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Abstract (EN) 

This thesis presents a methodology that has been developed to minimise resource 
(energy and mass) consumption and reduce waste discharge by combining Circular Economy 
(CE) and Process Integration (PI). PI can provide design tools for the implementation of the CE 
pattern, which is essential for resource conservation and contributing to sustainability. It 
addresses challenges that previously prevented practical implementation. Four methods are 
proposed based on the Circular Integration concept, the extension of Pinch Analysis (PA), and 
the Onion Model. The applicability of these methods is demonstrated by four case studies 
focused on minimising resource consumption and waste discharge. The contributions include: 

(i) The performance and integration of heat pumps with various industrial processes are 
studied by PA for low-grade heat recovery at the Total Site level.  

(ii) A method combining PA and waste recovery technology is proposed. The multiple-level 
fresh resources PA with Intermediate Headers is extended to Total Site Mass Integration. 
Waste material regeneration is optimised with a techno-economic objective.  

(iii) A hierarchical targeting method combines the Onion Model and PA, considering both 
mass and heat integration.  

(iv) A concept map and a model of multi-resource integration are proposed by tracing the 
processing paths of the secondary raw materials to useful products and services. The 
three-way trade-off between the degree of circularity, exergy and cost is assessed. 

Abstraktní (CZ) 

Predkladana práce představuje metodologii, která byla vyvinuta za účelem 
minimalizace spotřeby zdrojů (energie a hmoty/materiálu) a snížení vypouštění odpadu 
kombinací oběhového hospodářství (CE) a procesní integrace (PI). PI může poskytnout 
návrhové nástroje pro implementaci CE, která je nezbytná pro zachování zdrojů a přispívá k 
udržitelnosti. Řešil výzvy, které dříve bránily praktické implementaci. Jsou navrženy čtyři 
metody, které jsou založeny na konceptu kruhové integrace a rozšíření rámců Pinch Analysis 
(PA) a Onion Model. Použitelnost těchto metod dokládají čtyři případové studie zaměřené na 
minimalizaci spotřeby zdrojů a vypouštění odpadu. Mezi příspěvky patří: 

(i) Výkon a integrace tepelných čerpadel s různými průmyslovými procesy studuje PA pro 
rekuperaci tepla nízkého stupně na úrovni Total Site. 

(ii) Je navržena metoda kombinující PA a technologii využití odpadu. Víceúrovňové nové 
zdroje PA s mezilehlými záhlavími jsou rozšířeny na celkovou integraci stránek. 
Regenerace odpadního materiálu je optimalizována s technicko-ekonomickým cílem. 

(iii) Metoda hierarchického cílení kombinuje cibulový model a PA s ohledem na integraci 
hmoty a tepla. 

(iv) Koncepční mapa a model integrace více zdrojů jsou navrženy trasováním 
zpracovatelských cest druhotných surovin k užitečným výrobkům a službám. Posuzuje 
se třícestný kompromis mezi mírou oběhu, exergie a náklady. 
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CHAPTER 1 INTRODUCTION 

1.1 General Introduction 

With the rapid industrialisation and growing demands for goods and services, global 
problems are becoming increasingly severe. These include resource depletion, environmental 
pollution and ecological crisis, and they prevent the sustainable development of the world. 
Various methods for resource recovery and reuse have been developed for minimising resource 
depletion and environmental pollution. The most prominent paradigms for resource 
conservation contributing to sustainability include Circular Economy (Hartley et al., 2020), 
Industrial Symbiosis (Domenech et al., 2019), and Process Integration (Klemeš, 2013). 

 

Figure 1. Trade-offs between circularity, energy consumption, and economic benefit in 
Circular Economy (Gai et al., 2021b) 

The conservation of energy and materials is one of the most effective methods for 
contributing to sustainability. Circular Economy (CE) aims at reducing the consumption of 
natural resources as far as possible by maximising material and energy recovery. In 2020, the 
European Commission adopted a new CE Action Plan (European Commission, 2020). This is 
one of the main blocks of the European Green Deal (European Commission, 2019) and a new 
agenda for sustainable development of the European Union (EU). A series of policy 
recommendations (Hartley et al., 2020) from the Life Cycle perspective and a set of new targets 
(Morseletto, 2020) was proposed to facilitate the transition to a CE. The concept (Eiroa et al., 
2019), conceptual deadlock (Kirchherr et al., 2017), and assessment tools (e.g. circularity 
indicators) (Saidani et al., 2019) of CE are reviewed and discussed. Implementing a CE 
arrangement requires technology development, investment, and operating cost. Such measures 
are expected to bring economic benefits and pollution reduction. A higher circularity generally 
means that more secondary products substitute the use of fresh resources (utilities). Recycling 
affects both energy consumption and investment (Figure 1). The optimal performance of the 
multi-resource system cannot be fully reflected by the degree of circularity alone. Balancing 
the trade-offs between circularity, energy consumption, and economic benefit is challenging 
and critical to achieving sustainable system design and operation (Gai et al., 2021b).  
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Although the concept of CE is intuitively easy to understand, practical implementation 
it has additional issues (Kirchherr et al., 2017) as the effectiveness of technical solutions is 
hampered (Kirchherr et al., 2018). Process Integration (PI) is a holistic methodology aimed at 
minimising resource consumption in line with the goals of CE. It can provide CE 
implementation design tools. Common PI methods include Heat Integration (Linnhoff et al., 
1994), Mass Integration (e.g. Water Integration (Wang and Smith, 1994), Hydrogen Integration 
(Towler et al., 1996)), Combined Heat and Power Integration (Dhole and Linnhoff, 1993), etc. 
The recently available PI methods (Klemeš et al., 2018a) – especially Total Site Integration, 
provide a significant tool base for designing resource conservation networks. Pinch Analysis 
(PA) and Mathematical Programming (MP) are the most popular methods of PI (Klemeš et al., 
2018b). However, performing PA is difficult for problems with multiple contaminants. 
Mathematical Programming (MP) can be used for problems with complex constraints (Chin et 
al., 2020) or multiple objectives (Afshari et al., 2020). However, directly applying MP provides 
poor insights, and while it does not guarantee global optimality (Liew et al., 2017). Accounting 
for multiple constraints in PI still requires further efforts. Combining different methods is one 
possible direction for the future. 

 
Figure 2. Total Site Heat Integration of Locally Integrated Energy Sectors, amended from 
(Klemeš et al., 2018a)  

Industrial processes involve exchanges of mass and energy from reaction to separation 
and recycle, linked to heat recovery, utility systems and waste treatment. The reduction of mass 
and energy demands in the process industry is one of the most effective means of achieving 
sustainable operation. The energy structure of the US economy features a 62.3 % share of losses 
from all energy procured (LLNL Flow Charts, 2020). This makes energy integration a key 
measure for reducing energy consumption and cost savings. Process Integration (PI) has been 
originally developed to improve industrial heat recovery (Linhhoff et al., 1994). Heat 
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Integration has been extended from a single process to Total Site Integration (TSI). Afterwards, 
TSI has been extended to including process units beyond the processing industry – such as 
residential or commercial buildings, hotels, farms. Renewables are integrated to reduce the 
carbon footprint of the Locally Integrated Energy Sectors (Perry et al., 2008). TSI was further 
extended by introducing a set of time slices to meet the changes in energy supply and demand 
(Liew et al., 2018). The waste heat recovery mainly adopts conventional heat pumps. However, 
there are limited studies on the TSI of new heat pump technologies and industrial processes. 
The low-grade waste heat recovery in TSI could be further considered, see Figure 2.  

