentive Allocation Subsidisation Allocation

J

» Data shared to

", the authority v

‘.‘ Government/Park Incentive Allocation Subsidisation Allocation
Authority’s - Based on stakeholders’ = - Based on stakeholders’
o Decision recycling efforts cost contribution

4

Authority
Manager E—

Stakeholders

Figure 5-1: A general proposed framework of government incentive and subsidisation
allocation on water eco-industrial park

5.2.1 Fair allocation with Point solution concepts

In the solution concept of a cooperative game, the aim of the approach is to identify a fair and
equitable cost or profit distribution to different players (plants). A cost savings allocation
problem can be modelled as a cooperative game with transferable utility, i.e., a pair (N, CS)
where N = {1, 2, ..., P} denotes the whole set of companies, also known as the grand coalition.
The characteristic function CS assigns to any non-empty coalition S, and the Cost Savings
CS(S) is obtained if the companies in S cooperate. The cost savings for the industrial symbiosis
can be in different contexts, i.e. the utility cost savings or the total annualised cost savings. The
two conditions of a Cooperative Game are super-additivity and monotonicity- Eq(5-1).
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(5-1).
Monotonicity: CS(8)<CS(T) VST N
Super-additivity implies that the cost savings resulting from merging any two coalitions are
larger than the sum of the separate cost savings of those coalitions. This provides an incentive
to form the grand coalition. Analogously, monotonicity implies that a larger coalition is more

beneficial than a smaller coalition.

In the perspective of industrial symbiosis, these properties hold true as well. The super-
additivity property means that the stakeholders are only convinced to join in the grand
symbiosis (with all other stakeholders) only if the overall benefits are bigger than the benefits
without resource exchange with other stakeholders. Otherwise, it is preferable to perform
Process Integration alone rather than combining efforts with others. The monotonicity property
suggests a similar concept, for which the stakeholders obtain greater benefits by cooperating
with more stakeholders instead of forming a smaller coalition.

There is an additional property, convexity, that implies the incentives for a new plant joining a
symbiosis network increase as the network grows (Shapley, 1971) - Eq(5-2). However, this
property does not always hold true for industrial symbiosis. This is because the cost required
to integrate with the newcomer may be higher due to the geographical location of the new plant
from other plants, or it has a low-quality waste discharge and high fresh resource requirements.
However, considering the resource and environmental objectives, this property might hold true
as the more collaboration between plants, the resources savings and pollutants discharged
reduction can be maximised.

CS(S U{i})-CS(S)<CS(T L{il)-CS(T) VScTandieT (5-2)

The main purpose of forming a water eco-industrial park is to minimise the reliance on fresh
resources and to minimise wastewater discharge. In this case, the authority could provide an
incentive scheme for the stakeholders depending on how much they can save on resource
consumption and waste discharge. This is provided that the authority has additional income
and decides to reward the participating stakeholders. The incentives could stimulate the
stakeholders to maximise their water recycling rates. This work proposes an incentive
allocation strategy for the government or park authority using the Cooperative Game approach.
In this specific case, the annual cost savings (CS'™) represents the operating cost saving for all
coalition ‘S’, which is represented in Eq(5-3).

CS™¢(8) = UPpy (Few,0(S) = Fewr(8)) + UPww (Fuw.o(S) = Fywr(S)) VSEN  (5-3)
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There are varieties of Cooperative Game Theory approaches for allocation of incentives,
namely the Shapley Value (Shapley, 1953), nucleolus (Schmeidler, 1969), the Least Core
method (Drechsel and Kimms, 2010), the min-max core (Drechsel and Kimms, 2010) and the
r-value (Tijs and Driessen, 1986). The Shapley Value is the most common approach in the
literature, where the marginal contribution of the stakeholder in the grand coalition is
considered. The cost or profit is then allocated to them based on their marginal contribution.
The calculated Shapley Value represents the amount of incentive allocated to each plant. The
nucleolus approach aims to minimise the largest dissatisfaction of the stakeholders, while the
r-value concept is to find the allocation solutions between the marginal contribution of the
stakeholder and the minimal rights of the stakeholder. The formulations of these approaches
are shown in Appendix C.

5.2.2 The Core methods

The incentives allocation by the authority can be optional depending on the authority’s choice.
However, subsidies from the park authority are needed to support the cost of building the
industrial park if the savings on recycling sources are outweighed by the capital cost. The
annual cost saving with government incentives for each plant ‘p’ can be calculated using Eq(5-
4). It is easy to determine the minimum amount of subsidies such that all the stakeholders at
least do not suffer economic loss. The minimum subsidisation for each stakeholder can be
determined by solving the industrial symbiosis model with capital cost by setting the profit
constraint to be at least zero- Eq(5-5) with the symbiosis model and determine the minimum
subsidies amount.

CSS*P(p) = TAC,(p) — TAC(p) + Incentives(p) Vp € P (5-4)
Profit(p) = CS“?(p) + Subsidy(p) Vp € P (5-5)

However, in order to further stimulate the stakeholders to participate in the symbiosis, more
subsidies can be allocated to the stakeholders according to their contribution to the total cost
saving. In this work, it is proposed that the subsidy allocation to the stakeholders, similar to
incentive allocation, has to be fair to all the stakeholders so that the dissatisfaction of the
stakeholders can be minimised. A similar game-theoretical approach can be applied for
subsidisation allocation by accounting for the annualised capital cost in the annual cost saving.

In this study, it is proposed that the government subsidisation must fulfil the super-additivity
and monotonicity properties of cost savings, i.e. the subsidised profit for a larger coalition is
greater than merging smaller coalitions, as well as the subsidised cost saving is more beneficial
for the larger coalition- see Eq(5-1). The grand coalition of all the stakeholders does not
necessarily yield lower annualised cost compared to other smaller coalitions. This is because
of the expensive capital of building the facilities, such as piping connection and pumps. If these
properties do not hold, the grand coalition scheme is not interesting for any rational
stakeholders anymore, and they might not be interested in joining the symbiosis.
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The modified ¢-core method for subsidies allocation to account for super-additivity and
monotonicity is presented in Eqs(5-6 to 11). In this approach, the x(p) is a profit variable,
which represents the additional profit that each plant ‘p’ can obtain from the authority, apart
from the subsidies. However, the main purpose of the method is to identify the minimum
subsidies amount. The preferred solution for x(p) contains all zeros. In Eq(5-6), the value of
£S¥P is minimised as well. If £S*< 0, this means that the core is not empty, i.e. the profits of
each plant in the grand coalition is larger than any other coalition. The stakeholders have no
reasons to not join the grand symbiosis if this is the case. However, if £5¥?> 0, this means there
are other smaller coalitions better than the grand coalitions. The stakeholders could obtain more
profits in a smaller coalition. In fact, the value of £5*? can be interpreted as the following:

Q) The authority has to pay a specific stakeholder amount of £5¥? so that the stakeholders
are willing to join the grand integration scheme, assuming the stakeholders are rational.

(ii)  The participated stakeholder must pay a penalty £5*? if they want to quit the grand
integration scheme. This helps the authority to formulate a cost binding contract with
the stakeholders.

Eq(5-9) indicates the total subsidies must be lower than the budget of the park authority, Eq(5-
10) ensures the subsidies allocated are at least larger than the minimum requirement of the cost
for each plant ‘p’, to ensure at least each plant does not suffer economic loss while Eq(5-11)
ensures the super-additivity properties hold for the subsidies allocation. In this work, only semi-
super-additivity is assumed, where the cost savings for individuals are lower than the cost
savings in the grand coalition. The formulation of the subsidy allocation model using another
variant of the game theory tool (modified min-max core) is presented in Appendix D.

Modified LeastCore: Min z Subsidise (p) + 5P (5-6)
P

z x (p) — 2 Subsidise (p) = CSS¥P(S) — &% VS €N (5-7)
PES PES

Z x (p) — Z Subsidise (p) = CS*¥P(S) S=N (5-8)
PEN PEN

z Subsidise (p) < Budget (5-9)
P

Subsidise (p) = |CSS*P(p)| if CSS*P(p) < 0,Vp € P (5-10)

Semi-superadditivity: CSS“2({i}) — ¥,eps Subsidise (p) < CSS*2(S),
S = N,wherei €S

(5-11)

121



5.3 Taxation policy on waste discharge

The park authority or manager could impose a wastewater tax on the park to further stimulate
the stakeholders to implement as much recycling as possible. The tax received could be used
as a source of income to subsidise the stakeholders (Figure 5-2), which means that the tax
money received from one stakeholder could be used as subsidies for other stakeholders. A
wastewater tax can be calculated as the tax imposed on the wastewater pollutant discharge for
each plant ‘p’- see Eq(5-12).

Tax(p) = t(Tie; Fp.sriwwCp,sri), Where t = tax rate/kg of pollutant (5-12)

Subsidise or Incentives

i,

Profits: P:‘;_‘}BS:
+/-/0

Park Authority Manager Individual Stakeholders

_——

Figure 5-2: A wastewater tax can be used as a source of income to subsidise the eco-
industrial park

However, the tax rate ‘t” should be properly set to encourage the stakeholders to perform
recycling, as they are more pressured to recycle more water to reduce the pollutants discharge
load. The behaviours of the stakeholders and the tax rate are related indirectly as well. The tax
rate should also be set so that the park authority can reduce its regulatory frequency while more
money to cover subsidies the cost. In this case, a game analysis between the park authority and
all stakeholders is required to investigate the effect of the tax rates on their behaviours. The
possible scenario tree analysis is presented in Figure 5-3. The following assumptions for the
game analysis are stated as follow:

Q) The park authority could enforce the tax regulation on the industrial plants. The
probability of regulation (willingness of regulation) is @ where they have to pay certain
regulatory cost Costg.

(i) The owners of the plants have the choices to implement recycling or not, with the
probability of recycling (willingness to recycle) denoted as 6 for all stakeholders. They
need to pay certain cost Costy When implementing the recycling, and cost Costg When
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they do not implement recycling- the fresh resource and waste treatment cost. As the
cost of implementing the recycling scheme is expected to be more expensive compared
to without recycling, it is assumed that Costy > Costyg,.

(ili)  The subsidies by the park authority sub(p) are provided only if the stakeholders
implemented the recycling scheme. They are not entitled to receive any subsidies
otherwise.

(iv)  The park authority does not know the stakeholders are willing to participate in the water
symbiosis, while the stakeholders do not know whether the park authority will impose
the tax regulation or not.

(V) Each stakeholder and the park authority are rational, where they will play the strategies
that maximise their own benefits.

5.3.1 Nash Equilibrium analysis
Recycling

implement
probability, 8

@ @ Cost: Costy
Stakeholders NO Recycling
implement

(L 1)
U Uy
Regulation Recycling
Regulation
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P
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probability, 1 — 8 g ‘I ’\| J ‘
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probability, 1 — @
Cost: 0 Stakeholders No Recycling ( H’ ” ‘
implement j l J [
probability, 1 — 8 - . : ‘ .
No Regulation No Recycling
Cost: Cost o

Figure 5-3: Possible scenarios between park authority and stakeholders

Assuming the park authority and stakeholders do not know the strategies of each other, a Nash
Equilibrium analysis is required to understand their own optimal strategies and behaviours. The
Nash Equilibrium points of a game (Nash, 1950) is the optimal strategy of a player, given that
the other players’ strategies are known. For example, with two players (Player 1 and 2), the
strategy (A, B) is a Nash Equilibrium point, where the optimal strategy for Player 1 is ‘A’ given
Player 2 has played ‘B’. The same reasons apply to Player 2 as well, where his/her optimal
strategy is ‘B’ given Player 1 has played ‘A’. This can be applied to the industrial park analysis
that involves park authority and stakeholders as two separate players. It is crucial to analyse
their behaviours under the effects of taxation policies and subsidies, and the tax rate can be set
properly. A pure strategy for a game is not available if there are no Nash Equilibrium points
for all players. In this case, a mixed strategy can be played. Table 5-1 presents the payoff table
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of each party. Tax, (p) is the waste discharge tax imposed on plant ‘p’ if they do not implement
the recycling strategy. The tax can be calculated using Eq(5-12). Note that in this work, the
considered game is played between all stakeholders and the park authority manager.

Table 5-1: Payoff table for park authority (G) and all stakeholders/plants

Stakeholders/Plants (P)

Recycle (6) No Recycle (1 — 9)
- Regulation G:—Costy — Y, sub(p) + X, Tax(p)  G:—Costy + ¥, Tax,(p)
@)
> (1) P: —Costg + Y, sub(p) — ¥, Tax(p). P:—Costy, — ¥, Tax,(p)
5
E= .
2 No Regulation G:0 G:0
E (1-9) P: —Cost, P: —Costs,

o —Costy + ¥, Tax, (p)
Y, Tax,(p) + Xpsub(p) — X, Tax (p)

(5-13)

Costg — Costg, — ¥op sub(p) + X Tax (p)
0=
2p Tax,(p)

(5-14)

The Nash Equilibrium solutions for the strategies (@ and ) of both parties are presented in
Eqgs(5-13 to 14), where their derivations can be found in Supplementary Material - Appendix
E. Several intuitions can be obtained from the payoff table (Table 5-1) and equilibrium
solutions:

(a) If the tax rates and subsidies are low, the ‘no recycling’ strategy might be the dominant
strategy of the stakeholders regardless of authority strategies, as Costy > Costg, .

(b) If the regulatory cost of authority (Costy) is high, the stakeholders recycling probability (8)
decreases. This is because the rational stakeholders think that the authority is more reluctant
to pay the regulatory cost, which indirectly reduces the willingness of recycling.

(c) The increases in the subsidies obviously increase the recycling probability (8), motivating
the stakeholders to invest in the recycling scheme. This also decreases the probability of
the authority regulation (@) as well.

(d) The increases of the wastewater tax rate ‘t’ reduces the authority regulation probability (@),
and increases the recycling probability of the stakeholders (6)

(e) Assuming the regulatory cost of authority (Costy) is a negligible cost, the ‘regulation’
strategy from the authority is the dominant strategy regardless of stakeholders’ strategies,
provided if ., sub(p) < Y., Tax(p), i.e. the total taxes received are at least equal to the
total subsidies. In this case, the recycling probability (8) will be close to one as well.
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(F) If authority has chosen ‘regulation’, it is obvious that recycling is the optimal strategy
provided if the payoff for recycling is larger than without recycling, i.e., —Costg +
Ypsub(p) — Xy Tax(p) = —Costy, — Y., Tax,(p). However, this condition might yield
lower tax rates, which reduces the profits for the authority. In fact, it is actually sufficient
to specify that the payoff for recycling is larger than the cost without recycling activity, i.e.,
Costg + X, sub(p) — ¥, Tax(p) = —Costy,

Based on the mentioned intuitions, the determination of the wastewater tax has to fulfil either
one of the two conditions — Eqs(5-15 to 16).

Condition 1: ¥, sub(p) < ¥, Tax(p) (5-15)
Condition 2: ¥, Tax(p) < Costg, — Costy + X sub(p) (5-16)

Condition 1 represents the minimum tax amount is larger than the total subsidies so that the
park authority do not suffer economic loss. This is based on the assumption that the regulatory
cost (Costgy) is negligible or can be sponsored by additional sources of income or the extra
environmental benefits. This condition is actually benefitting the authority the most. Condition
2 represents the maximum tax amount, such that the payoff for recycling should be larger than
the payoff without recycling if to strongly attract the stakeholders. This condition is to
maximise the benefit of the stakeholders while encouraging the stakeholders to recycle.

These conditions are based on the fact that both players get the most benefits. However, these
two conditions are based on the major assumptions that no additional income to subsidise, as
well as the stakeholders, are willing to or capable to pay the tax. The overall flow of the money
is balanced as presented in Figure 5-2, which might not be the case realistically as there are
additional incomes/cost for both parties. Even though the conditions are obvious, this analysis
provides a threshold estimation of the tax rates as well as the subsidies.

