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Abstract 

The rapid global industrialisation and urbanisation have placed heavy burdens on natural material 

resources consumption. 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. 

Contributing Research Work Presented in Peer-Reviewed Publications 

This thesis has been developed based on my publications in several distinguished international 

journals. 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 fault diagnosis and monitoring in a chemical 

process system. 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 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, 

taxation policy and price negotiation on wastes recycling. The rest of the two chapters (Chapter 

6 and 7) denote the proposed approaches in asset management. 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. 
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 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. 

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. 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. 

  

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

 

This thesis 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. 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 can be 

targeted with the parameters such as flowrates, qualities of the resources or number of storages for the 
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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. 

  

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.  

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 c) smarter product manufacturing and 

use. These groups stem from the 10R framework, as shown in Figure 1-3 

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. Reduce (R2) strategy should also be widely applied in the field of asset 

management to reduce the scraps generation from equipment decommissioning. 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 
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decommissioning projects could reduce the generation of scraps. Eliminating these obstacles is the key 

to make the economy more circular. 

 

Figure 1-3: Circular Economy strategy: 10R framework, adapted from Potting et al. (2017) and 

Klemeš et al. (2020) 

 

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. 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. 

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. 

(ii) 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 



10 | P a g e  

 

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 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 

 Chin HH, Varbanov PS, Liew PY, Klemeš 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]  

 Chin HH, Varbanov PS, Liew PY, Klemeš JJ, 2021. Extension of Pinch Analysis to Targeting 

and Synthesis of Multi-Contaminant Material Recycle and Reuse Networks. Chemical 

Engineering Science (Under R2 Review) [IF = 4.311] [CiteScore = 7.3] 

 Chin HH, Varbanov PS, Liew PY, Klemeš 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] 

 Chin HH, Varbanov PS, Liew PY, Klemeš JJ, 2020. Pinch Approach for Targeting in Multi-

Contaminant Material Recycle/Reuse Network. Chemical Engineering Transaction, 81, 145-150 

(Citations = 1) [CiteScore = 1.5] 
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Chapter 4: Total Site Materials Headers/Mains targeting framework using Pinch framework and 

Optimisation 

 Chin HH, Xuexiu Jia, Varbanov PS, Klemeš 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] 

 Chin HH, Varbanov PS, Klemeš JJ, Wan-Alwi SR, 2021. Total Site Material Recycling Network 

Design and Headers Targeting Framework with Minimal Cross-Plant Source Transfer. 

Computers & Chemical Engineering, 151, 107364. [IF = 3.845] [CiteScore = 7.0] 

 Chin HH, Xuexiu Jia, Varbanov PS, Klemeš 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, Klemeš 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, Klemeš JJ, Bandyopadhyay S, 2021. Subsidised Water Symbiosis of 

Eco-Industrial Parks: A Multi-Stage Cooperative Game Theory Approach. Computers & 

Chemical Engineering (Under R1 Review) [IF = 3.845] [CiteScore = 7.0] 

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

allocation 

 Chin HH, Varbanov PS, Klemeš JJ, Lam HL, 2019. Application of Pinch Analysis to Opportunistic 

Maintenance Management. Chemical Engineering Transactions, 76, 535-540 (Citations = 3) 

[CiteScore: 1.5] 

 Chin HH, Varbanov PS, Klemeš 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, Klemeš 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, Klemeš 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, Klemeš 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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 LITERATURE REVIEW 

2.1 Process Integration tools for material resource conservation 

An important invention of Mass Exchange Networks (MENs) 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. El-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. El-Halwagi et al. (2003) later 

provided a single-stage targeting method to identify minimum resources for a single contaminant 

water network through rigorous analysis. Both methods apply to mass exchange processes, 

and they rely on the basic principle of concentration driving force.  

A comprehensive review of the historical development of Pinch Analysis in the water network 

has been done by Foo (2009). Klemeš et al. (2018) have conducted a comprehensive overview 

of various extensions of PA in Mass Integration, including water and hydrogen integration. The 

detailed industrial applications of Mass PA until 2013 was covered by the first edition of the PI 

Handbook (Klemeš, 2013a), which proves the success of PA as a tool for handling a single 

contaminant water network target and design. 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 a mathematical approach, 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.  

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. 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. 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. 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 
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identify the target for minimum usage of fresh resources ahead of detailed design. 