Inspired by the energy integration method, mass integration was developed. It aims to 
minimise fresh resource consumption and waste discharge. It is also divided into intra-plant 
Mass Integration and Total Site Mass/Material Integration (i.e. inter-plant Mass Integration) 
(Lou et al., 2019). Most current Pinch Analysis for Mass Integration only considered fresh 
resources with single quality, not multiple-level quality. A lower-cost fresh resource with low 
purity should be preferred for a process requiring a low-purity resource. However, few studies 
extend the Pinch Analysis for Total Site Mass Integration with multiple-level fresh resources 
(Gai et al., 2021a). Intermediate headers (Chin et al., 2021) also could be considered to simplify 
the configuration and improve the expandability and flexibility of the mass exchange network. 
Moreover, With the increasingly serious environmental problems, industries pay more and 
more attention to waste recovery and regeneration. However, in most current studies, various 
purification options (Ruan et al., 2020) and their capabilities are not considered in Mass 
Integration with waste regeneration. The changes in technical performance and economy of 
waste purification process have not been fully considered in Total Site Mass Integration with 
multiple-level fresh resources and/or intermediate purity headers.  

To achieve higher sustainability, it is necessary to optimise the material and energy 
flows together (Yoro et al., 2019) due to the significant quantitatively interactions, which 
cannot be neglected. However, due to its complex nature, combining energy and mass 
integration is challenging. The aim of the combined energy and mass integration methods is to 
simultaneously reduce external energy requirements and material consumption in the industrial 
process by increasing heat and mass recovery and reuse. The synthesis problems of water and 
heat exchange networks (WAHENs) represent special cases of MEN and HEN synthesis 
problems. Some methods of WAHENs synthesis have been developed, including Mathematical 
Programming (Ibrić et al., 2021), Pinch Analysis (Kamat and Bandyopadhyay, 2021a), hybrid 
approach (Kamat and Bandyopadhyay, 2021b). However, the method of Total Site Integration 
considering both mass and energy usually is mathematical programming. Existing graphical-
based methods of Combined Heat and Mass Integration mainly focus on process-wide level, 
not Total Site level with multiple-level fresh resources, intermediate purity headers and waste 
recovery. The graphical-based methods still need to be further improved. 

1.2 Thesis Aim and Scope 

The overall research aim is to extend the Total Site Integration decision support tools 
to aid in minimising resource (energy and material) consumption and waste discharge in a 



PhD Thesis | Limei Gai, MEng 

 

4 | P a g e  

 

multi-resource system for enabling more efficient implementations of sustainable Circular 
Economy. The research in this thesis fills the following research gaps:  

I. Waste heat recovery with heat pumps mainly adopts conventional technology. There 
are limited studies on the application of new heat pump technologies to Heat Integration. 
The low-grade waste heat recovery of Heat Integration should be further considered. 

II. Pinch-based Analysis for Total Site Mass Integration with multiple-level fresh 
resources and intermediate headers is under-researched. High purity of the waste 
material after regeneration in Mass Integration is typically assumed without considering 
the various purification options and their performance. The fresh resource with multiple 
quality levels and waste streams regeneration should be further investigated. 

III. Total Site Integration considering both mass and energy is usually done by 
Mathematical Programming. Up to now, the graphical-based methods have only 
considered Heat or Mass Integration on their own, not exploring the nexus interactions 
between the mass and energy flows. 

IV. The Circular Economy concept currently still lacks engineering methods and 
quantification of multi-resource integration systems. The trade-off between circularity, 
energy consumption, and cost for obtaining a more sustainable system is a challenge. 

Industries and sectors that consume energy and materials are target sectors. Case studies 
have been presented related to these sectors to demonstrate the developed methodology. Four 
novel methods are developed and applied to four case studies. The scope of the study is divided 
into the following main sections:  

I. Pinch Analysis of Processes Integrated New Joule-Cycle Heat Pump 

The integration of the emerging Joule-Cycle heat pump for low-grade heat recovery in 
various industrial processes has been studied through Pinch Analysis. 

Case Study: Critical Analysis of Process Integration of Joule-Cycle and Conventional 
Heat Pumps. The performance and integration of different types of heat pumps with 
various processes have been investigated through extended Pinch Analysis to address 
these questions. The heat pumps are simulated by applying the Petro-SIM process 
simulator. Four different industrial processes (i.e. milk spray drying process, dairy 
product process, candy processing and packaging, methanol distillation) integrated with 
heat pumps have been studied by extended Pinch Analysis for low-grade waste heat 
recovery. For the different scenarios of process Heat Integration with heat pumps, this 
study can provide guidance and suggestion for the selection of heat pumps. 

II. Multiple-level fresh resources Pinch Analysis of Total Site Mass Integration 

A method combining Pinch Methodology and waste recovery technology is proposed, 
resulting in Total Site Mass Integration to minimise fresh resource consumption and 
waste discharge. Multiple-level fresh resources Pinch Analysis is extended to the level 
of Total Site Mass Integration by considering multiple-level fresh resources and 
intermediate headers. Waste material regeneration is optimised with a techno-economic 
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objective to further reduce fresh resource consumption. 

Case Study: Hydrogen Integration of Inter-Plant Hydrogen Networks. Total Site 
Hydrogen Integration in refineries of a petrochemical industrial park is selected as a 
case study in demonstrating the proposed method. It is of high importance for refineries 
to reduce hydrogen consumption, waste hydrogen discharge and production cost to 
integrate and optimise inter-plant hydrogen networks. 

III. Hierarchical targeting of heat and mass integration 

The graphics-based method of Total Site Integration, considering both mass and energy 
quality, is extended. The hierarchical targeting method combines the Onion Model and 
Pinch Analysis. It is simple to use and has the advantages of graphic visualisation. The 
interactions between mass and energy exchange networks are explored. 

Case Study: Heat and Hydrogen Integration in Refineries. Combined hydrogen and heat 
Integration for oil refineries is studied to reduce hydrogen utility demands and waste 
hydrogen emissions. 

IV. Trade-offs between the recovery, exergy demand and economy 

A concept map and an evaluation model for multi-resource Total Site Integration is 
developed. This concept map is a visual representation of multi-resource system 
integration tracing the processing paths of the secondary raw materials to useful 
products and services. Following the concept map, a Total Site Circular Integration 
method for multi-resource is extended by combining the tools and methods of Circular 
Economy and Process Integration.  