! Authority

>

Stakeholders

(@) A

¢

0 Tax rate
Min tax rate  Max tax rate for ($/ kg of pollutants)
for authority  all stakeholders
b
(b) : : ; Authority
Stakeholders | | | -
—
‘ 1 I I
‘ i ; ! Tax rate
. . . «
Max tax rate' for : '"Min tax rate ($ /kg of pollutants)
all stakeholders for authority

Figure 5-4: Possible tax rates for stakeholders and authority (a) Feasible tax rates (b)
Infeasible tax rates

125



There are different scenarios when considering the tax rates specification for stakeholders and
authority. Figure 5-4a shows the feasible tax rates for both parties, based on Condition 1 and
Condition 2 as defined. The minimum tax rate for authority (Condition 1) is lower than the
maximum tax rate for stakeholders (Condition 2), for which the overlapped region represents
the feasible tax rates for both parties. However, it is possible that the maximum tax rates of
stakeholders are smaller than the tax rates for the authority (Figure 5-4b). This is due to the fact
that the stakeholders are not able to pay the high amount of tax. Specifying higher tax rates
may incur dissatisfaction, and the stakeholders are more reluctant to conduct any recycling
activities. In this case, additional income is needed for the authority to provide more incentives
for the stakeholders.

Figure 5-5 shows the minimum additional income is required by the authority. With the
additional income, the minimum tax rate for authority can be reduced as they do not need to
just rely on the taxes as a source of income for subsidy. Providing incentives to the stakeholders
also could increase the maximum tax rates allowable for stakeholders that they are willing to
participate in the grand symbiosis. It is crucial to leverage the tax rates between the authority
and the stakeholders. The extension of both tax rates where the threshold tax rates coincide, as
shown in Figure 5-5 represents the optimal tax rates for both stakeholders and authorities.
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Figure 5-5: Additional income is needed for the authority to provide incentives for
stakeholders to set the tax rates

5.4 Multi-stage Game Theory approaches

The proposed framework for identifying the optimal incentives and subsidies allocation from
the park authority for a water eco-industrial park is summarised in Figure 5-6.
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Figure 5-6: Proposed framework of determining authority compensation for a water eco-
industrial park

The compensation framework can be distinguished into three main stages. The first stage
involves the identification of objectives by the government, either minimising cost, minimising
the environmental burdens or minimising TAC for all possible coalitions of stakeholders. The
government has the highest decision power. The cross-plant flow transfer scheme is then
identified for the grand coalition. The second stage then determines the fair incentives
allocation to each stakeholder using a game-theoretical approach resulted in the saving of total
operating cost. This stage is optional, depending on the budget of the park manager. The
detailed method is explained in Section 5.2. It is then needed to check whether the incentives
are high enough to cover the capital cost required. In the third stage, determine the minimum
budget required from the government in ensuring all the stakeholders do not suffer economic
loss. The subsidies allocation can be further increased and readjusted using the game-
theoretical approach presented in Section 5.2.2. A binding agreement can be formulated
between the stakeholders and the park authority using the solutions from the modified core
methods.

The authority decides on the fresh resources allocation as well as the subsidies or incentives
amount. As each stakeholder is only concerned with their own economic benefits, the
stakeholders could determine the recycled water flowrates with the profits obtained from the
authority. This can be solved using Eqs(B1-B8) with the objective of minimising TAC for each
plant with fixed freshwater flows. The overall multi-stage framework is presented in Figure 5-
7. This framework structure is analogous to a Stackelberg-Nash game model, where the leader
(authority) has the highest decision power and should decide first. The followers (stakeholders)
only decide based on the decision from the leader.
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Figure 5-7: Overall framework of determining a compensated water eco-industrial park

5.5 Case studies and results

The framework is applied to an illustrative industrial site case study with the data for this
study features a single contaminant water recycling problem with five plants from Fadzil et
al. (2018), for which the contaminants are the Total Dissolved Solid (TDS). The water streams
data are presented in Chapter 4, Table 4-1. The original practice of the site is assumed as all
the sources are discharged as wastewater (2,540 t/h), and the freshwater requirement is equal
to all the flowrates of the sinks (2,540 t/h). The total freshwater required is equal to the
wastewater flow. Several assumptions or parameters are assumed similar to parameters from
Chapter 4 Section 4.3.

Stage 1: Park optimisation. Based on the overall framework presented in Figure 5-7, the
optimisation of the eco-industrial park is performed first from the perspective of park
authority. The model with Eqs(1-8) is solved repeatedly for all possible coalitions consisting
of all the plants, considering either resources objectives, environmental objective or cost
objective. The total number of the possible coalition, S, is 31 (2° — 1). Table 5-2 shows the
optimisation results considering the resources objective, while Table 5-3 is for the
environmental objective. The results for the cost objective are not shown.

From the perspective of resources objectives, it can be seen that the freshwater requirement
for a larger coalition is lower than merging any smaller coalitions. For example, the
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freshwater requirement for coalition {ABCDE} is 795.96 t/h, which is lower than the
freshwater requirement merging single plant integration results (206.67 + 142.21 + 173.36 +
206 +102.69 = 921.03 t/h), and any other coalitions. If resource-saving is the main objective,
this suggests that the cooperation of stakeholders could achieve freshwater saving and
wastewater savings, complying with the environmental objectives. However, in the
perspective of the environmental objective, the fresh resource required for the grand coalition
{ABCDE} is 967.01 t/h, which is larger than the resource objective. Also, it is to note that
the resource requirement for smaller coalitions are lower, e.g. the fresh resource for {ACD}
+{B}+ {E} (631.29 + 219.62 + 102.69 = 953.60 t/h), which is lower than the grand coalition.
The same applies to wastewater flowrate as well. Plant B and Plant E might not be willing to
join the grand coalition. Similar reasons apply to pollutants discharge as well.

Table 5-2: Optimisation results for resources objective.

Coalition, S TAC Freshwater, Wastewater, Pollutant Cost  savings,
($ly) Fwr Fww discharge TAC,-TAC
(t/h) (t/h) (kg/h) (8ly)
A 6,538,902 206.67 206.67 91.00 4,517,922
AB 19,837,791 330.00 330.00 119.57 -1,135,501
ABC 47,208,209 474.50 47450 178.73 -22,004,674
ABCD 91,157,248 667.50 667.50 244.68 -61,415,889
ABCDE 312,504,369 765.96 765.96 264.58 -280,109,138
ABCE 252,363,561 568.66 568.66 205.46 -224,506,155
ABD 47,351,620 532.31 532.31 179.00 -24,111,505
ABDE 77,201,265 635.00 635.00 203.90 -51,307,278
ABE 48,143,441 431.15 431.15 143.42 -26,787,278
AC 22,316,560 376.21 376.21 151.68 -4,758,492
ACD 51,400,574 544.17 544.17 214.70 -29,304,681
ACDE 262,700,137 641.83 641.83 238.58 -237,950,373
ACE 48,337,027 455.10 455.10 176.58 -28,125,087
AD 31,067,274 403.33 403.33 153.00 -15,472,626
ADE 50,004,537 501.00 501.00 186.59 -31,756,017
AE 24,561,662 304.33 304.33 117.87 -10,850,966
B 5,792,901 142.31 142.31 35.58 1,852,566
BC 19,706,621 273.27 273.27 87.88 -5,559,911
BCD 42,898,873 477.12 477.12 158.57 -24,214,338
BCDE 71,180,289 579.81 579.81 183.08 -49,841,882
BCE 44,950,202 375.96 375.96 118.34 -28,149,619
BD 21,917,726 348.00 348.00 96.27 -6,323,078
BDE 39,523,973 448.85 448.85 122.01 -21,275,453
BE 21,770,904 245.00 245.00 53.77 -8,060,208
C 6,107,333 173.36 173.36 60.68 393,911
CD 19,860,428 337.50 337.50 135.27 -8,821,359
CDE 38,106,603 437.88 437.88 147.58 -24,413,662
CE 20,841,919 251.10 251.10 86.78 -11,686,802
D 6,326,586 206.00 206.00 62.00 -1,788,762
DE 19,125,314 306.54 306.54 86.90 -11,933,618
E 4,997,023 102.69 102.69 24.90 -2,343,151
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Table 5-3: Optimisation results for environmental objective

Coalition, S TAC Freshwater, Wastewater, Pollutant Cost
($1y) Fwr Fww discharge savings,
(t/h) (t/h) (kg/h) TAC,-TAC
($y)
A 6,266,739.85 207.26 207.26 91.00 4,790,084
AB 24,436,212.03 740.40 740.40 117.00 -5,733,922
ABC 37,957,942.07 582.63 582.63 177.68 -12,754,407
ABCD 65,726,117.48 929.10 929.10 239.68 -35,984,759
ABCDE 123,351,944.96 967.01 967.01 265.07 -90,956,714
ABCE 93,962,931.21 822.50 822.50 202.58 -66,105,524
ABD 50,083,890.82 911.37 911.37 179.00 -26,843,776
ABDE 83,427,175.40 875.79 875.79 203.90 -57,533,189
ABE 52,053,732.49 795.42 795.42 141.90 -30,697,570
AC 19,446,690.08 382.75 382.75 151.68 -1,888,622
ACD 39,243,867.18 631.29 631.29 213.68 -17,147,975
ACDE 92,218,436.28 795.13 795.13 238.58 -67,468,672
ACE 38,047,542.87 491.12 491.12 176.58 -17,835,602
AD 20,081,228.78 427.86 427.86 153.00 -4,486,581
ADE 39,115,528.95 561.07 561.07 177.90 -20,867,009
AE 21,636,459.19 541.71 541.71 115.90 -7,925,763
B 6,489,186.50 219.62 219.62 26.00 1,156,280
BC 17,880,308.46 347.36 347.36 86.68 -3,733,598
BCD 44,548,612.71 653.44 653.44 148.68 -25,864,078
BCDE 80,354,566.82 700.79 700.79 173.58 -59,016,160
BCE 37,017,103.34 449.05 449.05 111.58 -20,216,520
BD 19,215,826.50 423.14 423.14 88.00 -3,621,178
BDE 47,581,307.15 633.43 633.43 112.90 -29,332,787
BE 18,051,373.29 287.68 287.68 50.90 -4,340,677
C 5,887,328.29 173.75 173.75 60.67 613,916
CD 18,452,943.50 361.99 361.99 122.68 -7,413,875
CDE 36,720,418.91 473.80 473.80 147.58 -23,027,478
CE 21,293,060.93 338.13 338.13 85.58 -12,137,944
D 6,156,576.53 206.57 206.57 62.00 -1,618,752
DE 17,769,104.65 325.97 325.97 86.90 -10,577,408
E 4,996,142.01 102.69 102.69 24.90 -2,342,270

It is a different case when the cost is considered. Based on Table 5-2, it is obvious that the
TAC for coalition {ABCDE} (312 M$/y) is much larger than the
TAC{A}+TAC{B}+TAC{C}+TAC{D}+TAC{E} (about 23 M$/y). This is due to the
expensive capital of building the capital of cross-plant water recycling to cope with the
minimum fresh resources. In such a case, any rational stakeholder might not be willing to
participate in the grand coalition. In order to facilitate the practical realisation of the
industrial symbiosis, government subsidisation is crucial. It is proposed in this work that the
government subsidisation amount must ensure the partial super-additivity and monotonicity
properties of cost savings, i.e. the subsidised cost saving for the grand coalition is greater
than merging smaller coalitions, as well as the subsidised cost saving is more beneficial for
the grand coalition. It is also to be noted that the cost savings of the coalition are negative,
which means the capital is much higher than the utility cost-saving.

Stage 2: Fair incentives allocation (Optional). The park authority could decide on the
incentives rewards to the stakeholders based on the utility savings they achieved, provided
if there is spare money. For this case study, the incentive rate, o is fixed at 70 %. Using
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game theory approaches demonstrated in Section 5.2.2, the fair distribution of incentives
shares can be identified. For resources objectives, the resource requirement and wastewater
flowrates for the grand coalition {ABCDE} are lower compared to other coalitions, which
suggests that the utility saving is the greatest. Using other variants of Cooperative Game
Theory tools, the fair and stable incentives allocations are solved using R programming
software with the ‘CoopGame’ packages. The results are presented in Figure 5-8. The
Shapley Value approach determines the marginal contribution of each plant and determines
the incentives share. It is interesting to note that the nucleolus approach determines slightly
higher incentives share for Plant C to minimise their dissatisfaction by taking away some
shares from other plants. The solutions for nucleolus and t-value are close to each other.
Using the core methods (The Core, Least Core and Minmax Core), the solutions are close
as well, but The Core method estimates higher incentives share for Plant A and C.

% of total incentives

received
45

10 m Shapley Nucleolus Tau-value
Least Core m Minmax Core m The Core
35
30
25
20
15
10
: I angons
0
Plant A Plant B Plant C Plant D Plant E
m Shapley 39.69 26.51 20.31 8.61 4.88
Nucleolus 39.68 26.31 20.81 8.44 4.76
Tau-value 39.72 26.32 20.83 8.36 4.76
Least Core 40.02 25.97 20.95 8.33 4.73
= Minmax Core 39.95 26.06 20.86 8.33 4.80
B The Core 40.24 25.80 21.08 8.24 4.64

Figure 5-8: Results of fair incentives allocation for resources objective. Total incentive =
21,288,462 $ly

However, for the environmental objective, the point solution method (Shapley Value,
Nucleolus and t-value) are not suitable since the grand coalition does not yield the greatest
utility saving. The Least Core and Minmax Core methods should be used to determine the
incentives shares, also the additional fee to be paid by the authority to convince the
stakeholders to join the symbiosis. Table 5-4 shows the incentives obtained by each plant
for all three objectives. The incentives that can be obtained for resource objectives are the
highest among the three due to its resource-saving is the largest. It can be noted that for the
resource objective, the value of ¢ for Least Core method is less than zero (and the value of
n > 1 for the min-max core), which indicates the core is not empty. If the stakeholders leave

131



the grand coalition, they risk losing a profit of 9,231 $/y. For cost and environmental
objectives, the values of € for Least Core method are positive (and the value of n < 1 for
min-max core), which indicates the authority may have to pay extra € to convince the
stakeholders to join in the coalition. This is due to smaller coalitions are better than grand
coalitions.

Table 5-4: Annual incentives of each plant for different objectives

Incentives share (%)

Cost objective Resource objective Environmental Objective

Minmax Least Minmax Least Core Minmax
Methods Least Core Core
Plant A 40.46 40.15 40.02 39.95 41.63 41.16
Plant B 26.50 26.07 25.97 26.06 25.24 24.66
Plant C 20.79 20.95 20.95 20.86 21.85 20.77
Plant D 7.76 8.15 8.33 8.33 7.77 8.52
Plant E 4.48 4.68 4.73 4.80 3.52 4.89
Total ($/y) 20,512,960 20,512,960 21,288,462 21,288,462 18,875,929 18,875,929
Penalty, ¢
($ly) 286,918 - -9,231 - 540,561 -
n - 0.97 - 1.00 - 0.93

Stages 3 & 4: Fair subsidies allocation and profit maximisation for each plant. Using a
similar approach, the subsidies share can be distributed among the players using the
modified core methods, as presented in Section 5.2.2. Table 5-5 shows the subsidies share
among the plants without considering the incentives identified from Stage 2. The subsidies
also do not consider the semi-superadditivity constraint-Eq(5-12) and the minimum cost
required for each plant- Eq(5-11). The distribution of the subsidies is quite equitable among
the plants, and the solutions for both approaches are similar.

Table 5-5: Annual subsidies of each plant for different objectives (without incentives),
without considering minimum cost required and without semi-superadditivity.

Subsidies share (%)

Cost objective Resource objective Environmental Objective
Methods Least Core Minmax Least Core Minmax Least Core Minmax
Plant A 16.88 16.88 24.23 24.23 15.41 15.41
Plant B 14.93 14.93 11.46 11.46 20.06 20.06
Plant C 18.97 18.97 23.70 23.70 17.78 17.78
Plant D 22.89 22.89 20.51 20.51 23.15 23.15
Plant E 26.33 26.33 20.09 20.09 23.61 23.61
Total ($/y) 57,286,735 57,286,735 280,109,138 280,109,140 90,956,715 90,956,714
Penalty, £
($ly) 20,837,806 - 162,409,320 - 35,674,121 -
n - 0.00 - 0.00 - 0.00

The values of ¢ for the Least Core method are all positive, and values of n < 1 for min-max
core, indicating the cost savings for grand integration are lower compared to the smaller
group integration. The park authority needs to pay an extra amount to accommodate the
profit loss of the stakeholders to attract them to join in the coalition, e.g. the required budget
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for the park authority is actually about 77 M$/y (57,286,735 + 20,837,806). The subsidies
results are compared between without semi-superadditivity constraint vs with semi-super
additivity, considering the minimum cost requirements, as presented in Table 5-6, Table 5-
7 and Table 5-8.