2.2 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 

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 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. They applied the 

Monte Carlo approach to generate several production instances, and significant improvement 

of profit is obtained using the proposed model.  

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 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. The capability of Pinch Analysis to target the resources and identify 

bottlenecks through visualisation provides added merits for its applicability. 
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 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 and derivation of the insights (i.e. source arrangement sequence)- see the published 

paper by the same authors (Chin et al., 2021b). 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., 2021b) 

3.1 Identify the limiting contaminants for each source-sink pair 

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.  

 

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

Eqs (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 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 to 3.1.2. 

𝑀𝑖𝑛 𝐹𝐹𝑊𝑇 = ∑ 𝐹𝐹𝑤,𝑆𝐾𝑗𝑗      (3-1) 

𝐹𝑆𝑅𝑖 = ∑ 𝐹𝑆𝑅𝑖,𝑆𝐾𝑗 + 𝐹𝑆𝑅𝑖,𝑊𝑊𝑗    ∀ i    (3-2) 

𝐹𝑆𝐾𝑗 = ∑ 𝐹𝑆𝑅𝑖,𝑆𝐾𝑗 + 𝐹𝐹𝑤,𝑆𝐾𝑗𝑖    ∀ j      (3-3) 

∑ 𝐹𝑆𝑅𝑖,𝑆𝐾𝑗𝐶𝑘,𝑆𝑅𝑖 + 𝐹𝐹𝑤,𝑆𝐾𝑗𝐶𝑘,𝐹𝑤 ≤ 𝐹𝑆𝐾𝑗𝑍𝑘,𝑆𝐾𝑗    ∀ j  ∀ k𝑖     (3-4) 

where FFWT represents the total freshwater flowrate, FFw,SKj is freshwater to sink 'j' flowrate, FSRi is 

source 'i' flowrate, FSRi,SKj is source 'i' to sink 'j' flowrate, FSRi, WW is source 'i' to waste flowrate, FSKj 

is the sink 'j' flowrate, Ck, SRi is the concentration of contaminant 'k' in source 'i', Ck,Fw is the 

concentration of contaminant 'k' in freshwater, and Zk,SKj 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 
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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 

Eqs (3-1)-(3-4) for understanding the multi-contaminant problem and deriving certain heuristics 

for fresh resource targeting purposes. 

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 can be rearranged to 

find the expression of the minimum freshwater target- see Eq (3-5). 

The freshwater requirement is equal to the maximum value among the requirements across all of 

the contaminants. The maximum value is used as one contaminant may require more dilution 

than another and becomes limiting.  

𝐹𝐹𝑤,𝑆𝐾1 ≥ max
𝑘

(𝐹𝑆𝐾1 [1 − (
𝑍𝑘,𝑆𝐾1 − 𝐶𝑘,𝐹𝑊

𝐶𝑘,𝑆𝑅1 − 𝐶𝑘,𝐹𝑊

)])                   

= 𝐹𝑆𝐾1 [1 − min
𝑘

(
𝑍𝑘,𝑆𝐾1 − 𝐶𝑘,𝐹𝑊

𝐶𝑘,𝑆𝑅1 − 𝐶𝑘,𝐹𝑊

)]  

(3-5) 

Based on expression (3-7), 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'.  

For a problem with 'k' contaminants with 'N' internal sources, the ratio of sink concentration to the 

source concentration play an important role. The freshwater target is shown in expression (3-6), 

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 FSR2,SK1, then SR1 should be prioritised.  

𝐹𝐹𝑤,𝑆𝐾1 ≥ max
𝑘

(𝐹𝑆𝑅1,𝑆𝐾1 [
𝐶𝑘,𝑆𝑅1 − 𝐶𝑘,𝐹𝑊

𝐶𝑘,𝑆𝑅_ max  − 𝐶𝑘,𝐹𝑊

− 1] + ⋯ + 𝐹𝑆𝑅𝑁,𝑆𝐾1 [
𝐶𝑘,𝑆𝑅𝑁 − 𝐶𝑘,𝐹𝑊

𝐶𝑘,𝑆𝑅_ max  − 𝐶𝑘,𝐹𝑊

− 1]

+ 𝐹𝑆𝐾1 [1 − (
𝑍𝑘,𝑆𝐾1 − 𝐶𝑘,𝐹𝑊

𝐶𝑘,𝑆𝑅_ max  − 𝐶𝑘,𝐹𝑊

)]) 

(3-6) 

The proposed ratio (Z*k,sk/C*k,SR_max) helps to identify the source prioritisation as this ratio 

constitutes the constant term in expression (3-6). If the ratio is minimum for contaminant 'k', then 

the constant term: 𝐹𝑆𝐾1 [1 − (
𝑍𝑘,𝑆𝐾1−𝐶𝑘,𝐹𝑊

𝐶𝑘,𝑆𝑅_ max  −𝐶𝑘,𝐹𝑊
)] has a maximum value which means the source 

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.  