Case Study: Waste Resources Recovery and Integration in Waste Management. The 
integration of waste resources from different sectors –residential communities and wood 
processing plants- is studied and evaluated. The visual multi-resource integration 
representation clearly outlines the key trade-off of recycling systems – between the 
resources dedicated to the recycling processes and the resources dedicated to the supply 
of fresh resources. The evaluation model links the degree of circularity to the cost and 
to the exergy input, evaluating the trade-off. It provides guidance for the integration of 
multi-resource recycling systems, allowing the decision-makers to estimate the 
economic and exergy performance of the proposed Circular Economy solutions, aiding 
in improving the sustainability contributions of industrial and urban systems. 

1.3 Thesis Outline 

Chapter 2 presents the concept of integration of a new Joule cycle heat pump with 
various industrial processes for low-grade waste heat recovery in Heat Integration. The study 
has been published in Energies (Gai et al., 2020a) and Chemical Engineering Transactions (Gai 
et al., 2019). Chapter 3 develops an extended multiple-level fresh resources Pinch Analysis in 
Total Site Mass Integration by considering fresh resources with various quality levels to 
minimise fresh resource consumption and waste discharge. The study has been published in 
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the International Journal of Hydrogen Energy (Gai et al., 2021a). Chapter 4 describes the idea 
of the methodology for mass and energy Integration, where a hierarchical targeting method of 
energy and mass (H2) for refineries is proposed. The study has been published in Chemical 
Engineering Transactions (Gai et al., 2020b). Chapter 5 proposes a novel model, linking the 
quantities of reused materials and energy with the use of additional resources enabling that 
reuse, as well as the use of resources in a linear (non-circular) way and the cost of running the 
system. The study has been published in Resources, Conservation and Recycling (Gai et al., 
2021b). All these decision-making tools share a common aim, to reduce resource (materials or 
energy) consumption and waste discharge in a circular economy. Chapter 6 overviews the 
contribution of this thesis with a recommendation for future work, followed by references and 
the appendix. The publications which each chapter presents are as follows. 

Chapter 2: Low-Grade Waste Heat Recovery of Heat Integration 

 Gai, L.*, Varbanov, P.S., Walmsley, T.G., Klemeš, J.J., 2020. Critical Analysis of 
Process Integration Options for Joule-Cycle and Conventional Heat Pumps. Energies, 
13(3), 635. [IF=3.004] [CiteScore = 4.7] (Q2) 

 Gai, L.*, Varbanov, P.S., Walmsley, T.G., Klemeš, J.J., 2019. Process Integration 
Using a Joule Cycle Heat Pump. Chemical Engineering Transactions, 76, 415-420. 
[CiteScore = 1.5] (Q3) 

Chapter 3: Total Site Mass Integration with Multiple-Level Fresh Resources and Intermediate 
Purity Headers 

 Gai, L.*, Varbanov, P.S., Fan, Y.V., Klemeš, J.J., Nižetić, S., 2021. Total Site 
Hydrogen Integration with Fresh Hydrogen of Multiple Quality and Waste Hydrogen 
Recovery in Refineries. International Journal of Hydrogen Energy. [IF=5.816] 
[CiteScore = 9.0] (Q1)  

 Gai, L., Varbanov, P.S., Fan, Y.V., Klemeš, J.J., 2021. Membrane Separation for Light 
Hydrocarbons Recovery in the Petrochemical Industry. IEEE. (Accepted) 

Chapter 4: Hierarchical Targeting of Heat and Mass Integration 

 Gai, L.*, Varbanov, P.S., Klemeš, J.J., Sun, L., 2020. Hierarchical Targeting of 
Hydrogen Network System and Heat Integration in a Refinery. Chemical Engineering 
Transactions, 81, 217-222. [CiteScore = 1.5] (Q3) 

Chapter 5: Mass and Energy Trade-Offs  

 Gai, L., Varbanov, P.S.*, Fan, Y.V., Klemeš, J.J., Romanenko, S.V., 2021. Trade-offs 
between the Recovery, Exergy Demand and Economy in the Recycling of Multiple 
Resources. Resources, Conservation and Recycling, 167, 105428. [IF=10.204] 
[CiteScore = 14.7] (Q1) 

 Gai, L., Varbanov, P.S.*, Chin, H.H., Klemeš, J.J., Nižetić, S., 2021. Targeting and 
Optimisation of Industrial and Urban Symbiosis for Circular Economy. Computer 
Aided Chemical Engineering, 50, 1659-1664. [CiteScore = 1.1] (Q4) 
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CHAPTER 2 LOW-GRADE WASTE HEAT RECOVERY OF HEAT INTEGRATION 

2.1 Introduction 

An emerging Joule-Cycle heat pump (JCHP) is more likely to obtain a higher 
Coefficient of Performance (COP) than a traditional heat pump (HP) under certain 
circumstances. There is a gap in the literature for a comparative analysis of different HP types, 
including the emerging JCHP. The COP equations of HP have some ideal assumptions. These 
results deviate from the actual performance of the HP, which cannot well represent the real 
performance of the HP. The performance and integration of different types of heat pumps with 
various processes have been studied through Pinch Methodology to address these questions. 
The novel contributions of this chapter include: (i) This study simulates and optimises the 
operation of the main classes of HPs in a process simulation software—Petro-SIM (KBC, 2016 ) 
— to evaluate the performance of the HP as close to reality as possible. (ii) All COP curves 
and heat duties in Grand Composite Curve (GCC) for process and HP integration will be plotted 
against the actual data calculated in Petro-SIM. (iii) The choice of HP type should be performed 
based on the temperature–enthalpy profile of the considered industrial process for obtaining 
optimal performance. The performance and application scope of different HP systems are 
discussed and compared to understand the energy-saving potential of applying HPs. 

 

Figure 3. The method procedure of heat pump and process heat integration (Gai et al., 2020) 
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2.2 Method 

This section introduces the simulation and optimisation of the considered HP types and 
the method of integration with the process for achieving heat recovery, see Figure 3. The 
evaluation is performed by the combined use of Pinch Analysis and Petro-SIM to simulate and 
optimise the HPs. The actions include constructing the GCC of the process and combining it 
with the plots of the considered HPs. The combined plots are then used for explaining the 
solutions and relating them to the process specifications, plus the HP properties. 

Step 1: Process Integration with Pinch Analysis 

The process is firstly analysed by Pinch Analysis. The target duties of cold and hot 
utilities required by the process are determined, and the inlet and outlet temperatures of the 
heat source and heat sink for heat pumping are selected using the GCC. 

Step 2: Build and Simulate Different Heat Pumps  

The HPs are simulated according to the data of the heat source and heat sink of Step 1. 
It takes the temperatures and the required heating or cooling duty of the process. JCHP, vapour 
compression heat pumps (VCHP), and transcritical heat pumps (TCHP) are simulated by Petro-
SIM (KBC, 2016) — see Figure 4. A critical difference is that the working fluid of a JCHP 
always maintains the working fluid in a gaseous state (Figure 4a). In a VCHP, the working 
fluid has a phase change in both heat exchangers (Figure 4b). In a TCHP, an intermediate heat 
exchanger is often added, and the working fluid follows a transcritical cycle (Figure 4c). 