Table 5-6: Annual subsidies of each plant for different objectives (without incentives),
considering minimum cost requirement (Cost objective)

Subsidies amount ($/y)

Profits, X ($/y)

With semi-superadditivity Without semi- With semi-
superadditivity superadditivity

Least Minmax Least Minmax Least Minmax
Methods Core Core Core
Plant A 9,671,835 12,478,439 7,738,224 8,858,563 997,482
Plant B 11,966,612 9,850,158 9,850,158 9,850,158 3,414,436 686,220
Plant C 10,866,923 10,866,923 11,959,441 10,839,102 657,869
Plant D 13,405,394 13,405,394 13,405,394 13,405,394 293,069 675,392
Plant E 15,083,477 14,393,328 14,333,518 14,333,518 690,543
Total ($/y) 60,994,241 60,994,242 57,286,735 57,286,735
Penalty, ¢ - -
($y) 20,837,806 21,678,898
n 0.0573 0 - -

Table 5-7: Annual subsidies of each plant for different objectives (without incentives),
considering minimum cost requirement (Resource objective)

Subsidies amount ($/y)

Profits, x ($/y)

With semi-superadditivity Without semi- With semi-
superadditivity superadditivity
Least Minmax Least Minmax Least Minmax
Methods Core Core Core
Plant A 67,857,936 67,857,936 67,857,936 20,911,322 0 936,759
Plant B 53,871,023 53,871,023 50,163,517 62,542,801 3,707,506 721,229
Plant C 66,392,540 66,392,540 66,392,540 63,531,493 0 864,416
Plant D 39,411,214 39,411,214 39,411,214 66,097,628 0 486,947
Plant E 56,283,930 56,283,930 56,283,930 67,025,894 0 698,154
Total ($/y) 283,816,643 283,816,643 280,109,137 280,109,138 - -
Penalty, ¢ - -
($1y) 162,409,320 - 162,409,320
n - 0.0129 - 0.00 - -

Table 5-8: Annual subsidies of each plant for different objectives (without incentives),

considering minimum cost requirement (Environmental objective)

Subsidies amount ($/y)

Profits, x ($/y)

With semi-superadditivity

Without semi-superadditivity

With semi-superadditivity

Methods
Plant A
Plant B
Plant C
Plant D
Plant E
Total ($1y)
Penalty,
($1y)

n

&

Least Core

17,720,450
18,242,171
16,173,414
21,053,129
21,475,057
94,664,221

35,674,121

Minmax

17,720,450
18,242,171
16,173,414
21,053,129
21,475,057
94,664,221

0.0381

Least Core

14,012,944
18,242,171
16,173,414
21,053,129
21,475,057
90,956,715

35,674,121

Minmax

7,738,224

44,640,476
10,839,102
13,405,394
14,333,518
90,956,714

0

3,

0

e NeNe)

Least Minmax
Core
707,506 858,060
739,433
639,902
740,803
729,307
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In Table 5-6, Table 5-7 and Table 5-8, it can be observed that the total subsidies for all
objectives required are higher as compared to without semi-superadditivity constraint —
Eq(5-12). The additional amount is to ensure a fair and equitable distribution while ensuring
the profits for the grand coalition is higher than any other smaller coalitions. It is also
interesting to note that the profit allocated for each plant for the Least Core method contains
extreme solutions, i.e. only one plant receives the profit. This shows that the extreme
solutions where either one of the five plants received profits are feasible. For Minmax core,
the profits are more equitably distributed among the plants, as the aim of the method is to
minimise the dissatisfaction among the plants.

After the subsidies have been determined, each plant can further maximise its profit by
deciding the recycling flowrates. This is equivalent to setting the cost objective for the
overall design of the park using the allocated resources. The full network design is not
shown for brevity.

Final stage: Tax rates. The sources of subsidies money can be generated from the imposed
tax on the stakeholders. Table 5-9 shows the maximum tax rates that can be imposed by the
authority to the stakeholders, which can be determined by Egs(5-14 to 15). Note that in this
case, since the total subsidies are equal to the cost difference between recycling and non-
recycling, the right-hand side of Condition 2- Eq(5-15) is zero for all objectives. An
additional source of income is needed, and more incentives should be given to the
stakeholders to ensure both benefits of authority and stakeholders. The incentives can be
based on the operating cost saving as identified by Stage 2, but the authority should get the
extra income for incentives from external sources. The additional income can be imposed
by the higher rank authority, for example, the environmental benefits given to the park
authority in terms of cost. The extra amount needed can be estimated as p X tax amount,
where u ranges from 0 to 1. In this case, the value of u is 0.5 so that both tax rates coincide.
This means that at least y*Tax amount of additional income is required for the authority in
order to realise the industrial symbiosis.

Table 5-9: Tax rates for different objectives

Tax rate ($/kg of TDS)

Plants Cost Resource objective Environmental Objective
objective

Condition 1 28.34 132.33 42.97

Minimum tax for

authority

Condition 2: 0 0 0

Maximum tax for

stakeholders

Optimal tax rates for Authority: Authority: Authority:

both parties 28.34 (1-u) 132.33 (1-u) 42.97 (1-u)

(u=0.5) Stakeholders: Stakeholders: Stakeholders:
28.34 (u) 132.33 (u) 42.97 (1)
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It can be observed that the imposed tax rates are very high for resources objectives. The
stakeholders might raise dissatisfaction, especially smaller stakeholders, as they might not
afford the very high price. It is also to be observed that tax rates are directly affected by the
subsidies amount. As the subsidies are higher, this means more recycling to be performed and
the tax rate to be imposed is higher to stimulate the recycling desires among the stakeholders.
At this rate, the stakeholders might be more interested in building in-house waste resource
treatment to satisfy their own demands rather than supplying to other plants. The centralised
waste treatment hub or in-house treatment can be considered in future work to balance the tax
rates, subsidies and environmental emissions.

5.6 Conclusions

This work has considered the fair and equitable subsidies or incentives allocations to facilitate
the realisation of water symbiosis in an eco-industrial park. The park authority should
distribute the money so that the stakeholders are more willing to join in the grand symbiosis
scheme while ensuring their dissatisfactions are minimised. It is also proposed in this work
that the cost allocation should be convincing enough for the stakeholders to participate in the
grand coalition rather than forming smaller collaborations. This is because more coalitions
could save more resources and waste discharges but required higher cost. A multi-stage
cooperative game theory approach is proposed to evaluate the distribution scheme. The park
authority has the highest decision power to decide on the subsidies or incentives to be
allocated and the resources allocated. The stakeholders can then decide on the recycling flows
based on the authority’s decision. The framework is followed by a game analysis on tax rates
that can be imposed by the authority to encourage recycling activities while also generating
a source of income for the subsidies.

An illustrative study is used to demonstrate the proposed framework. The following results
are obtained using the approach:

a) Incentives can be provided by the authority as a reward for the efforts of operating cost
savings. The nucleolus/z-value approaches could identify the incentives allocations that
minimise the largest dissatisfaction of the players, as compared to Shapley Value, which
only considers the marginal contribution of each plant. The Core methods could determine
the set of solutions for the incentives or subsidies while ensuring fair distribution.

b) The cost and environmental objectives incur a higher operating cost in the grand coalition
compared to some smaller coalitions. The stakeholders could obtain more incentives
when forming smaller coalitions, but the environmental impacts are not minimised. The
Core methods could identify the additional amount for the authority to convince the
stakeholders. In this study, the additional amount is 287 k$/y considering the cost
objective and 541 k$/y for the environmental objective.

c) The stakeholders could hold the bargaining power to request more subsidies in the grand
coalition. The Least Core and min-max core methods identify the additional money that
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should be provided by the authority to convince the stakeholders to participate in the grand
symbiosis. In this study, the additional amount identified is about 21 M$/y for cost
objective, 162 M$/y for resource objective and 36 M$/y for environment objective. The
solutions from Minmax core are more equitable and fairer than the Least Core method.

d) Additional subsidies are required to ensure the grand coalition has better profit than any
other smaller coalition for any of the objectives (semi-superadditivity).

e) Game analysis on the taxation policy also suggests that higher tax rates could stimulate
the recycling activities from the stakeholders. For this specific case, assuming the taxes
are to be used for subsidies, the minimum tax rate per kg of TDS discharged can range
from 28.34 $/kg to 132.33 $/kg, which depends on the objectives of the park manager.

f) Additional income for authority is needed to leverage the imposed wastewater tax rate so
that the benefits of both sides are guaranteed. Additional incentives should be given to the
stakeholders as well. The environmental benefits in terms of cost for the authority
obviously stimulate the authority to implement the regulation as well, which allows
lowering the tax rates. The leverage rate of the tax rate is identified as u = 0.5.

This study is primarily focused on fair subsidies or incentives allocation methods and analysis
of the tax rates. Notice that the approach assumes rationalities between stakeholders, i.e., each
stakeholder wants to get the subsidies/incentives at least larger in the collaboration than what
they can get without collaboration (super-additivity/monotonicity). In reality, this may not be
the solution as the certain firm could have more negotiation powers over the others and, in
turn, affects the allocation solutions. A stakeholder may decide to enter/quit the coalition at
any time over the planning horizons when they could get better benefits. A proper
evolutionary game analysis on the collaborative firms should be conducted to determine
behaviours of the firms that reflect the realistic scenario.

It is also worth noting that probably the super-additivity requirements are not always satisfied
in a large collaborative group without additional compensation from the government. This is
especially when the cost or environmental emissions are the main objectives of the industrial
park formation. This implies that a smaller collaboration cluster (integration in smaller
clusters) could be more beneficial than a full large collaboration (integration between all
firms). More realistic issues such as variations of supply and demand can yield very different
results. The tax rates on pollutants discharge are also based on a single contaminant only,
which are supposed to be weighted by the priority of the pollutants. The prices for the
freshwater source are also fixed.
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CHAPTER 6 APPLICATION OF THE PINCH FRAMEWORK IN
OPPORTUNISTIC MAINTENANCE MANAGEMENT AND TASKS
ALLOCATION

This study presents an extension of the Process Integration tool in opportunistic
maintenance and maintenance tasks allocations problem. These problems are presented as a
resource conservation problem, where the cost is the resources for opportunistic
maintenance and human labours working hour is the resource for the task allocation
problems. Section 6.2 presents the Pinch Analysis in opportunistic maintenance framework
based on the publication in Chin et al. (2019), and Section 6.3 in maintenance tasks
allocation according to Chin et al. (2020a).

6.1 Introduction

Maintenance plays an essential role in a production process to ensure the equipment or assets
are repaired, replaced or modified according to the production requirements. The efficacy of
the maintenance policy for complex and expensive chemical processes is critical for reliable
operations. Basri et al. (2017) highlighted that the opportunistic grouping of maintenance
planning could be practical and effective in the process industries. For such maintenance policy,
it relies on various opportunities such as production stoppages, economic considerations and
environmental conditions. For example, a failure event in the separation system in oil refineries
is likely to shut down the oil export system. The maintenance team may take the equipment
failure opportunity to perform preventive maintenance for other components (Truong Ba et al.,
2017). Another example would be the sugarcane processing system. The supply of sugarcane
is stopped during rainy seasons, which the production has to be stopped and creates an
opportunity for maintenance (Jiao et al., 2005). Substantial cost and time can be saved using
this policy when compared to awaiting the regular maintenance schedule. The problem of
maintenance management, especially opportunistic maintenance, can be regarded as a resource
conservation problem, where the cost is the primary resource to be minimised, and the main
constraint (quality) is the time of the failure or maintenance. Similar reasoning applies to
maintenance task scheduling with human labour working hours as well.

6.2 Pinch Analysis in opportunistic maintenance management

Failure occurs randomly in any chemical process. If any failure occurs, the maintenance crew
has to react proactively to the unit repair. This creates an opportunity to perform the scheduled
maintenance together with the unit repair. This opportunistic maintenance strategy could
reduce the production stoppage cost or downtime, which also fully utilise the available
resources. This strategy is in line with the concept of Circular Economy.

After determining the maintenance intervals and frequencies, the expected cost due to failure
of components i can be calculated using Eq(6-1).
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f(k+1)T
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Cri = (C5 +Cf) fi(vdt Vi k (6-1)
Where Cr i represents the expected failure cost of component i at time interval [T*ik, (k+1)T],
C.° is the common set-up cost due to the failure, Ci° is the corrective replacement cost for
component i, and T*jx is the last periodic maintenance for component i- Eq(6-2). The common
set-up cost, CoC is the summation of the cost for mobilising repair crews, safety provision,
disassembling, transportation and production loss. Each failure incurs an emergency stoppage
to the process, which requires a common set-up cost. In this study, a constant value is assigned
to the set-up cost of $30,000 (Laggoune et al., 2009). Notice that the calculation in Eq(6-1)
only consider a single failure per component, which is also the assumption of this study. The
system is also assumed to be a series process in which the failure of one component induces
the system failure. The term T*jxis required as each maintenance action improves the reliability
of the component. This study assumes the maintenance is perfect, which means the
maintenance action restores the reliability of the component back to its original state. T*jx can
be computed using Eq(6-2) as follows:

T, =

L

kT ,kmodF; =0
X { Vi, k (6-2)

*
Tik-1,else

The condition statement from Eq(6-2) signifies that T*ik equals to kT, only if the k modulo the
maintenance frequency of component i, Fj is zero (k divides Fi does not have remainders). Take
an example from Figure 6-1, at time 2T, as the last maintenance of component 2 is at time T,
the failure probability should be evaluated from T (T*i1). As for component 1 at time 2T, since
it is not maintained at time T (k mod F1 #0 as F1=2 and k=1), the failure probability is evaluated
from time 0 (T*io) to 2T.

The opportunistic cost saving for each component and each time period can be computed using
Eq(6-3).

Casie = (€5 + 1) (1= [ fiwrde ) = € (1= Ty S fi0)de) vk (6-3)

Where Cos,ik represents the expected cost saving due to opportunistic rescheduling of
component i at time interval [T*ix, (k+1)T], Co" is the common set-up cost due to preventive
maintenance (assumed $ 20,000 <C,°), Ci® is the preventive maintenance cost for components
i and j which are the failed components (j#i). The first term in Eq(6-3) represents the expected
preventive maintenance cost between [T*ik, (k+1)T]. In this study, the expected preventive
maintenance cost for each component are still considered for each time period. This is because
the maintenance schedule is still expected to be changed from the determined schedule. The
second term represents the cost incurred for opportunity maintenance. It considers the
probabilities of other component j have been failed, thus creating an opportunity to maintain
non-failed component i. Notice that Co" is not considered in this term due to the corrective set-
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up cost has been incurred (Co°) as failure happens. Figure 6-1 is presented to allow the
illustration of the concepts explained.
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Figure 6-1: Demonstration of a maintenance cycle for a system of two components
The step-by-step framework for constructing the Composite Curves is presented as follow:

Q) Identify the maintenance cycles for each component. In this study, the time length is
fixed when all the components have at least undergone maintenance once.

(i) Determine the expected failure cost ('Sinks') using Eq(6-1) and expected opportunistic
cost-saving (‘Sources') using Eq(6-3) for each time interval.

(iii)  Plot the Failure Cost Composite Curve ('Sinks'), with cumulative cost as x-axis and
time intervals as y-axis. Please refer to Figure 6-2a.

(iv)  Plot the Opportunistic Cost-Saving Composite Curve ('Sources') in the same figure.

(V) Shift the Source Composite Curve horizontally until it is on the right side of the Sink
Composite Curve. The reason is that the expected cost-saving has to be larger than the failure
expected cost at a given time. This is to ensure sufficient cost to mitigate the expected failure
at the given time. The point where both of the curves meet is called the ‘time pinch'. It is the
time where the cost saved from opportunistic maintenance is just enough to cover the failure
cost. The cost saved before this period (below the pinch region) cannot be transferred to cover
the expected failure cost beyond this period (above the pinch region) — Figure 6-3a.