3.2 Pinch-based graphical interface for resource targeting and network design 

An efficient graphical targeting or design method for the single contaminant material recycle/reuse 

problem is to sequential, fulfilling each sink with internal resources, which are prioritised with 

contaminant concentrations.  

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 

3-4. The overlapped flow rate represents how many sources can be used for the sink. The 
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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 3-4. 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 3-4. Adding together the fresh resource flow, Figure 3-4 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 3-4a-cThe benefits of determining the freshwater target 

for each sink sequentially allows for that sink the source allocation to be determined 

simultaneously. 

 

Figure 3-4: Sequential source allocation with Pinch-based methodology with graphical 

representation, adapted from El-Halwagi et al. (2003) 
 

If a similar strategy is applied in the multi-contaminant problem, a slight adjustment on the Source 

CC has to be done. However, 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 3-5. Source 1 and Source 2 are conflicting. The sources are arranged based on the 

ascending order of contaminant 'A' concentration (limiting). 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. 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. 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 3-5b), i.e. Pinch Points occur for all the contaminants. Similar steps 

can be repeated for the subsequent sinks.  
 

 

Figure 3-5: Source allocation strategy for a single sink 
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 TOTAL SITE MATERIALS HEADERS/MAINS TARGETING 

FRAMEWORK USING PINCH FRAMEWORK AND OPTIMISATION  

This chapter presents a framework for identifying material mains/headers for internal 

processes or at the site-level using a 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. Section 4.2 extends the analysis to multiple qualities 

for a problem with the same type of resources.  

4.1 Headers/Mains targeting framework for single contaminant/quality  

4.1.1 Internal process headers targeting  

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. 

 

Figure 4-1: Illustrative 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.  

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 
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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. 

 

Figure 4-2: 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 

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.  

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., 2010). 

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 

The Composite Curves tells the information on how the cross-plant transfer can be performed to 

ensure the fresh resources can be further reduced. Chin et al. (2021b) analysed various possible 

options of cross-plant transfer schemes and recommended three strategies:  

(a) Scheme 1: Transfer of sources from a Low-Quality Region (LQR) of one plant to another 

plant’s High-Quality Region (HQR) 

(b) Scheme 2: Transfer of sources from HQR of one plant to another plant’s LQR, followed by 

at least one Scheme 1. 
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(c) Scheme 3: Transfer of sources from LQR of one plant to another plant’s LQR, followed by 

at least one Scheme 1.  

  

Figure 4-3: Plant B send its unused sources (LQR) to Plant A (HQR higher than Site Pinch). 

Pinch Point for plant B is lower than the Site Pinch Point. 

Figure 4-3 shows the demonstration of the cross-transfer scheme where the source of one plant 

from the LQR into another plant’s HQR. This is feasible when the receiver plant has Pinch Point 

higher than the Site Pinch Point (lower quality), and the supplier plant has Pinch Point lower than 

the Site Pinch Point (higher quality). In this example, Plant B has sources in the LQR but has 

better quality than the Site Pinch Point and can be used to replace sources with quality than the 

Site Pinch Point in Plant A. This potentially could lower the Pinch Point in Plant A so that its Pinch 

Point could reach the Site Pinch Point. 

Another scheme is when the transfer of source in the HQR of one plant to LQR of another plant 

is possible, as shown in Figure 4-4. In this demonstration, the Pinch-causing source in Plant B is 

actually wasted in the LQR sinks since the Pinch Point in Plant B is lower than Site Pinch Point. 