  

(a) JCHP (b) VCHP 

 
(c) TCHP 

Figure 4. Simulation flowsheet of the heat pump as output from Petro-SIM 
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Step 3: Optimise the Heat Pumps 

The identification of the HP behaviour and best performance is performed by 
maximising the COP value of the HP under consideration, using the model set up in Petro-SIM 
(KBC, 2016). Based on Step 2, the HP operating variables are optimised, and the optimal 
performance result is obtained by establishing the objective function of the HP optimisation, 
setting the range of independent variables and adding constraint conditions of the equation in 
Petro-SIM. The optimisation objective function is COP of the HP given in Eq. (1), where Qh is 
the heat output of the heat pump. W is the electrical or power consumption of HP. 

𝐶𝑂𝑃 =
𝑄

𝑊
=

𝑄

𝑄 −𝑄
 (1) 

Step 4: Process Integrate with Heat Pump 

Pinch Analysis is used to integrate the HP with the process. The placement of the HP 
is configured following the outcomes from the previous step. When an HP is integrated with a 
process, the choice of an HP system depends on the operating temperature and the heat loads 
below and above the Pinch. In this part, the calculation results of the HPs are plotted against 
the GCC of the considered process, and the optimal results are linked to the GCC profiles, 
including the required duties and temperatures. The GCC of an HP and an illustrative process 
is shown in Figure 5. The appropriate placement of an HP means that the heat must be 
recovered from below the Pinch and released above the Pinch. Improper placement on either 
side of the Pinch will result in lower energy efficiency. The figure has two lines representing 
each heat exchange between the HP and the process. The thick dashed lines represent the heat 
transfer taking place inside the HP block—absorbing and releasing heat. The thin dashed lines 
represent the heat exchange directly with the process. These form extra heat circuits for 
minimising the probability of contamination of the internal HP fluids. 

(a) JCHP 
 

(b) VCHP 
 

(c) TCHP 
Figure 5. GCC construction of process integrated with heat pump 

Step 5: Evaluation of Heat Pump Suitability to Different Process GCC Profiles 

The heat duties, inlet and outlet temperatures of the heat source and sink vary among 
different processes. Pinch Analysis with HP placement is used, performing Steps 1–4 for a set 
of GCC profiles representing processes with different thermal properties. The compatibility 
can be qualitatively assessed on the temperature–entropy (T–S) diagrams combining the 
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process heat source/sink profiles with the HP profiles (Figure 6). The performance of these 
three types of HPs (JCHP/ VCHP/ TCHP) is calculated by varying the inlet and the outlet 
temperatures of the process heat source and sink and relating the results to the possible 
representations of temperature lifts ∆Tin, ∆Tout, or ∆T1, ∆T2 (e.g., Eqs. (2)-(5)). 

   
(a) JCHP (b) VCHP (c) TCHP 

Figure 6. Ideal T–S diagram of the heat pumps (a) JCHP, (b) VCHP and (c) TCHP. 

∆𝑇 = 𝑇 − 𝑇  (2) 

∆𝑇 = 𝑇 − 𝑇  (3) 

∆𝑇 = 𝑇 − 𝑇  (4) 

∆𝑇 = 𝑇 − 𝑇  (5) 

Step 6: Discuss and Analyse the Results 

To select the HP suitable for each of the possible processes, the solutions obtained 
during Steps 1–5 provide engineers with sufficient information and understanding of why the 
proposed measures are appropriate and efficient.  

2.3 Results and Discussion  

A series of simulations and optimisations are performed by changing the inlet and outlet 
temperatures of the source and sink to study the performance of these different HP cycles in 
different scenarios. The simulation results of the considered scenarios are shown in Figure 7. 
The Heat Integration of four different industrial processes with HPs are studied. The optimal 
GCC of process integrated with heat pump is shown in Figure 8. The results show that: for the 

processes with steep source and sink slopes, e.g. Case 1, the average ΔT of working fluid and 

source/sink in JCHP is small, resulting in a small energy loss and high heat exchange efficiency. 
The COP of JCHP is large, so it is appropriate to choose the JCHP. When the source and sink 
slope of the process is gentle or (nearly) flat, e.g. Case 2 and Case 3, the VCHP is most suitable 
because the average ∆T is small between the working fluid and source/sink, the energy loss is 
small resulting in high thermal efficiency and high COP values. In Case 2, the ∆Tin is as low 
as 1.5 °C, and the COP of VCHP is as high as 13.07. The TCHP is more appropriate for a 
process with a relatively gentle source slope and a relatively steep sink slope. The best process 

is one in which the inlet temperature of the source is less than or equal to 20 °C, and the ΔTin 
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between source and sink is less than 10 °C. By improving the waste heat quality, the HPs can 

save 15% to 78 % of hot utility. The ΔTin between source and sink is smaller, COP of VCHP 

is larger. With ΔTin increased from 1.5 °C to 11.84 °C, COP of VCHP decreased from 13.07 to 

4.44. The COP of VCHP decreased rapidly with the increase of ΔTin. However, the COP of 

JCHP decreased less with the increase of ΔTin. 

   
(a) JCHP-Ar (b) JCHP-CO2 (c) VCHP (d) VCHP 
Figure 7. COP of different heat pumps varies with ∆Tin and ∆Tout 

   
(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 

Figure 8. GCC of process integrated with optimal heat pump 

2.4 Conclusions 

Several main types of HPs have been critically analysed for obtaining rules and criteria 
on appropriate HP selection for various process configurations, including the emerging JCHP. 
This chapter performs a comparative evaluation of the Heat Integration performance of 
processes integrated with different HP types by applying Petro-SIM and Pinch Analysis. The 
results show that for processes with larger source and sink slopes on the T–H profiles, JCHP is 
more suitable. VCHP is more suitable for processes with a relatively smaller and medium slope 
of the source and sink T–H profiles. TCHP is appropriate to processes with a relatively low 
source T-H slope and a relatively large sink T-H slope. It is shown that if an inappropriate HP 
is selected to integrate with the process, the COP of HP will decline, which may lead to an 
increase in investment and a decrease in the economy of the HP. In the extreme cases, the 
differences between the most and least suitable integration mappings can be of the order of 
100 % and up to tenfold. This shows the importance of performing such an analysis and making 
a correct HP choice. For different scenarios of Heat Integration with HPs, this study can provide 
guidance and suggestions for the appropriate HPs selection. Future research will be targeted to 
find the balance between COP and the economy of HP application. 
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CHAPTER 3 TOTAL SITE MASS INTEGRATION WITH MULTIPLE-LEVEL 
FRESH RESOURCES AND INTERMEDIATE PURITY HEADERS 

3.1 Introduction 

This study aims to develop an extended Pinch Analysis for Total Site Mass Integration 
with multiple-level fresh resources and intermediate headers. Multiple-level fresh resources 
with various purity levels are considered to minimise the consumption of high-cost fresh 
resources at a higher quality. Intermediate headers are also considered for simplifying the 
configuration and enhance the expandability and flexibility of mass exchange networks. Waste 
hydrogen after Total Site Integration is further regenerated. A novel method combining the 
extended Pinch Analysis and waste hydrogen recovery is proposed. Various waste hydrogen 
purification options are considered for the regeneration of waste hydrogen after Total Site 
Integration to further increase waste hydrogen recovery. The technical feasibility and economy 
of the various purification approaches are considered. The presented method is demonstrated 
with a case study of a refinery hydrogen network in a petrochemical industrial park. 