The proposed methodology is applied to a hydrogen gas centrifugal compressor of the catalytic
reforming unit in Skikida refinery. It was determined as the leading cause of the catalytic
reformer breakdowns (Laggoune et al., 2009). For a reformer, the role of a compressor to
maintain the pressure of hydrogen gas helps in reducing coke formation and production losses.
As such, the maintenance of compressor plays an important part in ensuring the process
reliability to drive larger profit. The detailed process description can be found in Laggoune et
al. (2009). The data required for this study are presented in Table 6-1.
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Table 6-1: Cost data and the Weibull parameters of system components (Laggoune et al.,

2009)
Component i Cc@®) C"($) Bi n; MTBF# (d)
Sheathing (C1) 14868 3,639 1.73 486 433
Sheathing (C2) 39,204 5438 1.88 507 450
Tightness (C3) 44,880 7,398 243 286 254

Stub bearing (C4) 57,876 8,277 253 898 797

Tightness ring (C5) 73,860 13,554 2.14 905 801

Carrying bearing (C6) 46,752 14,130 3.55 736 663

Stub bearing (C7) 48,568 21,356 2.68 1,094 973

Labyrinth support (C8) 74,232 24,348 2.09 1,388 1,229
Figure 6-2a shows the plot of the Composite Curves, as mentioned in section 2.3 steps (i)-(iv).
Note that the time interval is fixed as 244 d, for which the maintenance is carried out slightly
before the minimum MTBF (254 d) (Table 6-1). The values are set for demonstration purposes
only and can be modified according to preferences. As can be seen that after time 488 d, the
expected failure cost is higher than the expected opportunistic cost savings. Extra cost has to
be invested in mitigating the expected failures after that time. Figure 6-2b shows the Grand
Composite Curve, which is the cost difference between Source Composite Curve and Sink
Composite Curve.

Based on step (v), the Source Composite Curve is shifted to the right horizontally until it is at
the right side of the Sink Composite Curve. The shifted amount is the extra cost needed to
mitigate the expected failure of the system. According to Figures 6-3a and b, an extra $ 422,183
has to be paid to cover the failures that are expected to happen at an earlier time. A total amount
of $ 789,270 (about 65 % or total failure cost) can be saved from the opportunistic maintenance
policy (overlapped regions).
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Figure 6-2: Graphical representation of the Pinch Analysis framework before shifting (a)
Composite Curves (b) Grand Composite Curve
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Figure 6-3: Graphical representation of the Pinch Analysis framework after shifting (a)
Composite Curves (b) Grand Composite Curve

The interception of the two Composite Curves at 1,464 d, called Time Pinch, signifies that the
cost saved from opportunistic maintenance is just enough to cover the expected cost due to
failures. The cost saved before this period (Below Pinch Region) is not able to cover the
expected failure after this period (Above Pinch Region). Extra $70,465 saved at the end of the
period can be reserved for the next period or to handle emergencies. This amount can also be
further reduced by removing unnecessary maintenance grouping. The discussions above are
just demonstrations of the proposed methodology and strategy for maintenance management.
Further development and solution benchmarking with the real case studies are required to
confirm the legitimacy of the proposed framework.

6.3 Pinch Analysis in tasks allocations and scheduling

The objective is to allocate the means of maintenance with minimum use of human and material
resources in line with the objectives of the circular economy. This could result in better resource
utilisation and equipment longevity, allowing a greater number of inner material circulations.

After the individual maintenance time (ti;) are found, the maintenance grouping model is then
solved to determine the optimal maintenance tasks clusters. The model is presented in Eqs (6-
4t09).

b.
x; + dti,j ¢ X by C
dt;j > —x; (6-5)
tl*,] = ti,j + dti,j = Z Zi,j,ka (6_6)
keK
Z zx <1 6-7)
i€l jej

141



Setrk = Z (Zi,j,k - 1)5 z Zi,j,k (6'8)

i€l jej i€l,jeJ
Max EP = — Z h; +ZSetrk (6-9)
i€l,jEJ keK

where h;j is the penalty cost for shifting maintenance activities for equipment items i and j-th
maintenance, dtj; is the amount of time shift, Tk is the maintenance execution time for group k,
Zijx IS the binary variables to specify that whether the j-th maintenance task for equipment i is
in group k, Setrk is the set-up cost reduction for group k and EP is the economic profit for
grouping maintenance tasks.

The main objective in this model is to identify the shifting time (dti;) that maximises the
economic profit gain (EP) from grouping maintenance activities together. More information on
such models can be found in Do et al. (2015). The step-by-step framework for applying Pinch
Analysis in maintenance scheduling is presented as follow:

(a) Identify the optimal maintenance cycles and clusters for each equipment

(b) In each cluster k, arrange the daily maintenance tasks based on the priority level and
determine the latest finish date of the tasks. The work is limited to at least 8 h works per
day. Plot the curve with cumulative duration (h) on the x-axis and time (days) on the y-axis.
This is the Tasks Composite Curve (‘Demand/Sinks’).

(c) Determine the available manhour and their daily work schedule in the plant. Plot a similar
curve in the same figure, with the duration represented by the daily shift hours. This is the
Manhour Composite Curve ('Supply/Sources').

(d) Shift the Manhour Composite Curve horizontally until it is on the right side of the Tasks
Composite Curve. The reason is that on a specific day, cumulative available man-hours
should be larger or equals to the duration of the cumulative task. This is also to ensure the
tasks are finished before the deadlines. Please refer to Figure 6-4.

The proposed methodology is applied to a small scale chemical process, which is the Tennessee
Eastman Problem. Table 6-2 shows the list of equipment with their corresponding failure and
maintenance data. In this study, the set-up cost is assigned to a value of $ 1,000. The starting
time, thegin and operational time before thegin, di are assumed to be zero. The time length is fixed
as all the equipment are maintained at least once, i.e. tend = max(tij).
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Table 6-2: Equipment failure and maintenance data (Nguyen and Bagajewicz, 2010)

Equipment Quantity MTBF, 0;bi CM durationPM  durationPriority Production

(d) (h) (h) Loss ($/d)

Valves 11 1,000 1.55 35 3 3 1,000
Compressors 1 381 1.7 15 6 1 60,000
Pumps 2 381 1.75 8 5 4 10

Heat Exchanger 2 1,193 1.8 13 7 2 60,000
Flash Drum 1 2,208 2 42 12 1 60,000
Stripper 1 2,582 2 72 12 1 60,000
Reactor 1 1,660 2 42 12 1 60,000

Table 6-3 below shows the optimisation results using models. It shows that the optimal
maintenance grouping strategy is divided into four groups that yield the highest economic profit.

The schedule at k=3 and at 134" week is chosen due to the longer task duration at that week to
demonstrate the approach of Pinch Analysis. Figures 6-4a to d shows the plot of infeasible and
feasible Composite Curves for a single worker. The shift hour for the worker is 8 h/d for 5
d/week. Notice that an extra 22 h of working hours are needed at the beginning of the time, and
an extra 8 h at the end is wasted. The worker is expected to take a weekend break, as shown in
a longer vertical line at 6™ and 7" d. The 'pinch' point is expected at the 8" d due to the
cumulative working hours are just enough to complete the cumulated tasks before this day. It
suggests that the worker can take a leave at 11 d as all the tasks are expected to finish.

For this case, the workers' daily shift schedules are changed to 12 h/d for 4 d/week. Figure 6-5
(a) and (b) shows the Composite Curves and the Grand Composite Curves. The extra working
hour is reduced to 13 h, and the Pinch point is at 7" d. The 22 h at the end are not needed, and
this suggests that the worker can take the leave as the tasks are expected to finish at 9" d.

Table 6-3: Long-term maintenance planning results

Equipment Quantity Optimal maintenance time, t"(i,j) (weeks)
k=1 k=2 k=3 k=4
Valves 11 63 134 134 124
Compressors 1 63 38 38 38
Pumps 2 63 134 134 124
Heat Exchanger 2 63 38 74 74
Flash Drum 1 63 134 134 146
Stripper 1 63 134 134 146
Reactor 1 63 134 134 124
EP/(Tend-Thoegin) ($/weeks) - -134.79  13.63 17.92 18.22
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6.4 Conclusion

The graphical strategy to facilitate opportunistic maintenance management can identify the cost
saved from the maintenance policy used to cover the expected failure cost. A case study of
component replacement of a hydrogen gas compressor is used to demonstrate the methodology.
The result shows that about 35% of the failure cost from the start time has to be paid at extra
cost. The remaining 65 % can be covered by applying a maintenance policy. The extra cost
savings at the end of the period also suggest that the maintenance grouping can be further
reduced. This concept is highly dependent on maintenance schedules. The solution might
change as the schedule has been modified. The updates on the reliability function after
maintenance rescheduling are also ignored in this study. The potential future research would
be the full maintenance scheduling using a similar approach considering the availability of the
resources (manpower, time and spare parts). Criticality analysis and the concept of the circular
economy can also be incorporated to assess the maintenance policy. Solution benchmarking is
also necessary to determine its accuracy and legitimation

For the maintenance task scheduling approach, this work proposed a combination of
mathematical optimisation and graphical strategy to facilitate long-term and short-term
maintenance planning. A case study of a small scale plant is used to demonstrate the
methodology. For a single maintenance crew, an extra 22 h is needed to complete the tasks
with an 8 h/d for 5 d working hours, while an extra 13 h is needed with a 12 h/d for 4 d shifts.
Depending on the minimum finished date difference for the tasks, extra working hours are
needed to account for uncertainties. Pinch Analysis provides an excellent visualisation
interface for the scheduler to plan for daily maintenance tasks. The limitation of this concept
is that the problem is solved sequentially, which global optimality is not guaranteed. For future
study, a scenario can be created where the maintenance tasks require specific skillsets from a
worker, i.e. workers are either dealing with rotating equipment, heat exchangers or large
equipment. The uncertainties of equipment failure can also be incorporated so that the
engineers can tackle emergencies with sufficient resources.
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CHAPTER 7 ASSET INVESTMENT AND MAINTENANCE DECISION-
MAKING FRAMEWORK FOR A PROCESS SYSTEM

This chapter brings an innovative algorithm combining process and asset optimisation for a
chemical process system. The model integrates assets’ lifetime and reliability functions to
visualise the benefits of the hybrid process and asset optimisation. A Mixed Integer Linear
Programming (MILP) model is formulated for investment and maintenance planning. The
operating life of the network is discretised into multiple periods, and a decision is made
within each period: whether to upgrade the equipment, purchase new equipment — for
replacement or adding to the network, maintain the unit or perform nothing.

7.1 Optimisation approach in asset lifetime modelling

The investment planning model consists of a set of logical actions to commission or
decommission the heat exchangers. The model is adapted and modified according to (Butun et
al., 2019). The sets of the exchangers are categorised into two, which are set 4n’ (kn € KN cK)
which represents the new heat exchanger units and set ‘4o’ (ko € KO <K) which represents the
existing exchanger units in the HEN. Both set ‘KN’ and ‘KO’ are subsets of the heat exchangers
set K, and the union of both sets are the set K itself, i.e. KNUKO=K.

At each period ‘p’, a decision to commission or decommission each heat exchanger ‘.’ is made.
The commission decision is represented with buying action, which is modelled as a binary
variable xbyp. The decommission actions are divided into two types, which are either selling
the unit (xskp) or scrapping the unit (xdkp) when the exchanger has reached the end of its
lifetime. To keep track of the exchangers’ existence, another binary variable is introduced, Xexp.
If the exchanger exists (xexp=1), it has to be decommissioned first before it is repurchased. The
existence constraints are defined from Eq(7-1) below:

Xeyp = Z(i,j) ij,k,p + Zp'E{l...p}xbk,p’ — XSpp — xdk,pr Vk € KO,Vp € P (7-1)

The following equation illustrates the formulation of constraints that compute the exchangers'
sizes from the commission and decommission actions.

AP + Ay, — Asy, — Ady vkeK, p=1
Aek,p = Aek'p_l + Abk,p — Ask,p — Adk,p vk € K, Vp < |P| (7'2)
2Aek’p_1 - ASk,p - Adk,p vk € K, P = |P|

Where Aex is the existing area of exchanger %’ at time period »°, A™ is the initial area of
exchanger ‘k’, Abgp is the purchased area of exchanger ‘4’ at period p’, Ask,p is the sold area of
exchanger ‘4’ attime »’and Adkp is the dead area of exchanger ‘4’ at period p’. Eq(7-2), along
with Eq(7-10), ensure that the purchasing action is only allowed to be performed before the
period ends (p<|P]). Also, as Eq(7-7) ensures that the decommissioning action must be
performed at the end of the period, and only one of selling or scrapping the unit is allowed.
Eq(7-9) ensures that either Askp or Adkp to be equal to Aexp-1 (See Eq(7-8) and (7-9)). At p=|P|,
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the area of the exchangers is enforced to be similar to the area at the previous period. The
existing area fulfils the HEN retrofit model (P1), which is reformulated into Eq(7-3).

Aek'pUek'p = (UA)k'p (7'3)
7.1.1 Decommissioning

The following set of constraints provides the logical actions about the decommissioning of the
exchangers in the HEN.

Xdgp + XSkp < X€p 1 VKEK, VpEP &P # 1 (7-4)
Xdgp+ xSk, =0 VkEKN, VpEP&p =1 (7-5)
Xdgp+xSKp <1 VK EKO, VpEP&p =1 (7-6)
Xdyp + XSkp = Xerp-1 VK EK, VpEP &p = |P| (7-7)

Eq(7-4) defines that for any heat exchanger k, it can be decommissioned if it exists in the
previous period only. The decommission action could only be either selling or scraping the unit.
For new heat exchanger, it is not allowed to be decommissioned since it is not existed at the
start of the project (Eq(7-5)), whereas the existing exchangers can be decommissioned at the
start of the project, and new exchangers could be purchased to replace them — Eq(7-6). Eq(7-
7) enforces that at the end of the period, all exchangers that exist must be decommissioned.
The following equations then define the formulation of the decommissioned exchangers’ sizes,
where Askp is the size of the sold unit and Adkp is the dead size (scrapping) of the unit. It is
apparent that Eq(7-8)and (7-9) are non-linear. The linear reformulation of both equations is
presented in Appendix F.

As. . = A};’,‘;’f XSkp VkeK, VpeEPandp =1 (7-8)
op Aeyp-1 XSkp, VkEK, VpEPandp # 1

Ad. . = A};"‘;'f xdyp VkeK, VpeEPandp =1 (7-9)
op Aey 1 Xdyp, VkEK, VpEPandp # 1

7.1.2 Commissioning

The constraints related to the commissioning action, i.e. the purchasing action, are presented
in this section. The purchase size of a unit Abkp should be within a logical range (Amingp<
Abyp< Amaxxp) that are available in the market. Eq(7-10) below shows the connection between
the binary variable xbx p and the continuous variable Abp. In this work, the minimum purchased
area is set to be the initial area of the exchangers, i.e. Amink,=A"%. For the set of new unit
‘KN’, the initial area is zero. Likewise, the maximum area is set to be the ‘big M’ variable
defined in section 2.1, i.e. Amaxxp,=M. While Eq 55 defines the range of the sizes for the bought
units, it also ensures that if a unit needs to be bought, the binary variable xbyp is activated.

A xby , < Aby, < M xby, Vk €K, Vp € P (7-10)
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To ensure that the purchasing action is not performed at the end of the investment project,
Eq(7-11) below is formulated.

YiAby, =0 Vp €P &p = |P| (7-11)

7.1.3 Service life of exchangers

The heat exchanger is still functional as long as its end-of-life has not been reached. An integer,
Lk, is used to indicate the remaining service life of the exchangers. Constraints 57 to 65 are
formulated to relate the remaining service life to the investment planning actions, which are
adapted and modified from Butun et al. (2019). The descriptions of the constraints are as follow:

(1
(i)
(iii)

(iv)

(v)

(vi)

(vii)

Eq(7-12): An exchanger can only exist if its remaining service life is non-zero only
Eq (7-13): If an exchanger has a remaining service life, then it exists in the HEN

Eq (7-14): At the first period, the remaining service life is equal to the life span of the
unit (L"), if a new unit is commissioned. If it is decommissioned, its service life is
equal to the difference between the life span and its initial service life (L™"%). Before it
IS commissioned, it has to be decommissioned first. At the other periods, the remaining
service life decreases by one period compared to the previous period, if it still exists.
The buying action restores the service life of the exchanger, and the selling action
decreases the service life, which Lskp represents the life of the sold exchanger.