Unlike in Figure 4-8, the transfer is from exactly the Point Point in Plant B instead of above the 

Pinch Point as compared to Scheme 1. In exchange, the HQR source in Plant A, which has worst 

quality than the Site Pinch Point, can be used to replace the LQR Pinch-causing source in Plant 

B. Note that the supplier Plant A can send any source which has quality lower than the plant’s 

Pinch Point but higher than the Site Pinch Point. Scheme 3 also follows the same demonstration 

in Figure 4-9. In this case, the supplier Plant A should send the Pinch-causing source (source at 

the Pinch Point) in the LQR region to the receiver Plant B instead of from the HQR region. Note 

that for these two schemes, there is a transfer from LQR to HQR (Plant B to Plant A), which allows 

the reduction of the flows of fresh resources and wasted sources. 

In fact, any other cross-plant sources exchanges are possible but may not be as effective and 

could incur more unnecessary transfers that cost more. For example, the supplier plant can give 

up part of their sources in the HQR to send to the receiver plant’s HQR, but it is ineffective to the 

overall fresh resource consumptions. By observing the transfer schemes, the plants that have the 

Pinch Point lower than the Site Pinch Point (higher quality) can send out their sources to other 

plants that have Pinch Points higher than the Site Pinch (lower quality). This guarantees to reduce 

the overall fresh resource consumption. This observation is applicable to multiple qualities 

problem as well, which is explained in the next section. 
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Figure 4-4: Plant B send its unused sources (LQR) to Plant A (HQR), and Plant A send its 

sources (HQR higher than the Site Pinch Point) to Plant B (Pinch Point) 

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. (2021), 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. 

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 4-5 shows the examples after the freshwater target for each sink is identified. 

In the example of Figure 4-5, 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 4-6.  

 

Figure 4-5: Illustrative example of constructing header lines for multiple contaminants – all 

contaminant limits are reached 
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Figure 4-6: 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 
 

In Figure 4-6a, the contaminant B limit for sink 1 is supposed to be fulfilled in Figure 4-5 but not 

fulfilled due to the header mix. The single header mix becomes infeasible for the overall system 

without adding more freshwater, see Figure 4-6b, 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 4-7, the initial observation is that only a single header is enough 

to satisfy all the sinks without causing additional freshwater requirements. 

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 requirements 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 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  
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Figure 4-7: Illustrative example of constructing header lines for multiple contaminants – one of 

the contaminants limits are reached only 
 

 

Figure 4-8: (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. 

4.2.2 Total Site headers targeting  

4.2.2.1 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 4-37. 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. 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.  
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Figure 4-9: Plant B send its unused sources (LQR) to Plant A (HQR higher than Site Pinch 

Points) 

In the demonstration shown in Figure 4-10, 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. However, in the case 

where Plant B has a higher Pinch Point in Quality B than the Site Pinch Point - see Figure 3-9, 

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.  

 

Figure 4-10: 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. 

 

Figure 4-11: 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  
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 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 incentives can be a rewarding scheme for the recycling efforts, while the subsidies 

are the money required to build the facilities (Section 5.1). 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 5.2).  

5.1 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.  

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. 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).  

Super-additivity: 
( ) ( ) ( ) , ,       CS S T CS S CS T S T N S T

 
(5-1). 

Monotonicity: 
( ) ( )CS S CS T S T 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 
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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.  

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 (CSinc) represents the operating cost saving for all coalition ‘S’, which is 

represented in Eq(5-2). 

𝐶𝑆𝑖𝑛𝑐(𝑆) = 𝑈𝑃𝐹𝑊(𝐹𝐹𝑊,𝑂(𝑆) − 𝐹𝐹𝑊,𝑇(𝑆)) + 𝑈𝑃𝑊𝑊(𝐹𝑊𝑊,𝑂(𝑆) − 𝐹𝑊𝑊,𝑇(𝑆))   ∀𝑆 ∈ 𝑁 (5-2) 

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) and the min-max core (Drechsel and Kimms, 2010). 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 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(5-3). 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(5-4) with the symbiosis model and determine the minimum subsidies amount.  

𝐶𝑆𝑠𝑢𝑏(𝑝) = 𝑇𝐴𝐶𝑜(𝑝) − 𝑇𝐴𝐶(𝑝) + 𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑠(𝑝) ∀𝑝 ∈ 𝑃 (5-3) 

𝑃𝑟𝑜𝑓𝑖𝑡(𝑝) = 𝐶𝑆𝑠𝑢𝑏(𝑝) + 𝑆𝑢𝑏𝑠𝑖𝑑𝑦(𝑝) ∀𝑝 ∈ 𝑃 (5-4) 

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 connections 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.  