The novel contributions of this chapter include (i) Consideration of several fresh 
resources of various quality levels instead of a single source of a fresh resource. (ii) The number, 
connection and purity of intermediate headers in mass exchange networks are investigated. (iii) 
Maximisation of the use of low-quality waste in intra-plant integration with the fresh resource 
to prioritise the transfer of higher-quality waste for Total Site Integration. (iv) Maximum total 
annual economic profit of the identified mass integrated designs, considering various 
purification options and their purification capabilities. 

 
Figure 9. Multiple-level fresh resources Total Site Mass Integration with intermediate headers 
and waste recovery (Gai et al., 2021a) 
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3.2 Methods 

This study developed a method combining multiple-level fresh resources Pinch 
Analysis with intermediate headers and waste regeneration to reduce the fresh resource usage 
and waste discharge, see Figure 9. The method is extended to the Total Site level, considering 
fresh resources of various quality levels. The detailed procedure of the proposed multiple-level 
fresh resources Total Site Mass Integration with intermediate headers and waste recovery is 
shown in Figure 10. The procedure is performed for three main contexts: multiple-level fresh 
resources at process-level and Total Site level, waste purification and regeneration, and 
intermediate headers at process-level and Total Site level. 

 
Figure 10. The procedure of the proposed multiple-level fresh resources Total Site Mass 
Integration with intermediate headers and waste recovery 

3.2.1 Multiple-level Fresh Resources Pinch Analysis (PA-MLFR) 

Total Site Mass Integration is implemented to use inter-plant streams as a degree of 
freedom in minimising fresh resources and waste discharge, i.e. the procedure of steps 1-3 in 
Figure 10. Multiple-level fresh resources Pinch Analysis (PA-MLFR) is extended at both intra-
plant level and Total Site Integration. The fresh resources (FR) with various quality levels are 
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sorted by quality from high to low: FR1 (highest-quality fresh resource) > FR2 > … > FRn 
(lowest-quality fresh resource). The principle of priority utilisation of the lower-quality fresh 
resource is followed. This is because the lower-quality fresh resource is generally easier to 
obtain and cheaper.  

 

Figure 11. Pinch Analysis targeting steps for TSI with multiple-level fresh resources 
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The sinks higher than low-quality fresh resource can only use a high-quality fresh 
resource to meet, so the performed order of the Pinch points is FR1, FR2, ..., FRn, see Step 1 
in Figure 11. The potential of waste recovery can be further explored by Total Site Integration 
of inter-plant mass exchange network after intra-plant Mass Integration. Multiple-level fresh 
resources Pinch Analysis of Total Site Mass Integration has three major steps, supported by 
Figure 11 for illustration. Step 1 aims to provide the lower bound - the minimum fresh resource 
usage and waste discharge - that the integration can achieve. The target identified in Step 1 is 
deemed as the ideal target (lower bound), representing the aim to be achieved by the integration. 
However, in most cases, the integration design/allocation suggested in Step 1 would not be 
feasible, as it does not consider the intra-plant integration before Total Site Mass Integration. 
Step 2 is identified inter-plant streams by revising the waste discharge to meet the ideal target 
in Step 1. Maximise the use of lower-quality sources at the plant level to substitute higher-
quality sources and to export those higher-quality sources to the site level. Step 3 is used to 
calculate the flowrate of inter-plant streams. The final identified solution of Total Site Mass 
Integration is achieved after the completion of Step 3.  

3.2.2 Optimisation of Waste Purification and Regeneration Process 

The waste discharge after Total Site Mass Integration is purified and regenerated to 
further reduce fresh resources consumption, i.e. the procedure of steps 4-5 in Figure 10.  

Various waste reuse/recycling and regeneration schemes may be implemented to reduce 
waste discharge, as shown in the light green box in Figure 9. The waste regeneration process is 
selected and designed by techno-economic analysis considering the advantages and application 
range of different purification technologies. The optimisation problem formulation of waste 
purification is presented, taking total annual economic profit as objective, see Eq. (6). Total 

annual profit (𝑇𝐴𝑃) is the total product value (𝑇𝑃𝑉) deducting the total annual capital cost 

(𝑇𝐶𝐶) (Eq. (7)) and the total operating cost (𝑇𝑂𝐶). The subscript 𝑘 represents the equipment 

units in the hydrogen purification process. Where 𝐶𝐶  is capital cost of equipment 𝑘, as shown 

in Eq. (8). 𝐴𝐹  is annualisation factor for capital cost of equipment 𝑘. 

𝑚𝑎𝑥(𝑇𝐴𝑃) = 𝑇𝑃𝑉 − 𝑇𝐶𝐶 − 𝑇𝑂𝐶 (6) 

𝑇𝐶𝐶 = 𝐶𝐶 ∙ 𝐴𝐹 ∙ 𝑍  (7) 

𝐶𝐶 = 𝑎 + 𝑏 ∙ 𝑓  (8) 

Taking waste hydrogen purification as an example, membrane separation features a 
higher hydrogen recovery ratio and lower capital cost. The mathematical model of gas 

membrane separation is established. Membrane separation coefficient ( 𝛼 , ) and the 

permeability rate (𝐽) are the key parameters to evaluate membrane separation performance 
(selectivity and permeability) – see Eqs. (9) - (10). The logarithmic average of the partial 

pressure difference of the component 𝑖 on both sides of the membrane is taken as the driving 
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force (∆𝑃 ) of membrane separation, Eq. (11). The mass balance is shown in Eqs. (12) - (13). 

The feed waste (𝐹 ) of purification process is purified and separated to obtain the regenerated 

product (𝐹 ) and the final waste discharge (𝐹 ). Where 𝑥 , , 𝑥 ,  and 𝑥 ,  are the molar 

fraction of component 𝑖 in feed waste, regenerated product and final waste discharged. 

𝛼 , =
𝐽

𝐽
 (9) 

𝐽 =
𝐹 ,

∆𝑃 ∙ 𝐴
=

𝑥 , ∙ 𝐹

∆𝑃 ∙ 𝐴
 (10) 

∆𝑃 =
(𝑥 , ∙ 𝑃 − 𝑥 , ∙ 𝑃 ) − (𝑥 , ∙ 𝑃 − 𝑥 , ∙ 𝑃 )

𝑙𝑛
𝑥 , ∙ 𝑃 − 𝑥 , ∙ 𝑃

𝑥 , ∙ 𝑃 − 𝑥 , ∙ 𝑃

 (11) 

𝐹 = 𝐹 + 𝐹  (12) 

𝑥 , ∙ 𝐹 = 𝑥 , ∙ 𝐹 + 𝑥 , ∙ 𝐹  (13) 

3.2.3 Multiple-level Fresh Resources Pinch Analysis with Intermediate Headers (PA-
MLFR-IH) 

I. Pinch analysis of multiple-level fresh resources and intermediate headers for Total Site Mass 
Integration with waste recovery is performed after optimisation of waste purification and 
regeneration, i.e. the procedure of step 6 in Figure 10.  