Eq (7-15): If the remaining service life of exchanger at previous period minus its current
sold life is greater than 1, buying action is not activated. This means that a unit cannot
be re-purchased before it is decommissioned or sold.

Eq (7-16): If the remaining service life of the exchanger at the previous period is greater
than 1, the exchanger is not dead and cannot be scrapped. The unit is scrapped only if
its previous age is 1 year or less.

Eq (7-17): An exchanger can only be sold if the remaining service life of the exchanger
at the previous period is greater than or equal to 2.

Egs (7-18) to (7-19): If sold life of the exchanger is non-zero, then the selling action is
activated, and the sold life is equal to the previous service life minus one.

Xegp <Ly, Vk EK,Vp EP (7-12)

Lip < xep L™ Vk €K,Vp € P (7-13)

Ly = {xbk,pocpan + (LP ;pﬁé‘it)(l — xSy — xdyp,) VkEK,YpEP,p=1 (7-14)

Lyp—1 — Xexp+ Ly "xbgp — Lsgp VkeK,VpeP,p+1

Lip—y —Lspp—1< (1 —xby ) LP*" Yk €K, VpeEP&p#1 (7-15)
Lip-1 —1<(1—xdyp) L7 VkE€EK,VpeEP&p#1 (7-16)
Likp-1—2<(2—xegp_q —xSpp-1)L¥ " VkEK,VpEP &P *1 (7-17)
Lsgp = Lyp—q — Xepp—q — (1 — x5 p-1)LP"" VkEK,VpEP&Dp # 1 (7-18)
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Lsgp < Lgp-1—Xexp-1 VKEK,VPEP &P #1 (7-19)
Lsgp < x5, LiY"" Vk € K,Vp € P (7-20)
7.1.4 Cost model

The cost model constraints are formulated to calculate the cash flows, relating the
decommissioning and commissioning actions to the NPV evaluation. The investment in HTE
and purchasing units are considered as negative cash flows. The yearly reduced operating cost
due to utility reductions compared to the base case is considered as the positive cash flow. The
bought exchangers are susceptible to depreciation. The remaining value of the sold exchangers,
as well as the salvage value of the exchangers, are the positive cash flows during each period.
Eqgs(7-21) to (7-29) are formulated to compute the cost for the exchangers due to the
decommissioning and commissioning, adapted and modified from Butun et al. (2019).

Q) Eq (7-21): The buying cost (Chxp) is the investment cost for the exchanger represented
in Eq (7-1) .

(i)  Eq (7-22): The heat exchanger starts to lose its economic value once it is purchased. At
the start of the project, only the base unit is susceptible to depreciation, while new units
have no remaining value (Crvip). A double-declining depreciation is used, where %Py
is the depreciation rate. At other periods, the remaining value is the summation of the
previous remaining value and purchasing cost, minus the sold value (Csvkp), dead value
(Cdvk,p) and depreciated value (Cdepk,) from the previous period.

(iii)  Eq (7-23): The formula to calculate the depreciated value of the exchanger k, based on
the straight-line depreciation method

(iv)  Egs (7-24) to (7-25): The sold value of heat exchanger k. If the selling action is not
activated, the sold value is zero. Notice that Eq 7-25 is a bilinear function. The
linearisation procedure is presented in Appendix F.

(V) Eqgs (7-26) to (7-27): The dead value of heat exchanger k. If the scrapping action is not
activated, the dead value is zero. Notice that Eq 7-27 is a bilinear function; the
linearisation procedure is presented in Appendix F.

(vi)  Eq (7-28): The scrap price of the exchanger k (Csckp) is equal to the salvage value if
the scrapping action is activated. It is equal to zero otherwise.

(vii)  Eq (7-29): The selling price of the exchanger k (Csk,p) is equal to the maximum of sold
value and the scrapping value if the selling action is activated. It is equal to zero
otherwise. The linearisation procedure of the maximum function is given in Appendix
F.

Cbyp = Invy, Yk EK,Vp €P (7-21)
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Crvg, =

init

Chyep(1 = 2igep)™ Vk € KO,Yp € Pandp = 1

0 Vk € KN,Vp€EPandp =1
Cbyp-1+ Crvyp_q — CsV(p—1) — CdVyp_y — Cdepy -1 Vk EK,Vp EPandp # 1
(7-22)
Cdepyp = (Cbyp — Csvyp — Cdvyp, + CTVk p )igep Yk € K,Vp € P (7-23)
Crvg, — (1 — xsgp)M < Csvy, < Crvy, Yk €EK,Vp € P (7-24)
Csvip = xSk pCrvg, Vk € K,Vp € P (7-25)
Crvgy — (1 — xdk,p)M < Cdvgy < Crvg, VK EK,Vp EP (7-26)
Cdvy, = xdy ,Crvy, Yk € K,Vp € P (7-27)
Cscyyp = xdypCsaly Vk € K,Vp € P (7-28)
Csyp = max(Csvy p, x5 ,Csaly) Yk € K,Vp € P (7-29)

7.2 Mean-residual life of the equipment

The failure analysis based on past failure data is usually performed during the design stage to
determine the equipment’s survival or reliability function. The time-to-failure for the
equipment is fitted with appropriate failure probability using statistical functions, such as
Weibull, Exponential or Normal distributions. The most popular distribution model for the
reliability function is the Weibull model. It is widely used to study the lifetime of components
with different hazard rate functions due to its flexibility in parameter tuning. In this study, the
individual failure probabilities of the exchangers are modelled using the Weibull model, as
shown in Eq(7-30).
By
Br ('t

fulty =2 (L) o) viek (7-30)

ng \Ng

Where fk(t) is the failure probability of unit k, Bx and ni are the shape parameter, and the scale
parameter for exchanger k and t is the time of the operation. The reliability function, i.e. the
probability of the exchanger still function at time t is represented as follow:

Re(t) = [ f(Ddt = e’%) (7-31)

In this work, the mean residual life (MRL) or the remaining useful life (RUL) is used as the
reliability indicator for heat exchangers. MRL is the remaining time of the unit before the
failure occurs, given that the unit has operated longer than a certain period ‘¢’. It is more useful
than the reliability function as it evaluates the performance of the exchanger over a long time
horizon, while the reliability function or hazard rate just measures the probability of failure
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instantaneously. The MRL measures the remaining life of the exchanger, given it is operated
after a certain amount of time. This gives valuable information about the assets’ performance
over time and provides guidelines to engineers to plan maintenance or replacement actions.
This is especially useful for heat exchangers as the tube materials undergo corrosion and fatigue
over time. Engineers often apply this indicator in the plant’s assets to decide whether to perform
maintenance or delay it, as stopping the production incurs an expensive cost. The equation
governing the MRL is shown in Eq(7-32):

[P Reau _ [° Ri(g+t)dg
Re(®  Re®

MRL,(t) =E.(T —t|T >t) = (7-32)

Note that in this work, the MRL is assumed to indicate various failure events caused by, such
as tube corrosion. The maintenance action is assumed to be the combination of cleaning action
or bundles replacement, regardless of the number of cleaning cycles. The detailed cleaning
schedule is ignored here as this would be the problem for short-term planning. For simplicity
sake, it is also assumed that a spare is readily available when maintenance is performed, so the
utility penalty is ignored in this work. The integration of an exponential function is infeasible
to solve, especially the upper bound is infinity. An accurate approximation using Gauss-
Lauguerre quadrature is applied in this work. Linearisation is then performed on the
approximated MRL model. Please refer to Appendix F for the approximation and linearisation
approach.

7.3 Results and discussion

The HEN retrofit, investment and maintenance planning model is solved using commercial
MILP solver: CPLEX, with a model formulated in the General Algebraic Modelling System
(GAMS) software version 29.1. the solver with a relative gap set as at least 0.1-0.2. The laptop
used is a HP EliteBook 820 G3 with Intel Core i5-63000 M (2.50 GHz) processor, and 16 GB
RAM is used to solve the model. The average Central Processing Unit (CPU) time for the
generation of solutions for the HEN retrofit model is 30 s, but for the multi-period model could
take up to 1,000-5,000- s with each iteration.

The optimal investment and maintenance planning for the HEN is determined for a horizon of
20 years. The retrofit option is first limited to enhancing the heat exchangers with HTE and
replacing old exchangers without topological modifications. For case study 1- see Chin et al.
(2020b), the optimal NPV obtained is about 3.1 M$, with utility saving of a maximum 24 %.
The total investment in purchasing new exchangers have estimated to be about 0.97 M$, while
the investment in the HTE technologies is estimated to be about $ 10,506. Table 7-1 shows the
optimal investment solutions for individual exchangers. It is assumed that once any exchanger
k is replenished, purchasing action is activated, and the exchanger is replaced. It can be shown
that the decision to purchase new exchangers are mainly activated in the first period for E1 to
E4, but not E5. This is because the cost for utilities is much higher than the capital cost itself,
so more utility saving is encouraged to yield a higher NPV. When the units have reached the
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end of service life, it is inevitable to invest in new heat exchangers. Bigger sizes of heat
exchangers (E1, E2, E3 and E4) are purchased at the start of the project to enhance the utility
saving further, while the similar size of E5 is used until it reaches the end of its life (15 years).
After it is scrapped, a new and slightly larger E5 is bought. Earlier investments are more
beneficial due to the time value of money. Figure 7-1 shows the HEN layout.

Only some of the exchangers are equipped with enhancement technologies. The new exchanger
E3 is implemented with external fins (EF) on its shell-side to enhance the heat transfer. The
tube-side heat transfer of E5 is enhanced through internal fins (InF) as well before it is scrapped
in the 15" year. The newly bought E5 is not equipped with any enhancement technologies. The
reasons for not implementing the technologies are probably due to the utility saving is given
more priority due to the high utility cost, so purchasing new and larger exchangers are preferred
to yield higher NPV.

As for the maintenance periods, Figure 7-2 clearly shows the mean residual life (MRL)
behaviours for different exchangers. The blue dotted line represents the original MRL
distribution of the heat exchangers, derived from Eq 77. Due to the assumptions of the
increasing failure rate of all the exchangers, the MRL decreases gradually as time progresses.
The jump between points or constant behaviours of the orange line represents the maintenance
performed on the exchanger. Based on the results, E1, E2 and E3 are not maintained too often,
probably due to relatively lower fouling resistances. As for E4, it is encouraged to maintain the
exchangers annually after year 2 to ensure the energy efficiency of the exchanger. This is
mostly due to the higher fouling resistance of E4, which could incur expensive operating cost
if it is not maintained. The maintenance cost is relatively cheaper, so it is recommended to
maintain the exchanger more often to reduce the fouling resistance. The reason for the jump of
MRL distribution (blue dotted line) for E5 is because of the buying action. As a new exchanger
is bought, the age and its MRL is restored.

Table 7-1: Optimal investment in heat exchangers for case study 1 (consider

intensification only), with values in bracket represent the period.

Exchangers El E2 E3 E4 E5

Tube Intensification None None None None InF (P1-P15)
technologies None (P15-P20)
Shell Intensification None None EF None None

technologies
Purchasing size of 1,554.9 (P1) 4,718.8 (P1) 275.4 (P1) 244.35 (P1) 37.4 (P16)
exchangers (m?)
Selling size of 1,554.9 (P20) | 4,718.8 (P20) | 275.4 (P20) | 244.35 (P20) | 37.4 (P20)
exchangers (m?)
Dead size (Scrapped) | 590.7 (P1) 2,508.2 (P1) 269.2 (P1) 220.2 (P1) 31.0 (P16)
of exchangers (m?)

Investment on heat 326,888 992,053 95,677 51,370 7,870
exchangers ($)

Investment in HTE - - 9,422 (P1) - 1,084.2 (P1)
$)

Selling price of 44,158 134,012 12,924 6,939 5,163
exchangers ($)

Scrap price of 5,000 5,000 5,000 5,000 5,000

exchangers ($)
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Figure 7-1: HEN layout for case study 1 after the retrofit, consider HI only: (a) Period 1-15 (b)

Period 16-20, with temperatures are represented by the values on the streams
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For case study 2 — see Chin et al. (2020b), the optimal NPV obtained is about 147 k$, with
utility saving of an average of 32 %. The total investment in purchasing new exchangers have
estimated to be about $ 52,931, while the investment in the HTE technologies is estimated to
be about $ 6,600. Table 7-2 shows the optimal investment solutions for individual exchangers.
The investment is suggested to be at the start of the project. The single exchanger E1 is
recommended to change to a bigger size and is equipped with coiled wire plus internal fins
(CWIF) on its tube side. This is because the cost for utilities is much higher than the capital
cost itself, so more utility saving is encouraged to yield a higher NPV. The investment is started
in the first period to yield higher utility savings. Figure 7-3 shows the HEN layout. Based on
Figure 7-4, the exchanger is also recommended to maintain once every two years to ensure
consistent performance.

Table 7-2: Optimal investment in heat exchangers for case study 2 (consider

intensification only), with values in bracket represent the period.

Exchangers El
Tube Intensification technologies CWIF
Shell Intensification technologies None
Purchasing size of exchangers (m?) 120.0 (P1)
Selling size of exchangers (m?) 120.0 (P20)
Dead size (Scrapped) of exchangers (m?) 8.31 (P1)
Investment in new exchangers ($) 52,931
Investment in HTE ($) 6,600
The selling price of exchangers ($) 7,150
Scrap price of exchangers ($) 5,000
60 a-: 91.0 {'E—i‘} 250 HS1
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Figure 7-3: HEN layout for case study 2 after the retrofit, consider HI only
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Figure 7-4: Mean residual life of the exchangers equipped with HTE technologies for case
study 2: E1

Adding extra exchangers. The optimal investment and maintenance planning for the HEN is
now considering the option for topological modifications (i.e. adding new exchangers). For
case study 1, the number of additional units is determined to be 2. The optimal NPV obtained
is about 3.8 M$, with a utility saving of still about 51 %. The total investment in purchasing
new exchangers are lower than just considering the heat intensification only, estimated to be
about 0.77 M$, while the investment in the HTE technologies is estimated to be about
$ 180,560. In this scenario, all exchangers except E2 are replaced with new and larger
exchangers. The new exchanger E6 is recommended to install twisted tape and internal fins
(TTIF) on its tube-side, while the exchanger E7 should equip with an external fin (EF) on its
shell-side.

It is surprising to show that the enabling options to add new exchangers yield higher NPV while
paying less on the investment. This is due to the capital cost is an exponent function, which
cost increases exponentially when the area is increased. The option to add new exchangers is
comparatively cheaper than using a very large heat exchanger. As shown in Table 7-2, about
two-time expansion is needed for E2 and E1 to yield better profit. Table 7-3 shows the optimal
investment solutions for individual exchangers. Figure 7-5 shows the HEN layout for different
periods.

As for the maintenance periods, all the exchangers are expected to be maintained annually,
except that E2 is to be maintained annually after the 2" year to ensure the operating efficiency
of the exchangers. Only exchanger E2 is shown in Figure 7-6, which illustrate its mean residual
life (MRL) behaviours. Due to the buying action of E2 in the 11" year, the MRL distribution
is restored to its original value. Note that in this work, the exchanger is assumed to be restored
back to the original MRL of the specific exchanger but not improved MRL.
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Table7-3: Optimal investment in heat exchangers for case study 1 (consider intensification

+ adding new exchangers), with values in bracket represent the period.