The modified 𝜀 -core method for subsidies allocation to account for super-additivity and 

monotonicity is presented in Eqs(5-5 to 10). 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 
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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(5-5), the value of 𝜀𝑠𝑢𝑏 is minimised as 

well. If 𝜀𝑠𝑢𝑏< 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 𝜀𝑠𝑢𝑏> 0, this means there are other smaller coalitions 

better than the grand coalitions. The stakeholders could obtain more profits in a smaller coalition. 

Eq(5-8) indicates the total subsidies must be lower than the budget of the park authority, Eq(5-9) 

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(5-10) 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 not shown.  

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑒𝑎𝑠𝑡𝐶𝑜𝑟𝑒:  𝑀𝑖𝑛  ∑ 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑠𝑒 (𝑝)

𝑝

+ 𝜀𝑠𝑢𝑏 (5-5) 

 ∑ 𝑥 (𝑝)

 

𝑝∈𝑆

− ∑ 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑠𝑒 (𝑝)

 

𝑝∈𝑆

≥ 𝐶𝑆𝑠𝑢𝑏(𝑆) − 𝜀𝑠𝑢𝑏   ∀𝑆 ∈ 𝑁 (5-6) 

∑ 𝑥 (𝑝)

 

𝑝∈𝑁

− ∑ 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑠𝑒 (𝑝)

 

𝑝∈𝑁

= 𝐶𝑆𝑠𝑢𝑏(𝑆)     𝑆 = 𝑁 (5-7) 

∑ 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑠𝑒 (𝑝)

𝑝

≤ 𝐵𝑢𝑑𝑔𝑒𝑡 (5-8) 

𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑠𝑒 (𝑝) ≥ |𝐶𝑆𝑠𝑢𝑏(𝑝)|  𝑖𝑓 𝐶𝑆𝑠𝑢𝑏(𝑝) < 0, ∀𝑝 ∈ 𝑃 (5-9) 

Semi-superadditivity: 𝐶𝑆𝑠𝑢𝑏({𝑖}) − ∑ 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑠𝑒 (𝑝)𝑝𝜖𝑝𝑠 ≤ 𝐶𝑆𝑠𝑢𝑏(𝑆), 

  𝑆 = 𝑁, 𝑤ℎ𝑒𝑟𝑒 𝑖 ∈ 𝑆 
(5-10) 

5.2 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(5-11).  

𝑇𝑎𝑥(𝑝) = 𝑡(∑ 𝐹𝑝,𝑆𝑅𝑖,𝑊𝑊𝐶𝑝,𝑆𝑅𝑖
 
𝑖𝜖𝐼 ), where t = tax rate/kg of pollutant (5-11) 

 

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

park  
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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.  

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 of each party. 𝑇𝑎𝑥𝑜(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 

P
a

rk
 A

u
th

o
ri

ty
 (

G
) Stakeholders/Plants (P) 

 Recycle (𝜃)  No Recycle (1 − 𝜃) 

Regulation 

 (∅) 

G:−𝐶𝑜𝑠𝑡∅ − ∑ 𝑠𝑢𝑏(𝑝)𝑝 + ∑ 𝑇𝑎𝑥(𝑝)𝑝  

P: −𝐶𝑜𝑠𝑡𝜃 + ∑ 𝑠𝑢𝑏(𝑝)𝑝 − ∑ 𝑇𝑎𝑥(𝑝)𝑝 . 

G:−𝐶𝑜𝑠𝑡∅ + ∑ 𝑇𝑎𝑥𝑜(𝑝)𝑝  

P: −𝐶𝑜𝑠𝑡𝜃𝑜
− ∑ 𝑇𝑎𝑥𝑜(𝑝)𝑝  

No Regulation  

(1 − ∅) 

G: 0 

P: −𝐶𝑜𝑠𝑡𝜃 

G: 0 

P: −𝐶𝑜𝑠𝑡𝜃𝑜
 

 

𝜃 =
−𝐶𝑜𝑠𝑡∅ + ∑ 𝑇𝑎𝑥𝑜(𝑝)𝑝

∑ 𝑇𝑎𝑥𝑜(𝑝) + ∑ 𝑠𝑢𝑏(𝑝)𝑝𝑝 − ∑ 𝑇𝑎𝑥 (𝑝)𝑝

 (5-13) 

∅ =
𝐶𝑜𝑠𝑡𝜃 − 𝐶𝑜𝑠𝑡𝜃𝑜

− ∑ 𝑠𝑢𝑏(𝑝)𝑝 + ∑ 𝑇𝑎𝑥 (𝑝)𝑝

∑ 𝑇𝑎𝑥𝑜(𝑝)𝑝

 (5-14) 

The Nash Equilibrium solutions for the strategies (∅ and 𝜃) of both parties are presented in Eqs(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 𝐶𝑜𝑠𝑡𝜃 > 𝐶𝑜𝑠𝑡𝜃𝑜
. 