The multi-level fresh resource Total Site Mass Integration with intermediate purity 
headers is shown in Figure 12. A multiple-level fresh resources Pinch Analysis with intermediate 
headers is presented for Total Site Mass Integration. The Pinch-causing sources could be moved 
to higher-quality waste discharged by using the lower-quality waste sources in individual plants 
before Total Site Integration. When integrated at the Total Site level, the Pinch-causing sources 
(higher-quality waste discharged) could be used as inter-plant streams to other plants to reduce 
fresh resource consumption. The inter-plant flows and inter-plant headers allocation of Total 
Site Mass Integration is determined.  

II. The Pinch Analysis method of multiple-level fresh resources and intermediate headers for 
intra-plant Mass Integration is performed, i.e. the procedure of step 7 in Figure 10.  

The final optimisation scheme is analysed and compared, i.e. the procedure of step 8 in 
Figure 10. The final integration design/allocation of Total Site Mass Integration with 
intermediate headers and multiple-level fresh resources is analysed and compared to the intra-
plant Mass Integration. An extended multiple-level fresh resources Pinch Analysis with 
intermediate headers is proposed for mass integration. The sources (SR1 to SRn1) are mixed 
into several suitable intermediate purity headers (H11 – H1i or Hn1 – Hnj). The sources are 
supplied to different sinks (SK1 to SKn2) through the headers to reduce the number of direct 
source-to-sink connections.  
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Figure 12. Multiple-level fresh resources Total Site Mass Integration with intermediate 
headers (Source: SR1 to SRni. Sink: SK1 to SKn2. Intermediate header of intra-plant: H11 – H1i 
and Hn1 – Hnj. Intermediate header of inter-plant: HTS1 – HTSn. Fresh resource: FR1 – FRn.) 

 
Figure 13. Pinch Analysis with multiple-level fresh resources and intermediate headers for 
intra-plant Mass Integration 
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The intermediate purity headers allocation (number, connection, and purity of headers) 
is optimised to target minimum fresh resources consumption and minimum waste discharge. 
There are two scenarios: fresh resources can (Figure 13de) or cannot (Figure 13cf) be mixed 
with other sources. 

3.3 Results and Discussion 

The proposed method can be applied to various scenarios (e.g. water allocation network, 
hydrogen network) of Total Site Mass Integration.  

3.3.1 Multiple-level Fresh Resources Pinch Analysis (PA-MLFR) 

Total Site Hydrogen Integration in three refineries of a petrochemical industrial park is 
selected as a case study in demonstrating the proposed method. The detailed hydrogen network 
allocation of multiple-level resource Total Site Hydrogen Integration before waste hydrogen 
regeneration is shown in Figure 14. The Total Site Hydrogen Integration reduced the second 
fresh hydrogen consumption by 7.7 % (8.25 kNm3/h) and the waste hydrogen emission by 21.3 % 
(8.25 kNm3/h) compared with only intra-plant integration.  

 
Figure 14. An identified solution of multiple-level fresh resources Total Site Hydrogen 
Integration before waste hydrogen regeneration. SR = source, SK = sink. A1 represents the 
hydrogen stream (sink or source) in Plant A. Same interpretation is applied to Bn and Cn. 
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3.3.2 Optimisation of Waste Hydrogen Regeneration 

Based on the established mathematical model, the waste hydrogen purification process 
after Total Site Hydrogen Integration is simulated and optimised in Aspen HYSYS V11 (Aspen 
HYSYS V11, 2019), see Figure 15. The influence of feed pressure on an annual economic benefit 
is shown in Figure 16b. The points in Figure 16 show the optimal operating conditions. The purity 
of regenerated hydrogen is 97.1 %. The total hydrogen recovery ratio of the waste hydrogen 
purification process is 95.2 %. The minimum second fresh hydrogen source (FR2-95%) required 
is 21.3 % (-29.27 kNm3/h) reduction, and minimum waste hydrogen discharge decreased by 
67.6 % (-28.83 kNm3/h) compared with only intra-plant integration. It has significant economic 
benefits (total annual profit: 15.93 M€/y) and a short payback period (3.2 months). 

 

Figure 15. Flowsheet of waste hydrogen purification process by membrane separation 

  

(a) pressure vs membrane separation (b) pressure vs annual economic benefit 

Figure 16. The influence of pressure on the waste hydrogen regeneration process 

3.3.3 Total Site Mass Integration with Intermediate Headers 

An inter-plant water integration is considered as a case study. The detailed water network 
allocations with the multiple-level freshwater resource before and after setting intermediate 
headers are respectively shown in Figure 17 (Scenario 3.1) and Figure 18 (Scenario 3.2). The 
total cost of freshwater resources (utility) is reduced by 16.8 % (0.36 MEUR/y) by using the 
cheaper secondary freshwater (FR2) with higher impurity compared with only single freshwater. 
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Figure 17. Detailed water network allocation with the multiple-level freshwater resources 
before setting intermediate headers (Scenario 3.1) 

 
Figure 18. Detailed water network allocation with multiple-level freshwater resources after 
setting and optimising intermediate headers (Scenario 3.2) 
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There are four inter-plant streams for Total Site Water Integration before setting 
intermediate headers, see Figure 17. Inter-plant flow 1-4 are sources SRA2 and SRA3 of Plant 
A to Plant C, partly source SRC4 of Plant C to Plant B and Plant A. The minimum freshwater 
consumption and minimum wastewater discharge are the same in Scenario 3.1 and Scenario 3.2. 
However, the water network allocations, number of connections, pipes and headers are different. 
There are two inter-plant headers (HTS1, HTS2) for Total Site Water Integration after setting 
intermediate headers, see Figure 18. The inter-plant header HTS1 (120 t/h, 100 mg/L) is 
transferred to Plant C. The inter-plant header HTS2 (12.68 t/h, 150 mg/L) is transferred to Plant 
B (6.53 t/h, 150 mg/L) and Plant A (6.53 t/h, 150 mg/L). The water network configuration is 
simplified. The optimal total number of intra-plant headers are simplified to 10, including 3 
wastewater headers (grey lines, one wastewater header per plant). The optimal total number of 
inter-plant headers are 4, including 2 freshwater headers. It can be seen that the scalability and 
flexibility of the water network are enhanced by setting up and optimising the intermediate 
headers.  