Exchangers El E2 E3 E4 ES E6 E7
Tube None None None None None TTIF None
Intensification
technologies
Shell None None None None None None EF
Intensification
technologies
Purchase size | 847.6 (P1) | 2,508.5 348.6 (P1) | 244.4 (P1) | 37.4 (P1) | 2,205 (P1) | 2,009 (P1)
of exchangers (P11)
(m?)
Selling size of | - 2,508.5 - - - 2,205 2,009
exchangers (P20) (P20) (P20)
(m?)
Dead size | 590.7 (P1) | 2508.2 269.2 (P1) | 220.2 (P1) | 31.0 - -
gig]aapnpee‘:)s of | 847.6 (P11) 348.6 244.4 (P16)
() g (P20) (P20) (P20) 37.4

(P20)
Investment on | 126,488 278,392 117,876 87,636 21,170 268,905 262,779
heat
exchangers ($)
Investment in | - - - 110,248 70,312
HTE ($)
The  selling | - 30,371 - - - 9,308 8,480
price of
exchangers ($)
Scrap price of | 10,000 5,000 10,000 10,000 10,000 - -
exchangers ($)
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Figure 7-6: Mean residual life for case study 1: E2 (consider HTE and adding new

exchangers)

Similarly, for Case Study 2, the optimal investment and maintenance planning are conducted
for a horizon of 20 y, considering the topological modification options. Three additional units
are recommended to be installed. In this case, the optimal NPV is about 320 k$. The investment
in new exchangers is all conducted at the beginning of the period. Notice that the investment
is higher than considering the intensification only (see Table 7-4). This is logical as more area
is required if the operating cost needs to be reduced. Even though the investments are higher,
the income generated from scrapping the exchangers and the utility saving justify the cost,
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which yields a higher NPV. Maintenance is needed to conduct annually to ensure the consistent

performance of the network. Figure 7-7 shows the HEN layout.

Table 7-4: Optimal investment in heat exchangers for Case Study 2 (consider intensification

+ adding new exchangers) with values in bracket represent the period.

Exchangers El E2 E3
Tube Intensification technologies CWIF None None
Shell Intensification technologies None None None
Purchasing size of exchangers (m?) 92.1 (P1) 10.4 (P1) 25.8 (P1)
Selling size of exchangers (m?) - - -
Dead size (Scrapped) of exchangers (m?) | 92.1 (P20) | 10.4 (P20) | 25.8 (P20)
Investment in new exchangers ($) 57,425 33,918 39,188
Investment in HTE (3$) 5,065.5 - -
The selling price of exchangers ($) - - -
Scrap price of exchangers (3$) 5,000 5,000 5,000
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Figure 7-7: HEN layout for case study 2 after the retrofit, consider HI and new exchangers

for 20 y period
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7.4 Conclusion

This work considers the long-term investment and maintenance planning within the context of
HEN retrofit. The HEN retrofit model is formulated based on the concept of SRTGD, which
clearly shows the matches between cold and hot streams. Most of the works on HEN retrofit
considers investment and uses NPV as the objective function, but they do not include the
opportunity to invest in exchangers at different time period throughout the lifetime of the HEN.
This work considers the simultaneous optimisation of HEN retrofit, investment and
maintenance planning. A sequential solution strategy is proposed as well to solve the integrated
model. The HEN retrofit model is first solved to obtain the streams’ temperature and
exchangers’ areas. Subsequently, the first stage solution is used as the initial points to the
second stage, which is the linearised model of integrated HEN retrofit, investment and
maintenance planning.

For the Kraft Pulp mill case study, The obtained solution shows that the combination of heat
transfer enhancement and installation of extra exchangers provide more significant economic
benefit than just heat intensification only. Investment in larger exchangers are preferred in the
first period or after the exchanges’ service life has ended. A total NPV of 3.8 M§ was obtained
by implementing the intensification technologies and adding new exchangers, with utility
savings of about 51 % (under the 20 y time horizon). An NPV of 3.1 M$ is obtained for HEN
retrofit without topological modification. It is worth noting that the investment in exchangers
considering the topological changes is higher than the retrofit option without topological
changes, but the NPV is higher. This is due to the utility cost is much higher than the capital
cost, so the optimisation solver sought to maximise the utility saving by adding a new heat
transfer area. Similar results are obtained for another case study in the sunflower oil production
plant, in which the implementation of both HTE and adding extra exchangers are cost-effective.
Even though the investment in exchangers is about 40-60 % higher than without adding new
exchangers, the utility saving and the income generated from selling or scrapping the
exchangers balance the cost, which yields a higher NPV. The obtained NPV is also higher
compared to previous works, with 17 % higher for case study 1 and 14 % higher for case study
2. This proves the advantages of a retrofit with replacing old exchangers, with intensification
as well as adding new exchangers.

The exchanger with the highest fouling resistance is maintained more often, preferably
annually, compared to other exchanges. This is to ensure the operating cost is minimised. From
the MRL plot of individual exchangers, the engineers could monitor the exchangers' failure
behaviour and track their maintenance status. However, the set of new exchangers invested are
assumed to have similar performance characteristics to the base exchangers (i.e. fouling
resistance and failure behaviour), which might not be the optimal option in the perspective of
investment. Another significant issue is that the data availability of exchangers’ performance
(i.e. corrosion or reliability) is low. In this work, only the mean failure time taken from the
literature source is used to infer the failure behaviour, which can be inaccurate practically.
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CHAPTER 8 CONCLUSIONS AND PROPOSED FUTURE DEVELOPMENT
8.1 Conclusions of the PhD study

The PhD study has been carried out to extend the Pinch-based analysis on the material
resources conservation network to multiple qualities, Total Site synthesis considering
materials headers, and maintenance planning

8.1.1 Pinch Analysis in material resources conservation

The study is initiated with an analysis on Mass-Based Pinch Analysis considering multiple
qualities. The analysis shows that each sink is limited by at least one qualities indicator.
Following the limiting qualities indicator, the sinks should be targeted using the sources with
the ascending order sequence of the limiting qualities. It is also required to check the detailed
allocation of sources to sinks when constructing the Composite Curves as there might have
an unfulfilled qualities limit, which may result in the more fresh resource.

A headers targeting framework is also proposed using the Pinch-based Composite Curves.
The header lines can be drawn by merging the segments of the Source Composite Curve. It
is also shown that the number of headers are at least the number of Pinch Point of a specific
problem. For site-level headers targeting and synthesis, the Pinch Point(s) are first identified
for the overall network using the Material Recovery Pinch Diagram for all the qualities. The
guideline for the cross-plant material sources transfer is then built upon the concept of the
Pinch Point(s) for all the qualities indicators. The objective is to ensure the cross-plant sources
flowrate or the number of cross-plant connections is minimal. The number of headers required
for the individual processes can be identified by analysing the Composite Curves with the
cross-plant sources while ensuring the fresh resources required is minimal. An iterative
headers targeting framework is then proposed to determine the flowrates and the qualities of
the headers. Two case studies, which have single and multiple qualities Total Site water
recycling network, are used to demonstrate the proposed framework, comparing results
obtained using direct integration and centralised headers. This framework provides a proper
analysis of the problem, which allows users to explore various source mixing options for the
identified minimum number of headers. The proposed method also solves the site level
network synthesis with the centralised headers problem, which is a non-linear problem.

8.1.2 Game Theory in water symbiosis

This work also has considered the fair and equitable subsidies or incentives allocations to
facilitate the realisation of water symbiosis in an eco-industrial park. The park authority
should distribute the money so that the stakeholders are more willing to join in the grand
symbiosis scheme while ensuring their dissatisfactions are minimised. It is also proposed in
this work that the cost allocation should be convincing enough for the stakeholders to
participate in the grand coalition rather than forming smaller collaborations. This is because
more coalitions could save more resources and waste discharges but required higher cost. A
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multi-stage cooperative game theory approach is proposed to evaluate the distribution
scheme. The park authority has the highest decision power to decide on the subsidies or
incentives to be allocated and the resources allocated. The stakeholders can then decide on
the recycling flows based on the authority’s decision. The framework is followed by a game
analysis on tax rates that can be imposed by the authority to encourage recycling activities
while also generating a source of income for the subsidies. Notice that the approach assumes
rationalities between stakeholders, i.e., each stakeholder wants to get the subsidies/incentives
at least larger in the collaboration than what they can get without collaboration (super-
additivity/monotonicity). In reality, this may not be the solution as the certain firm could have
more negotiation powers over the others and, in turn, affects the allocation solutions. A
stakeholder may decide to enter/quit the coalition at any time over the planning horizons when
they could get better benefits. A proper evolutionary game analysis on the collaborative firms
should be conducted to determine behaviours of the firms that reflect the realistic scenario.

8.1.3 Asset maintenance and management

The asset maintenance planning resembles the resource conservation problem as it involves
resource planning as well — labour/time/spare/cost. This thesis has extended the Process
Integration tools in asset management planning, including opportunistic maintenance
management and tasks allocation. Cost is treated as the main resource for opportunistic
maintenance management, while labour working hour is the resource for task allocation. A
more sophisticated Pinch-based strategy can be applied to opportunistic maintenance as well
to identify an optimal maintenance grouping strategy. This tool can be integrated with the
proposed short-term maintenance task scheduling strategy. The failure of the equipment
failure or operating data could be collected to predict the failure behaviour To facilitate
accurate asset management and maintenance planning. This serves as the base for asset
performance and can be readily integrated into the proposed asset optimisation framework,
allowing a robust and smart retrofit framework to be developed.

8.2 Novel contributions
The novel contributions lie in the following aspects:

Q) The first contribution is to extend the Pinch-based framework to material
conservation networks multiple qualities as well as headers targeting and synthesis
for both process and site level. (Chapters 3-4). It provides the fundamental
understanding of material recycling or reuse network problems with multiple
qualities. The contributions also allow exploring sources mixing options for
intermediate resource storage, either internal or in an industrial site with minimal
fresh resource.

(i) The second contribution involves the investigation of the resources allocation and
operational management in the Game Theory perspective, which provides solutions
in rational or collaborative perspectives (Chapter 5). The approach provides a
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guideline to formulate a balanced economic policy between stakeholders and the
government or authorities, through fair subsidies and tax implementation to
facilitate the Circular Economy system

(i) The third contribution is the integration of assets performance studies into resources
conservation network studies in industrial sites (Chapter 6 — 7). The contribution
not only focuses on resources conservation, but also considers an integrated
framework on asset and process optimisation in the chemical industry. It
incorporates the reliability issues, the service life of equipment and depreciation of
the units. Utilising Pinch approach in planning maintenance inspection and tasks
scheduling enables the resources (time, cost, work force) to be saved in a simpler
way.

8.3 Future Development

As a scientific research work aiming to seek solutions and inspire new studies, this thesis also
identifies the following aspects worth further investigation. The first point is the lack of a
materials database with quality parameters. It is difficult to identify a more accurate global
resources conservation without a proper database to target for the Circular Economy. The
second aspect, which has been common in existing assessment/optimisation tools, is to
improve the feasibility in the practical implementation of the site-level resources conservation
planning. Although Game Theory could provide rational perspectives for the government and
each individual plant, it does not provide an optimal solution for the environment. A
management contract should be established to ensure the accuracy of resource sharing
information. The last point worth further investigation is that in a combination of resources
management combining material and energy resources. The energy sources, including
renewable resources (e.g. hydropower, solar power, coal-fired power), should be incorporated
so that an ideal Circular Economy system with maximum recyclability of the sources can be
achieved as much as possible in a realistic scenario.

In terms of asset maintenance modelling, the following potential advancement on
maintenance optimisation is identified in the review:

Q) Opportunistic maintenance of equipment exploiting production stoppage. The
current works mostly dealt with the maintenance of multiple components in a single
piece of equipment, while multi-unit systems are considered with at most two
dependent components

(i) Data-driven joint optimisation of spare parts ordering policy with maintenance
planning should be considered. Currently, there are a lack of practical studies on
maintenance optimisation with resource limitations

(ili))  Evolving Non-stationary data on assets’ condition and hazardous risk should be
utilised. Not many works have considered both quantitative and qualitative data.
Both types of data should be combined with well-informed maintenance planning.
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(iv)  Fault propagation effect from one unit to another should be incorporated into
maintenance optimisation, especially in Total Site/Industrial Site planning. Not only
structural interdependencies but the unit failure could affect the operating
parameters, causing major damage.

More attention should be paid to the sustainability impacts caused by equipment maintenance
and breakdown. Greener and more efficient technologies can be installed into the assets
(retrofit), other than the maintenance of the equipment. Life-cycle sustainability assessment
of the asset management methods can be performed to evaluate the sustainability index of the
assets. Advanced development of assets maintenance planning and scheduling models
concerning the environmental burden is needed so that the process can advance toward a
Circular Economy.
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APPENDICES

A: Derivation of freshwater target equation in Chapter 3

Given a process that has several water-using operations, with a set of water sinks j € J,|J| =
Nginks and water sources i € I, |I| = Ngyurce (Figure Al) are available. Each sink 'j' requires
a flowrate Fsk; with maximum allowable concentration (Zksk;) of different species k €
K, k| = No. of contaminants, i.e. Zgg;* = (Z1skj» Z2,5xj - Zx,skj) - The set of process
sources can be recycled or reused to fulfil the sinks. Similarly, each source has a given
flowrate Fsri with the composition of different contaminants (Cksri), i.e. Cgp; =
(Cysri» Co5ri -+ Cxspi) - An external fresh resource with flowrate Frw is available to
supplement the use of internal sources. The fresh resource is also composed of contaminants
with concentration (Ckrw), i.. Cryy = (Crrw) Copw - Cic i)

The typical source-sink allocation model of the water network presented in Figure 3-1 gives
rise to four governing equations — Egs (Al)-(A4). The problem maps to an optimisation
formulation. Its objective function is expressed in Eq (A1), which stipulates the minimisation
of the total required freshwater, which is the freshwater target.

Egs (A2) and (A3) express the mass balances for sources and sinks, while Eq (A4) represents
the contaminant constraints for individual sinks. Note that as proven by El-Halwagi et al.
(2003), the composition of the sink should represent the maximum contaminant
concentration to minimise the use of a fresh resource. These equations are crucial for
understanding the model characteristics to derive the proper procedures for obtaining the
optimal freshwater target.

Min Fpyr = Zj Frw, skj (A1)
Fsri = Xj Fspiskj + Fspiww V1 (A2)
Fskj = XiFsriskj + Frwskj Vi (A3)
i FsriskiCrsri + FrwskjCrrw < FskjZiskj Vi VK (A4)

Where Frwr represents the total freshwater flowrate, Frw,skj is freshwater to sink 'j' flowrate,
Fsriis source 'i' flowrate, Fsri skj is source 'i" to sink 'j' flowrate, Fsri, ww is source 'i' to waste
flowrate, Fsk; is the sink ' flowrate, Ck, sri is the concentration of contaminant 'k' in source
'I', C,Fw s the concentration of contaminant 'k’ in freshwater, and Zy,sk; is the concentration
of contaminant 'k’ in sink 'j'.