(b) The increases in the subsidies obviously increase the recycling probability (𝜃), motivating the 

stakeholders to invest in the recycling scheme. This also decreases the probability of the 

authority regulation (∅) as well. 

(c) The increases of the wastewater tax rate ‘t’ reduces the authority regulation probability (∅), 

and increases the recycling probability of the stakeholders (𝜃) 

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)𝑝 ≤ ∑ 𝑇𝑎𝑥(𝑝)𝑝  (5-15) 
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Condition 2:  ∑ 𝑇𝑎𝑥(𝑝)𝑝 ≤ 𝐶𝑜𝑠𝑡𝜃𝑜
− 𝐶𝑜𝑠𝑡𝜃 + ∑ 𝑠𝑢𝑏(𝑝)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 

( 𝐶𝑜𝑠𝑡∅ ) 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 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.   

 

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

Infeasible tax rates  

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 

5.3 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.  

 

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 a 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. A binding agreement can be formulated between the stakeholders and 

the park authority using the solutions from the modified core methods.  
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 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 6.1 

presents the Pinch Analysis in opportunistic maintenance framework based on the publication 

in Chin et al. (2019), and Section 6.2 in maintenance tasks allocation according to Chin et al. 

(2020). 

6.1 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).  

𝐶𝐹,𝑖𝑘 = (𝐶𝑜
𝑐 + 𝐶𝑖

𝑐) ∫ 𝑓𝑖(𝑡)𝑑𝑡
(𝑘+1)𝑇

𝑇𝑖,𝑘
∗   ∀𝑖, 𝑘   (6-1) 

Where CF,ik represents the expected failure cost of component i at time interval [T*i,k, (k+1)T], Co
C

 

is the common set-up cost due to the failure, Ci
C is the corrective replacement cost for component 

i, and T*i,k is the last periodic maintenance for component i- Eq(13). The common set-up cost, Co
C 

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. 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*i,k is 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*i,k can be computed using Eq(13) as follows: 

𝑇𝑖,𝑘
∗ = {

𝑘𝑇
 𝑇𝑖,𝑘−1

∗
, 𝑘 𝑚𝑜𝑑 𝐹𝑖 = 0

, 𝑒𝑙𝑠𝑒                  
  ∀𝑖, 𝑘    (6-2) 

The condition statement from Eq(6-2) signifies that T*i,k equals to kT, only if the k modulo the 

maintenance frequency of component i, Fi 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*i,1). 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*i,0) to 2T.  

The opportunistic cost saving for each component and each time period can be computed using 

Eq(6-3). 

𝐶𝑂𝑆,𝑖𝑘 = (𝐶𝑜
𝑝

+ 𝐶𝑖
𝑝

) (1 − ∫ 𝑓𝑖(𝑡)𝑑𝑡 
(𝑘+1)𝑇

𝑇𝑖,𝑘
∗ ) − 𝐶𝑖

𝑝
(1 − ∏ ∫ 𝑓𝑗(𝑡)𝑑𝑡

(𝑘+1)𝑇

𝑇𝑖,𝑘
∗

 
𝑗≠𝑖 )  ∀𝑖, 𝑘    (6-3) 

Where COS,ik represents the expected cost saving due to opportunistic rescheduling of component 

i at time interval [T*i,k, (k+1)T], Co
P is the common set-up cost due to preventive maintenance 

(assumed $ 20,000 <Co
C), Ci

P 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*i,k, (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 
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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
P is not considered in this term due to the corrective set-up cost has been incurred 

(Co
C) as failure happens. Figure 6-1 is presented to allow the illustration of the concepts explained. 

 

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: 

(i) 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. 

(ii) 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 case study presented in Chin et al. (2019). 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 of 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 
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$ 789,270 (about 65 % or total failure cost) can be saved from the opportunistic maintenance 

policy (overlapped regions). 