3.4 Conclusions 

The Mass Integration with intermediate purity headers and multiple-level fresh 
resources is investigated to reduce the consumption of expensive higher-quality fresh resources 
and simplify the configuration of mass exchange networks. An extended Pinch Analysis with 
multiple-level fresh resources and intermediate headers is proposed for Total Site Mass Integration. 
The optimal waste regeneration process is identified by a techno-economic analysis, in which the 
advantages and application range of different purification technologies are considered. Hydrogen 
networks and water networks are taken as case studies in demonstrating the proposed method. 
For multiple-level fresh resources Pinch Analysis (PA-MLFR) with optimising waste 
purification in Total Site Mass Integration, it has the overall 25 % and 74.5 % reduction of 
minimum fresh resources consumption and waste discharge compared with only intra-plant 
integration. It has significant economic benefits and a short payback period (3.2 months). After 
setting up and optimising the intermediate headers, the numbers of the headers inside and 
between the plants are simplified to 10 (including 3 wastewater headers) and 4 (including 2 
freshwater headers). The scalability and flexibility of the mass exchange network are enhanced 
while keeping the target of minimising fresh resources consumption and waste discharge. The 
extended Pinch Analysis has the advantages of visualised and simple, clear physical meaning and 
easy to understand. Total Site Mass Integration with multiple-level fresh resources based on Pinch 
Analysis (with/without intermediate headers) proposed in this work could make a significant 
contribution to resource conservation. However, issues such as the safety and agreement between 
factories for integration require further assessment.  
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CHAPTER 4 HIERARCHICAL TARGETING OF HEAT AND MASS 
INTEGRATION 

4.1 Introduction 

Petroleum refineries are significant consumers of both energy and hydrogen. Few 
studies have considered both Heat Integration and hydrogen optimisation in refineries. 
Hydrogen in the refinery not only takes part in hydrogenation reactions, but the related streams 
also need heating and cooling before or after the hydrogenation. Heat Exchanger Network 
(HEN) and Hydrogen Network (HN) affect each other. It is necessary to consider both the 
integration of heat and hydrogen simultaneously to minimise resource consumption. This study 
aims to combine hydrogen and Heat Integration. The novel contributions of the presented work 
are: It investigates the HEN and mass network by Onion Model. A hierarchical targeting 
method of energy and hydrogen is proposed by combining Onion Model and Pinch Analysis. 
This work starts with refineries as the research object to study the Total Site Integration of both 
mass and energy. The energy and hydrogen consumption are analysed and optimised. 

4.2 Method 

The problem of combined Mass and Heat Integration is investigated based on the Onion 
Model. The procedure amends from the Onion Model (Linnhoff et al., 1994) for targeting the 
Hydrogen Network (HN) and HEN of a refinery, as shown in Figure 19. Hydrogen network 
spans two layers of "Reactor" and "Separation & recycle". Heat Integration belongs to two 
layers of HEN and the utility system. Hydrogen flows belong to the inner layer and heat to the 
outer layer. Hydrogen and heat can be hierarchy targeted.  

 

Figure 19. Onion Model for refineries (Gai et al., 2020b) 

A hierarchical targeting method of Mass and Heat Integration is proposed, see Figure 
20. The heat recovery problem is formulated from the hydrogen network design. The interface 
between two integration phases is data extraction which identifies and specifies process streams 
for Heat Integration. At the stage of process design and targeting, the detailed information for 
building a model, which reflects the interactions between reactors, separators and heat recovery 
subsystems, is not available. This makes the feedback link from the heat recovery subsystem 
to the mass integration subsystem indirect. Upon performing Heat Integration, the incentive for 
reduction of energy demands can be evaluated, and core process changes can be initiated based 
on energy analysis. The hydrogen network should be targeted first. Hydrogen Pinch was used 
to analyse hydrogen network bottleneck and diagnose unreasonable hydrogen use. Following 
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with integration of the hydrogen network, HEN was targeted by Total Site Heat Integration. 
The proposed method allows simultaneous energy-saving and emission reduction for a refinery. 

 

Figure 20: Procedure for Mass and Heat Integration  

4.3 Results and Discussion 

A refinery is taken for a case study. Hydrogen Pinch is used to target the whole hydrogen 
network, and the results is shown in Figure 21. The Hydrogen Pinch concentration is 89 %. At 
Hydrogen Pinch, the minimum hydrogen utility required is 10.95 Nm3/h. The minimum waste 
hydrogen discharged is 32.13 Nm3/h. If the discharged waste hydrogen can be recycled, it can 
further reduce the use of hydrogen utilities.  

 

 
Min hydrogen utility 

 
Min waste H2 discharge 

Figure 21. H2 Network Pinch diagram 

The hydrogen streams need to be heated or cooled before or after hydrotreating. The 
process operating conditions of hydrotreating units are significantly different, resulting in a 
great difference in energy consumption. The Heat Integration analysis and optimisation of three 
different hydrotreating processes are studied, as shown in Figure 22. It can be seen that unit A 
still had an 8.25 MW excess heat source after adequate heat recovery in the unit (Figure 22a). 
Unit B had a 2.94 MW redundant heat sink and 4.26 MW redundant heat source (Figure 22b). 
Unit C also had a 3.96 MW redundant heat sink and a 3.10 MW redundant heat source (Figure 
22c). 
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(a) Unit A (b) Unit B (c) Unit C 

Figure 22. GCC of three different hydrogenation processes 

Total Site Analysis is used to integrate the heat between the units, as shown in Figure 
23a. The heat source can generate 4.41 MW high-pressure steam and 1.57 MW medium-
pressure steam. It also needs 9.64 MW of cooling water. The heat sink requires 5.09 MW and 
1.81MW of high and medium pressure steam. To target the minimum cold and hot utilities, 
Hot Utility Generation Composite Curve is obtained (Figure 23b). The minimum hot utility 
required is 0.93 MW, and the minimum cold utility required is 9.4 MW. Before Total Site 
Integration, the minimum hot and cold utility required are 6.91 MW and 15.62 MW. It shows 
a significant utility saving potential – up to 86.5 % of hot utilities and 39.8 % of cold utilities.  

 
(a) Total Site Profiles with utilities 

 
(b) Hot Utility Generation Composite Curve 

Figure 23. Total Site Composite Curves (TSCC) 

4.4 Conclusions 

A hierarchical targeting procedure for combined hydrogen and heat integration in 
refineries is presented based on the Onion Model. Hydrogen Pinch is used to target the network 
performance. Total Site Composite Curves are used to target the HI of the refinery. The results 
show that hydrogen targeting can reduce H2 utility demands and waste H2 discharge. At the 
Total Site level, the targets show that the maximum reduction can be 86.5 % for hot utilities 
and 39.8 % for cold utilities. The method, which combines the Onion Model and Pinch analysis, 
is simple to use and has the advantages of graphic visualisation. It has been demonstrated that 
the combined targeting of H2 and thermal utilities for a refinery can save significant amounts 
of both types of resources, leading to potential environmental and economic benefits. Future 
steps should consider pressure drops and investments. This should include the analysis of 
economic benefits, piping, pressure drop, and safety issues.  
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CHAPTER 5 MASS AND ENERGY TRADE-OFFS 