Taking one of the Fsris,skj (i=is) out from Eq(A3) and inequality (A4) become:
- .
Fsg; = Zﬁil Fspiskj + Fsrigskj + Z{5+1 Fspiskj + Frwskj V] (A5)
ic—1
2?;1 FspiskjCr,sri + FsrigskjCr.sris T Z€S+1 FspiskjCrsri + FrwskjCrpw < (A6)

FskjZyskj Vi VK
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Fsris,skj represents the reference source. Now replace the term Fsris,skj in inequality (A4) by
substituting Eq(A5):

1 1
Z§=1 FspiskjCr,sri + (FSKj - 2;=1 Fspiskj — Z{S+1 Fspiskj — FFW,SKj)Ck,SRiS + (A7)
Yl +1FsriskjCrosri + Frw,skjCrrw < FskjZiskj Vi VK

Move Fr,, sk ; to the left hand side of inequality (A7)

Few,skj(Crrw — Csriy) < Z;S:_ll Fsriskj(Csris — Crsri) + (A8)
Yi 1 Fsrisij(Crsris — Crsri) + Foxj(Zisij — Cosri,) Vi VK
As (Ck,pw — Ck,SRis) is less than zero, changing its order becomes:
—Frw,skj(Crosri; — Ciorw) (A9)
is—1
< Z ) Feriskj(Crsris — Cr.sri)
i=
I
+ Z 1FSRL',SKj(Ck,SRis - Ck,SRL') + Fsij(Zi,skj — Cr.sris)
is+
Divide both side with —(Cy w — Ci.sri, ):
F - Zis—l F (Ck,SRiS — Cisri ) (A10)
Fw,SKj = SRi,SKj |~
et i=1 v (Ck,sms - Ck,FW)
I (Ck,SRis — Ci.sri )
+ Z Fspiskj|—
is+1 (Ck,SRiS - Ck,Fw)
7o e — Co e
+ Fs[(j _ k,SKj k,SRig l Vj v k
(Crsri; — Cierw)
is—1 All
((Coosris = Cirw) = (Cosri = Cor) ) (AL1)
Frwskj = Fspiskj |~
e (Crsri, = Ciorw)

- I
+ Z Feni cw: | — ((Ck,SRis — Crpw) — (Cispi — Ck,Fw))
SRi,SKj (Ck'SRiS — Ck‘FW)

Ziskj — Ciopw — (Cisrig — Cipw)
(Cr.sriy — Cropw)

ist1

+ Fsk;j [—

l‘v’jvk

Finally the freshwater target for SKj becomes. Fssisskj can be included in here because based
on Eq(A9), (Ck,SRiS - Ck,SRi) = 0 when i=is
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I
(Cisri = Ciorw) (AL2)
Frwskj = ) Fsriskj -1
e (Crsriy — Crorw)

_ (Zk,skj — Cirw)
(Ck,SRiS - Ck,Fw)

 Fyg 1 | v v

The freshwater target for SKj in Eq(A12) is the largest amount required for all contaminant
‘k’. Each contaminant level requires different amount of freshwater, but the largest value
indicates the exact required freshwater for the SKj. Eq(A13) becomes:

iF o [(Ck,SRi — Cirw) B 1] (A13)
LI (Csiiy = Crow)

_ (Zk,SKj - Ck,Fw)l v i
(Ck,SRiS - Ck,Fw)

FFW,SK] = mIE:lX

+ FSKj [1

Also, let’s choose Ckgsris be the maximum source concentration for contaminant ‘k’, i.e.
Cx.sris = Ck,srmax = max (Cksri). The reason the reference source concentration is chosen as
l

the maximum amount is that it can be the normalisation constant for the coefficients of the
sources flowrates in Eq(A13).

(Zk,sKj—Cr,Fpw)

Since in Eq(A13), Fgg; sk; is a variable, the constant term Fgy; |1 — ] governs

the sources to be allocated to the sink. If this constant term is the largest for contaminant ‘k’,
then SK| is limitied by contaminant ‘k’. In this case, Frwsk; is likely to follow the
prioritisation sequence for contamination level ‘k’. Notice that for certain contaminant ‘k’,
the cleaner sources are prioritised because the coefficients of the Fgg; sk ; has larger negative
values, which means that using the cleaner sources could reduce the minimum value of
Fry,skj. However, this can be traded-off by other contaminants due to different source
arrangement.

The total freshwater target (Fgy ) then is the summation of all required freshwater for all
sinks:

J (A14)
Frwr = Z 'FFW,SKj
]

As different sinks are to follow different contaminant cascades (source arrangement), it
means that the total target in Eq(A14) is the summation of all the freshwater in all
contaminant cascades, i.e.:

Fewr = Xjejir Frw,skj + Zjejiz Frw,skj + - + Xjejx Frw,skj (Al15)

Where jk represents the set of sinks ‘j’ that belong to the contaminant cascade ‘k’,
and the jk1, jk2,...,jK are all mutually exclusive sets.
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B: Total Site synthesis model with headers for Section 4.3

The network synthesis model for either Internal or Site-level Water Integration is based on
the can be solved with the mathematical optimisation approach. Figure B-1 shows the
superstructure of the water network design with water headers for intra-process or site level.
It consists of the schematic representation of the connections between water-using
processes/units and water mains/header. The mathematical formulation is presented in the
following sub-sections.

Freshwater header

FFW, SK2 FFW, SKp

‘ FFW, SK1

Water main hl

» Y
Fiy skt l Forim Fhl,sml IFSRz,m

L1 L ]

Process/Unit 1 Process/Unit 2

Friskp Fsrpm

[) L)
Ferim J' Fio skt Fst;hzl Fp sz

Water main h2

— —
Fhl.SK i FSR .h2

Fsrin | Fusxg Fsgon | Fusxo Process/Unit ‘p’
Forpn | Fh%' | Water main ‘h’
Feriww Feroww Fsrpww
* = Wastewater header

Figure B-1: Water headers/mains design for internal process level or site level

Mass balance constraints for internal water mains

The following equations denote the mass balance equations. Eq(B-1) specifies the mass sink
balance for all sink ‘j* - the summation of the water source from each header ‘h’ (Fj, g ;) with
the freshwater (Fryy sk ;) equals to the flowrate of the sink (Fgk ;). Eq(B-2) denotes the source
mass balance for all source ‘i’, i.e. the summation of the water flow sent to each header ‘h’
by source ‘i’ (Fsg; ) and the water sent to the wastewater header (Fgg; ww) is equals to the

flowrate of the source (Fgg;). Eq(B-3) specifies the mass balance around the headers. The
total outlet water flow from header ‘h’ is equal to the total inlet water flow to header ‘h’, and
the total water flow is equal to the header flowrate (Fj,).

, B-1

Ynen Frskj + Frwskj = Fsgj  VJ (B-1)
] B-2

Ynet Fsrin + Fsriww = Fspi Vi (8-2)
(B-3)

2:1'6] Frskj = Yiet Fsrin = Fn Vh
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The allocation of the sources must fulfil the contaminant limits as well. Eqs(B-4 and B-5) are
formulated to ensure the maximum limits for contaminants are not violated.

B-4
Yiet Fsrin Crsri = FnCen Yk, h (B-4)

. B-5
Yinert FrskjCin + Frw sk jCrorw < FskjZiskj VK, J (B-5)

Eq(B-4) specifies that for contaminant ‘k’, the load of the contaminants from all the sources
sent to each header ‘h’ (Fg; 4, Cy sri), Where Cy, sg; is the concentration of contaminant ‘k’ for
source ‘i’ is equal to the contaminant load inside header ‘h’ (F,Cy ), Where Cy j is the
concentration of contaminant ‘k’ in the water header ‘h’. Eq(B-5) is formulated to ensure the
maximum contaminant limit for the sink for each contaminant ‘k’ is not violated. The
contaminant load from the header (Fj, sx;Cy ) plus the contaminant load from the fresh
resource Fry skjCrrw has to be equal or lower than the contaminant load of a sink
FsgjZy skj» Where Cy py and Zy sk ; are the respective concentration of contaminant ‘k’ in

freshwater and sink °j’.

Note that with a process that involves water gains and loss, the following water balance
equation- Eq(B-6) for a unit is used to check the flowrates of the sink and source are satisfied.
e B-6

FSKj+Fgain,j:FSRi+Floss,i Vilj=i (B-6)

Mass balance constraints for Total Site water mains

The mass balance equations for Total Site water mains design are similar to the equations for
internal water mains, but the extra source or sinks from another plant ‘p’ have to be
considered.

. B-7

Yner Fnpskj + Frwpskj + 2iet Fpsriskj = Fpskj VD (B-7)
. B-8

Yner Fosrin + Fpsriww + Xjej Fpsriskj = Fpsri Vi, P (B-8)
(B-9)

ZpEP Zje] Fh,p,SKj = ZpEP Zisl Fp,SRi,h =F, Vh

Eq(B-7) specifies the mass balance for all sinks ‘j for a specific process ‘p’- the summation
of the water from each header ‘h’ (Fy , sk j), the freshwater (Fgy, 5, sx j), and the internal source

‘i’ from process ‘p’ itself (F, sr;sk;) €quals to the flowrate of the sink (F, sx;). Eq(B-8)

denotes the source mass balance for all source ‘i’ and process ‘p’, i.e. the summation of the
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water flow sent to each header ‘h’ by source ‘i’ from process ‘p’ (Fy, sgin), the water sent to
the wastewater header (F, sg; ww ), and the internal recycling of source ‘i’ to all sinks in the
process ‘p’ itself (Fy sri sk ;) 1S €quals to the flowrate of the source (F,, sg;). Eq(B-9) specifies

the mass balance around the headers. The total outlet water flow from header ‘h’ is equal to
the total inlet water flow to header ‘h’, and the total water flow is equal to the header flowrate

(Fn)-
Eqs(B-10 to B-11) are formulated to ensure the maximum limits for contaminants are not
violated, similar to the single contaminant case.

B-10
Ypep ier Fpsrin Cipsri = FnCen VK R ( )

Yner Frp,skjCin + Xier FpsriskjCrpsri T FrwpskjCrrw < (B-11)

Fp,SKjZk,p,SKj Vk,j,p

Note that the model specified Eqs(B-7 to B-11) allow the options for internal process
recycling, along with the water use by the headers. If only headers are allowed, the term
Fy, sriskj can be removed.

Obijective functions

In this work, two objective functions are specified to investigate the sets of solutions
produced. The first objective function is the minimisation of fresh resource usage, as denoted
in Eq(B-12). This is coherent with the solutions from the Pinch-based approach as it targets
the minimum freshwater requirements.

Obj = min Fpy 7 = min ZpEP Zje] FFW,p,SKj Or min Zje] FFW,SKj (B-12)

To identify the solutions that have the optimal cost performance, the Total Annualised Cost
(TAC) is used as another criterion to be minimised- see Eq(B-13). Eq(B-14) shows the
formulation of the TAC estimation equation. In this work, the covered capital cost is the cost
for piping connection (Capyiping), the cost for building the water header/mains (Capqins)
and cost for purchasing the pumps (Cap,ymp), for which all are multiplied with annualised
factor (AF). The operating cost included the cost of purchasing fresh resources, wastewater
treatment cost, and the electricity cost dedicated to pumping power requirements. The unit
price for each of the operational cost is assumed constant and known, i.e. UPgy,, UPy, and
UP,,... The operating cost is then converted to annual cost using the specified annual
operating hours: Op.

Obj = min TAC (B-13)
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TAC = (Cappiping + CaPmains + Cabpump JAF (B-14)
+ (UPpw (Frw.r) + UPww (Fyw.r) + UPgecElec)Op

IR (B-15)

T 1-(1+4IR) "'life

AF

Overall, the internal water main design model is formulated with either objective function
Eq(B-12) or Eq(B-13), subject to the constraints of Eqs(B-1 to B-5). For the Total Site model,
similar equations for the objective functions can be used but subjected to constraints Eqs(B-
7 to B-11). The main variables to be identified are (a) Flowrates allocated to headers, (b)
concentration of headers, (c) number of headers, (d) Flowrates recycled internally (for Total
Site model). Note that the model is a Non-Linear Programming (NLP) due to the bilinear
terms in the water header calculations, where both flowrates (F,,) and its concentration (Cj, »)
are variables. The computation of the capital cost for piping, water heater, and pumps are
shown below.

The computation of capital cost for pumps is based on Seider et al. (2016). It is assumed in
this work that each piping connection connecting the source and sink requires a single pump.
The equations below explain the computation of the pumping capital cost. Eq(B-16) require
the calculation of the size factors for the pumps. The head range for the pump is from 50-200
ft, which in this work, the pump head is assumed as 175 ft. Eq(B-17) is the base cost for
purchasing the pumps (in 2002), multiplied by the material factor (F,,) and pump type factor
(F;). The value of E,, used in this work is 2.0 for stainless steel, and Ft used is 1.50. The base
cost is multiplied by the Chemical Engineering Index (CEPCI). The CEPCI in 2002 is 396
(Turton et al., 2018), and the CEPCI in 2019 is 607.5 (Chemical Engineering, 2019). Eq(B-
18) is the total purchase cost for the pump for the water eco-industrial park.

_ . (B-16)
Spijpr = Qp.i,j.p'Hgifmp
Cappumpp,i,j,p, (B'17)
_FF 612.1656—1.1448log(Sp‘i‘j‘pr)+O.0862(10g(5‘p'i'j'p/))2 (CEPCIzow)
MTt CEPClyp,
(B-18)

Cappump = ZhEH,pEP,jE],pIEP Cappumpp“i‘j‘p,

Where Sp,i,j,

of the water sources. @, ; ;IS the volumetric flowrates of the water sources in gal/min.

pr 1S the pump size factors for the piping connection correspond to the flowrates

Hpump represents the head of the pump. The unit for capital cost is in dollars ($).
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M Capital cost for piping

The cost for the piping is dependent on the selection of the diameter of the pipes, which is
dependent on the velocity of the water flows. To ensure the feasible flow of the water, it is
recommended the water velocity should be between 1-2 m/s. The diameters for the pipes are
estimated using Eq(B-19) — see (USDA, 2020).

0.408 Q]O'S (B-19)

14

o=

Where D is the diameter of the pipe, Q is the volumetric flowrate of the water flow in gal/min,
and V is the velocity of the water inside the pipe in ft/s. For conservative design, the velocity
of the water is set as 5.5 ft/s. The unit price for the pipes is presented in Table S1.

Table B-1: Unit price of piping for different pipe diameters (Butin et al., 2019)

Dpipe 20 | 40 |80 | 100 | 200 | 300 400 500 600 800 1,000 | 1,500

(mm)

Price/length, | 96 | 166 | 312 | 387 | 775 | 1,180 | 1,588 | 2,008 | 2,434 | 3,304 | 4,192 | 6,474
Cpipe(€/m)

As the selection of pipes is a discrete selection, the binary variables xy  ; s, Xp i h.s) Xp,ij,s aré
introduced to denote the selection of the pipe size, d € D. Eqs(B-20-B-21) indicate the
constraints introduced into the optimisation model.

Dpijpr = [%]05 (B-20)
Dyp,ijpr — % SMQA—=xp;i0" ) (B-21)
Foijpr = MZdED(xp,i,j,p’,d) (B-22)
Yaen(Xpjpra) <1 (B-23)

Eq(B-21) ensures that the selection of the pipe must be larger than the calculated pipe
diameter. The binary variables are forced to be zero when the selection of pipe is shorter than
the calculated pipe sizes. Eq(B-22) enforces that the pipe is selected when only non-zero
water flows exist. It also enforces that when there is a water flow, the pipes must be selected.
Eq(B-23) ensures that only a single pipe or none (when zero flows) are selected. The total
capital cost for the piping is computed with Eq(B-24).
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The big ‘M’ in Eqs(B-21 to B-22) can be set as the maximum values of the source flowrates.
However, in this study, we assume no maximum values for the flowrates, so we set M =
1,000 for all Eqs(B-21) and all case studies. As for Eqs(B-22), we set higher M=10,000
because the diameter is in mm, and the highest diameter is 1,500 mm.

(B-24)
Cappiping = ZpEP,iEI,jE],dED,pIEP(xp,i,j,p’,dcpiped )

C: Optimisation results for Section 4.3

C1: Single Contaminant

Internal Process headers. Table C-1 shows the comparison of the results. If the cost is
considered as the criterion, it indicates that 4 headers (excludes freshwater and wastewater
headers) yield the solution with the optimum cost, 2.80 M$/y (see the column with H=4)
compared to other header design options. It is due to the capital cost is more expensive than
the freshwater and wastewater cost to some extent, and building more internal water mains
could reduce the number of piping connections. Beyond the specification of H>4, the optimal
TAC increases as the piping, pumps and water mains cost become higher. However, the
optimum no. of headers for the objective of minimising the fresh resource usage remains as
3. The direct integration scheme cost lesser (2.55 M$/y) compared to the header design
because no cost is required for building the water main. It is also because, for direct
integration, a single pump is required for a single pipeline connection, i.e. one pump per
transfer from source to sink. However, in the header design, one pump is required to transfer
water from the source to the header, and another pump to transfer water from the header to
the sink. This assumption causes additional cost for the process.

Total Site Headers. For the Total Site water headers design, all the individual sources and
sinks are grouped together to form the site Composite Curves. This is to determine the overall
freshwater target for the industrial site. Figure C-1 shows the Composite Curves
representation for the Total Site. The overall freshwater target for the site is identified as
765.69 t/h. A similar headers design procedure is applied to the Composite Curves. The result
shows that at least 3 headers from the water sources are required to fulfil the overall fresh
resource target.

Notice that this approach assumes that no internal recycling before the Total Site headers
design. The solutions obtained directly from this approach may require an unnecessary
header, e.g. source from Plant 1 is sent to the header, and the water from the header is sent
back to plant 1. If internal recycling is allowed, the number of headers required for the system
is at least 2 (one below the Site Pinch Point and one above the Site Pinch Point).