 

Figure 6-2: Graphical representation of the Pinch Analysis framework before shifting (a) 

Composite Curves (b) Grand Composite Curve 

 

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. 

6.2 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. 
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After the individual maintenance time (ti,j) are found, the maintenance grouping model is then 

solved to determine the optimal maintenance tasks clusters. The model is presented in Chin et 

al. (2020) 

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 presented in Chin et al. 

(2020). 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 6th and 7th d. The 'pinch' 

point is expected at the 8th 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 11th d as all the 

tasks are expected to finish.  

 

Figure 6-4: Pinch Analysis framework (8 h/d shift for 5 d shift) with (a) Infeasible Composite 

Curves matching (b) Infeasible Grand Composite Curve (GCC) (c) Feasible Composite Curves 

matching after shifting (d) Feasible GCC after shifting 
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 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. The study is applied to heat 

exchanger network case studies. 

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 ‘kn’ (kn ∈ KN ⊆K), 

which represents the new heat exchanger units and set ‘ko’ (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. KN∪KO=K. Figure 7-1 shows the overall 

framework. 

 

Figure 7-1: The integrated investment and maintenance framework for HEN retrofit. 

 

At each period ‘p’, a decision to commission or decommission each heat exchanger ‘k’ is made. 

The commission decision is represented with buying action, which is modelled as a binary variable 

xbk,p. The decommission actions are divided into two types, which are either selling the unit (xsk,p) 

or scrapping the unit (xdk,p) when the exchanger has reached the end of its lifetime. To keep track 

of the exchangers’ existence, another binary variable is introduced, xek,p. If the exchanger exists 

(xek,p=1), it has to be decommissioned first before it is repurchased.  

7.1.1 Decommissioning 

The set of constraints provides the logical actions about the decommissioning of the exchangers 

in the HEN 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, whereas the existing exchangers can be decommissioned at the start of the project, 

and new exchangers could be purchased to replace them. The constraints also enforce that at 

the end of the period, all exchangers that exist must be decommissioned.  
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7.1.2 Commissioning 

The constraints related to the commissioning action, i.e. the purchasing action, are included. The 

purchase size of a unit Abk,p should be within a logical range (Amink,p≤ Abk,p≤ Amaxk,p) that are 

available in the market. In this work, the minimum purchased area is set to be the initial area of 

the exchangers. For the set of new unit ‘KN’, the initial area is zero. Likewise, the maximum area 

is set to be the ‘big M’ variable. The constraints also define the range of the sizes for the bought 

units. The constraints are also modelled to ensure that the purchasing action is not performed at 

the end of the investment project. 

7.1.3 Service life and cost model of exchangers 

The heat exchanger is still functional as long as its end-of-life has not been reached and decrease 

by one for each year. The model is formulated to relate the remaining service life to the investment 

planning actions. 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. 

The model is also adapted and modified from Butun et al. (2019). 

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(7-1). 

𝑓𝑘(𝑡) =
𝐵𝑘

𝑛𝑘
(

𝑡

𝑛𝑘
)

𝐵𝑘−1

𝑒
−(

𝑡

𝑛𝑘
)

𝐵𝑘

  ∀𝑘 ∈ 𝐾                                              (7-1) 

Where fk(t) is the failure probability of unit k, Bk and nk 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: 

𝑅𝑘(𝑡) = ∫ 𝑓𝑘(𝑡)𝑑𝑡
∞

𝑡
= 𝑒

−(
𝑡

𝑛𝑘
)

𝐵𝑘

                                                                     (7-2) 

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 ‘t’. 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 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(7-3): 
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𝑀𝑅𝐿𝑘(𝑡) = 𝐸𝑡(𝑇 − 𝑡|𝑇 > 𝑡) =
∫ 𝑅𝑘(𝑢)𝑑𝑢
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𝑡

𝑅𝑘(𝑡)
=
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∞

0

𝑅𝑘(𝑡)
  (7-3) 

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. Part of the optimisation results are shown in Figure 7-2, showing 

the maintenance status of each exchanger in each period. It can be seen that for exchanger E5, 

the model decides that a new exchanger is bought to replace the existing one. The jump in the 

MRL plots indicate maintenance is decided at that period.  

 

Figure 7-2: Mean residual life of the exchangers equipped with HTE technologies (a) E1 (b) 

E2 (c) E3 (d) E4 (e) E5   
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 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 extensions 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 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 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 
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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 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 for an industrial site. 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. 

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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