Using the same data and method from Fadzil et al. (2018), the total freshwater target achieved
is 830.46 t/h with two headers. However, their work considers the uneven mixing of the
sources in the header, and they assume the headers flow in a certain sequence. They also
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fixed the number of headers and the range of the concentration level in the headers prior to
performing optimisation or Pinch Analysis.

Table C-1: Results comparison using a different approach for internal water mains design-
plant 1 for a single contaminant case. The optimal number of headers exclude freshwater
and wastewater headers

Objective Direct Header design
S integration
Graphical Optimisation
Approach Approach
H=1 H=2 H=3 H=4
Freshwater FrwT 206.7 206.7 302.4 240.6  206.7 206.7
[i?,‘?]')reme” Cost 206.7 ] 3024 2588 2348 2219
Wastewater Frwr 206.7 206.7 302.4  240.6 206.7 206.7

requiremen  Cost 302.4 2588 2348 2219

t (t/h) 206.7 _
TAC Cost

(M$/y) 255 _ 3.72 3.24 2.94 2.80
Optimal FrwT - 3 1 9 3 3
No. of Cost . , . .
headers - .

300,000

Header 1 Header2  Header 3 ;f
250,000 1y

I I ! .
I I I A
200,000 ; . | J I
2 X L
= I ! o ¥/
S . . I 7
g 1 . - i/
= . I Site Pinch . 4/
g 150,000 : 1 & 1
g | I Point . —e—Site Source CC
g . 1
= | | v, 1 —e—Site Sink CC
~ . . & b
100.000 I I 21 1 --- Header lines
’
. . # " b
P
I | 7 I !
5 : o !
50,000 I I/ 1 1
- > 1
L1 1 1
[P "
L - I N .
0 500, 1,000, 1,500 2,000 2,560 3,000
' .
T " Cumdlative flowrate (t/h)
Fyr = 765.69 t/h ST

Figure C-1: Total Site water mains design using Composite Curves for a single contaminant
case

Table C-2 shows a comparison of the results of each approach. For the mathematical
approach, the options for internal source recycling within processes are allowed. Notice that
the model with headers only set the internal source recycling flowrates to be zero, i.e.
Fy, sriskj = 0. The optimal number of headers considering just headers design is 3, which is
consistent with the solutions obtained using the graphical approach. However, if the internal
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recycling option is allowed, the optimum number of headers required is just 2 (exclude
freshwater and wastewater headers) to reach the overall freshwater target of 765.96 t/h. If the
cost criterion is used, the results show that only a single water header is to be used (adding
the freshwater header and wastewater header, the total number of water main is 3)
compromised with the additional freshwater requirement. This is due to the capital cost is
more expensive than the operating cost. For direct integration, i.e. direct utilising sources
between plants, is a more expensive scheme due to the high piping cost.

Table C-2: Results comparison using different approaches for Total Site water mains
design- for a single contaminant case. The optimal no. of headers excludes freshwater and
wastewater headers

Obijectives Direct Header design
Integration
Graphical Optimisation
Approach Approach
Headers only Internal recycling +
Headers

Total Frwt 765.96 765.96 765.96 765.96
Freshwater Cost
requirement 865.28 - 947.35 834.31
(t/h)
Total Frwt 765.96 765.96 765.96 765.96
Wastewater Cost
requirement 865.28 - 947.35 834.31
(t/h)
TAC (M3$/ly)  Cost 72.2 - 16.4 12.9
Total No. of Fewt - >2 3 2
headers Cost - - 1 1

C2: Multiple Contaminants

Internal Process Headers. If the cost is considered as the criterion, it indicates that only 1
header yields the solution with the optimum cost, 9.64 M$/y (see the column with H=1)
compared to other header design options. It is due to the capital cost is more expensive than
the freshwater and wastewater cost. The optimal TAC increases as the specification of the
headers (H) is larger. However, the optimum no. of headers for the objective of minimising
the fresh resource usage remains as 3. The direct integration scheme cost more (11.1 M$/y)
compared to the header design because the distance between plants is higher than the distance
from each plant to the site headers. In the direct integration scheme with optimal TAC, the
freshwater flow is 1,019.14 t/h, while the freshwater flow for header design with optimal
TAC is 1,020.39 t/h. This is due to the capital cost due to piping, water mains, and pumps
cost more than the freshwater and wastewater cost. Table C-3 shows the results comparison.

Total Site Headers. Table C-4 shows a comparison of the results of each approach. The
overall fresh resource is identified as 2,075.05 t/h, using both the graphical approach or the
mathematical approach for the direct integration scheme. For the mathematical approach, the
options for internal source recycling within processes are allowed. Notice that the model with
headers only set the internal source recycling flowrates to be zero, i.e. F, sg;sx;j = 0. It is
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interesting to note that the optimal number of headers considering just headers design is 5
with freshwater target 2,074.23 t/h by setting freshwater as the objective. This is due to the
computation difficulty due to the MINLP formulation for piping and pumps. However, if the
internal recycling option is allowed, the optimum number of header required is just 2 to reach
the overall freshwater target of 2,074.05 t/h. If the cost criterion is used, the results show that
only a single water header is to be used, compromised with additional freshwater requirement
(2,091.39 t/h). This is due to the capital cost is more expensive than the operating cost. For
direct integration, i.e. direct utilising sources between plants, is a more expensive scheme
due to the high piping cost with long distance between plants.

Table C-3: Results comparison using a different approach for internal water mains design-
plant 2 for multiple contaminants case. The optimal no. of headers excludes freshwater and
wastewater headers

Objectives  Direct Header design
integration

Graphical Optimisation
Approach Approach

H=1 H=2 H=3 H=4
Freshwater — Fewr 1018.50 101850 1,020.02 1,01850 1,01850 1,01850
requirement ’ T
(t/h) Cost 1,019.14 - 1,020.39 1,020.56 1,019.01 1,040.21
Wastewater Frwt 248.50 248.50 250.02 248.50 248.50 248.50
requirement Cost
(th) 249.14 i 250.39 250.56 249.01 270.21
TAC (M$ly)  Cost 11.1 - 9.64 9.93 10.4 12.3
Optimal No. Fewr - 3 1 2 2 2
of headers Cost - - 1 2 3 4

Table C-4: Results comparison using a different approach for Total Site water mains design-
for multiple contaminant case. The optimal no. of headers excludes freshwater and
wastewater headers

Objectives Direct Header design
Integration
Graphical Optimisation
Approach Approach
Headers only Internal recycling +
Headers

Total Frwt 2,074.05 2,074.05 2,074.23 2,074.05
Freshwater Cost
requirement 2,096.68 - 2,127.29 2,091.39
(t/h)
Total Frwt 486.05 486.05 486.23 486.05
Wastewater Cost
requirement 508.68 - 539.28 503.40
(t/h)
TAC (M3$/ly)  Cost 34.4 - 20.7 20.0
Total No. of Frwr - 3 5 2
headers Cost - - 1 1
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D: Modified Minmax Core method for Chapter 5

The modified minmax core method follows the same concept as presented in Section 5.2.2,
and the constraints are similar to Eqs(5-7 to 5-11) in the manuscript. In this case, the ‘n’ in
the Eq(D-2) represents n value of the minmax core (Drechsel and Kimms, 2011), which is to
be maximised. However, the total subsidies have to minimised as well. Notice that the scale
of ‘n’ (0-1) is different with the scale of ‘subsidise’. A factor is assigned to the ‘n’ in the
objective function. In this work the factor is set as 107

Modified LeastCore: Min Z Subsidise (p) —n * factor (D-1)
P

Zx (p) = nx| CSH(S) + ZSubsidise (p) | VSEN

pPES

pPES

z x (p) = CSS¥2(S) + Z Subsidise (p) S=N

DEN

DEN

Z Subsidise (p) < Budget
P

Subsidise (p) = |CS*P(p)| if CS*P(p) < 0,Vp € P

(D-2)

(D-3)

(D-4)

(D-5)

Semi-Super-additivity: CS**?({i}) — X peps Subsidise (p) < CS(S)

S = N,wherei €S

E: Nash Equilibrium derivation for taxation

(D-6)

Table E-1: Payoff table for park authority (G) and all stakeholders/plants

Stakeholders/Plants (P)

Recycle (8) No Recycle (1 — 6)

Regulation G: —Costy — ¥, sub(p) + | G:—Costy + X, Tax, (p)
()] Xp Tax(p) P: —Costg, — ¥p Tax,(p)

@ P: —Costg + Xp sub(p) —

= Yp Tax(p).

g

5 No Regulation | G: 0 G:0

S |a-o

cfu P: —Costg P: —Costg,

o
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Each player (stakeholders/authority) could obtain the payoffs depending on their own
selected strategy, and the strategy of other players. The wastewater taxes: Tax(p) after
recycling and Tax, (p) before recycling are calculated as follows.

Tax(p) = t(Ties Fp.sriwwCp,sri), Where t = tax rate/kg of pollutant (E-1)
Tax,(p) = t(Ties Fp.sriww,Cpsri), where t = tax rate/kg of pollutant (E-2)

The total cost for recycling activities for all stakeholders are Costy, and if they do not
implement any recycling, they have to pay the cost Costg . In most of the case, Costy is
larger than Costg_. In this study, these costs are the TAC calculated from the optimisation.

sub(p) represents the subsidies obtained from the authority. The probability of regulation
(willingness of regulation) is @ from the authority and the probability of recycling
(willingness to recycle) denoted as 6 for all plants ‘p’.

In a mixed strategy game, the payoffs that can be obtained by both players (assumed all
stakeholders combined efforts and counted as one player) can be estimated as follows:

Payoffs; =00 | —Costy — Z sub(p) + Z Tax(p)
P P (E-3)

+ (1 —-0)| —Costy + Z Tax,(p)
P

Payoffp =0 [(Z) (—Coste + Z sub(p) — Z Tax(p)) +(1- (Z))(—Costg)]
P P

+(1-9) l(b <—COStgo — 2 Taxo(p)> +(1- (Z))(—Costgo)]

p

(E-4)

To obtain the Nash Equilibriums, the payoffs are partially differentiated and set to zero for
the derivates, i.e.

dPayoffs 0 dPayoffp
9 90 -

(E-5)

The equilibrium probabilities can be identified using Eq(E-5), and the final results are
presented as follows:

B —Costy + ¥, Tax,(p)
B Zp Taxo (p) + Zp sub (p) - Zp Tax (p)

9 (E-6)
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_ Costg — Costy, — Ypsub(p) + X, Tax (p)
B Yp Taxo(p)

(E-7)

F: Linearised formulation for non-linear functions for Chapter 7
F1: Regression models of LMTD and UA

Linearisation of LMTD and UA are done by using a regressed equations- see details in Chin
et al. (2020b). The regressed models estimates the LMTD and UA with close to 99 %
accuracy. The regression parameters are case specifics. Eqs F-1 to F-11 show the formulation
for LMTD and UA estimation, for HEN retrofit model P1.

Qrp < CPCRLC; j + M(2 — Bfj 1o — Bl jikcw (F-1)

Qk,p = CPCiRLCiJP M(Z Bl} kp Bll]l kp (F-Z)

LMTDy,, = A (XXHyp — XXCip) + Ao (XXHy p + XXHLy, — XXCrpy — XXCLk ) + A3

(F-3)

UAxp = a1 LMTDy , + a3Qyp + as (F-4)

XXHyp < RXHyjip + (1= B jjxp)M (F-5)
XXHk,p = RXH”]]P (1 - llj]kp)M (F-6)
XXHLyp, < RLHy 5 + (1= Bf ;1 p)M (F-6)
XXHLyp, = RLH;; j; — (1= Bl jj )M (F-7)
XXCyp < RXCijp+ (1—Bfj )M (F-8)

XXCkp = RXClJ p (1 - Bic.j.k.p)M (F-9)
XXCLyp < RLCjp + (1= Bfj )M (F-10)
XXCLk,p = RLCUP (1 - Bi,j,k,p)M (F-11)

F2 Selling and dead size of exchangers (Askp and Adkp)

Eqgs 7-8 and 7-9 show the non-linear formulation of exchangers’ selling size and dead size
(scrapping). The formulations below linearise the equations, adapted from Butun et al. (2019).

For selling size:

Lsn = Alnlt XSkp VkEK, VpeEPandp =1 7-8)
k,p Aekp_1 XSkp VkeK, VpePandp #1
ASpp = Amltxsk,p VkeK,VpeEPandp =1 (F-12)
Asgp < Aegp_1XSkp VK EK,VpEPandp # 1 (F-13)
Asp, < xsp,M VkE€EK,Vp€EPandp # 1 (F-14)
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Asyp 2 Aegp_1 — (1 —xspp)M VK EK,Vp €Pandp # 1 (F-15)

For dead size:

ALY xdy Vk€E€K, VpEPandp =1

Ady, = 2 (7-9)
erp-1 Xdip Vke€K, VpEPandp # 1

Adyp, = A xdy, Vke€K,VpePandp=1 (F-16)

Adyp < Aegp_1xdy, VKEK,VpEPandp #1 (F-17)

Adyp < xdy,M Vk €K,VpEPandp # 1 (F-18)

Ady, = Aeyp1 — (1 —xdy,)M Vk€EK,¥pEPandp # 1 (F-19)

F3 Maximum of sold values, Cskp

Eq 7-29 depict the selling price of the heat exchanger is the maximum of sold value and the
salvage value of the heat exchanger, as shown: To linearise this expression, another two
binary variables: nsal and nsel are needed to indicate which value is chosen. Eqs F-20 to F-
22 show the linear formulation of the maximum function, adapted from Butun et al. (2019).

Cspp = max(Csvk,p,xsk,pCsalk) Vk € K,Vp € P (7-29)
xSkpCsaly < Csyp < x5y pCsaly + (1 — zsaly ,)M (F-20)
Csvip < Csp < Csvyp, + (1 — zsely ,)M (F-21)
zsaly, + zsely, =1 (F-22)

F4 Approximation of mean residual life (MRL)

Eq 7-32 shows the formula to compute the MRL of heat exchangers. Since it involves
integration from 0O to infinity, a Gauss-Lauguerre quadrature is used, with method shown
below:

I Ri(g+t)dg o e9e~IR(g+t) © _
MRL(¢) = % = Jy T d9 = Iy e INk(@)dg = E1 wuNien(9n)
(F-23)
IRk (g+t)
Nin(g) = 5 (F-24)
)"
R(t) = e \" (F-25)

Where N represents the N-point quadrature, wy is the weight parameters, gn is the parameter
replacing the integral, nk and Bk represent the shape and scale parameters of Weibull
reliability function of exchanger ‘k’. In this work, a 3-point quadrature is used since it
estimates the MRL with close to 95 % accuracy. Table below shows the parameters for 3-
points quadrature using Gauss-Lauguerre method. One just need to use the approximation in
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Eq A23 to calculate the MRL of exchanger ‘k’ at any period ‘p’, which avoids the
intimidating integration.

Table F1: Parameters for Gauss-Lauguerre quadrature

n On Wh

1 0.415775 0.711093
2 2.29428 0.278518
3 6.28995 0.0103893

F5 Taylor expansion for linear approximations

Formulations below show the linear approximations for heat transfer parameters presented
in Chin et al. (2020b) and MRL

-2
1 1 1
Uey, = T (Rerk_,,) — <Rerk_,,) (RUey,, — RUeoy ) (F-26)
(UA)kp = Aeyp,Uey, ~ (Aeoy ,Ueoy ) + Aeoy ,(Uey, — Ueoy ) + Ueoy, ,(Aey, —
Aeoy ) (F-27)
_ imy p+p by img p by b
MRLy, = YN_1 wyedre ( k ) +( k ) ~ MRLoy,, +:Tkk(—(imok,p +p) " Ty
k
(imok,p)bk_l) MRLoy, ,(imy., — imoy, ) (F-28)
B imoy p+p b imoy b
MRLoy,, = Xn-q wpene ) 5 (F-29)

Where RUeokp, Ueokp, Aeokp, MRLOkp and imoxp are some initial values for reciprocal heat
transfer coefficients, heat transfer coefficients, exchangers area, mean residual life (MRL)
and time for MRL.
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