5.1 Introduction 

This work aims to extend the Process Integration approach to target recycling and reuse 
of multiple resources. In the recycling and reuse of waste streams as secondary resources of 
multi-resource systems, the trade-offs between the recycling and the supply of fresh resources 
determine the overall resource use and environmental impact of each process. Recycling affects 
both energy consumption and investment. How much circularity should be reached to be 
beneficial? The presented study builds on the previous knowledge and formulates several new 
concepts for explicitly modelling the trade-offs between the mass and energy flows in Circular 
Integration. These concepts include a Conceptual Map for connecting secondary resources to 
resource demands via reuse paths, adjusting the circularity indicators, and an evaluation model 
optimising the cost and energy-based criteria related to the degree of circularity. The novel 
contributions of the presented study are: (i) The Total Circularity Index (TCI) is proposed to 
consider both the materials and energy of a circular process system intended to close the 
resource cycle – connecting waste streams to resource demands. This index is formed by 
combining the Circular Exergy Use rate (CEU) – an extension from the "circularity of energy", 
and Circular Material Use Rate (CMU). TCI is essential to assess the trade-off between the 
degree (CMU) and quality (CEU) of circularity. (ii) A novel model is proposed, linking the 
quantities of reused materials and energy with the use of additional resources enabling that 
reuse, as well as the use of resources in a linear (non-circular) way and the cost of running the 
system. (iii) The three-way trade-off between the degree of circularity (CMU, CEU and TCI) 
(quantity), exergy (quality) and cost have been assessed. 

5.2 Method 

This section presents an approach to the improvement of the sustainability modelling 
and evaluation of multi-resource systems. The presented study builds on the previous 
knowledge and formulates several new concepts for explicitly modelling the trade-offs between 
the mass and energy flows in Circular Integration. These concepts include a Conceptual Map 
for connecting secondary resources to resource demands via reuse paths, adjustment of the 
circularity indicators, and an evaluation model optimising the cost and energy-based criteria 
concerning the degree of circularity.  

(i) The concept of the Multi-Resource Integration Map is shown in Figure 24. This 
visual representation clearly outlines the key trade-off of recycling systems – between the 
resources dedicated to the recycling processes and the resources dedicated to the supply of 
fresh resources. 

(ii) The Total Circularity Index (TCI) (Eq. (14)) is proposed to consider both the 
materials and energy of a circular process system intended to close the resource cycle – 
connecting waste streams to resource demands. This index is formed by combining the Circular 
Exergy Use rate (CEU) (Eq. (15)) – an extension from the "circularity of energy" in (Zore et 
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al., 2018), and the Circular Material Use Rate (CMU) (Eq. (16)) (Eurostat, 2018). TCI is 
essential to assess the trade-off between the degree (CMU) and quality (CEU) of circularity. 

𝑇𝐶𝐼 = 𝜔 ∙ 𝐶𝑀𝑈 + 𝜔 ∙ 𝐶𝐸𝑈  (14) 

𝐶𝐸𝑈 = 𝐶𝐸𝑈

[ ]

=
∑ 𝐸𝑥 ,[ ]

∑ 𝐸𝑥 ,[ ]

, 𝑒 ∈ [𝑒] (15) 

𝐶𝑀𝑈 = 𝐶𝑀𝑈

[ ]

=
∑ 𝐹 ,[ ]

∑ 𝐹 ,[ ]

 , 𝑚 ∈ [𝑚] (16) 

 

Figure 24. Multi-Resource Integration Map (Gai et al., 2021b) 

(iii) A novel model is proposed, linking the quantities of reused materials and energy 
with the use of additional resources enabling that reuse, as well as exergy the use of resources 
in a linear (non-circular) way and the cost of running the system. 

(iv) The three-way trade-off between the degree of circularity (CMU, CEU and TCI) 
(quantity), exergy (quality) and cost have been assessed. The optimisation goal is selected in 
two variants to evaluate the variations of the important system indicators – exergy (Eq. (17)) 
and Total Annual Cost (TAC) (Eq. (18)). The evaluation is made as a function of the degree of 
circularity, accounting for the competition amongst the available reuse paths. 

𝑂𝑏𝑗 𝑚𝑖𝑛(𝐸𝑥𝑒𝑟𝑔𝑦) = 𝐸𝑥 ,  + 𝐸𝑥 , + 𝐸𝑥 , ,

[ ]

 𝑖 ∈ [𝑖] = [𝑚] ∪ [𝑒] (17) 

𝑂𝑏𝑗 𝑚𝑖𝑛(𝑇𝐴𝐶) = 𝑇𝑃𝐶 + 𝑇𝑈𝐶 + 𝑇𝐿𝐹 (18) 
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The presented model has been implemented in GAMS (2020). Two assessment cases 
have been performed to evaluate the variations of the important system indicators. The first 
case uses the minimum exergy consumption as the objective function, and the second – the 
minimum TAC. The exergy consumption and TAC are calculated by optimisation of the 
processing paths and utilities for different values of the CMUtotal, CEUtotal and TCI, which are 
obtained by varying the flowrates of recycled material and energy flows. 

5.3 Results and Discussion 

The method and model proposed in this chapter are demonstrated using a case study. The 
modelled situation evaluates the integration of waste resources from different sectors –residential 
communities and wood processing plants. The Concept map of multi-resource integration and all 
the processing paths for the case study is shown in Figure 25. Synthetic Natural Gas (SNG), 
obtained from biogas, is available from a sewage plant of communities in the considered region. 
Waste biomass (sawdust) is available from wood processing plants. Municipal solid waste (MSW) 
management methods include Landfill Gas Recovery System (LFGRS), incineration, composting, 
recycling and sanitary landfill. 

 

Figure 25. Concept Map of Multi-Resource Integration for the case study 

A comparison of the minimum total exergy consumption curve and the minimum TAC 
curve against TCI is shown in Figure 26. It can be seen that the minimum total exergy 
consumption and the minimum TAC follow the same trends, with some displacement. The 
minimum of the TAC curve takes place at a lower TCI value than the exergy curve. The minimum 
total exergy consumption is optimal (690 kW) when TCI is 0.396, CMUtotal is 0.782, and CEUtotal 
is 0.011. The minimum TAC has the lowest value (102.7 kEUR/y) when TCI is 0.359, CMUtotal 
is 0.608, and CEUtotal is 0.11. At the optimal total exergy point (TCI = 0.396), the minimum TAC 



PhD Thesis | Limei Gai, MEng 

 

28 | P a g e  

 

is 103.9 kEUR/y, which is 1.2 kEUR/y (1.2 %) higher than the optimal TAC. At the optimal TAC 
point (TCI = 0.359), the minimum total exergy consumption is 723 kW, which is 33 kW (4.8 %) 
higher than the optimal exergy. This indicates that the exergy-related cost, in general, dominates 
the cost structure. This is because the utilities of textile and paper are more exergy intensive but 
having a lower cost. The fertiliser utility is less exergy intensive but having a higher cost. 

 

Figure 26. Minimum total exergy and TAC under different TCI 

5.4 Conclusions 

This study presents an approach to the improvement of the sustainability modelling and 
evaluation of multi-resource systems. This is achieved by using proposing the concept of the 
Multi-Resource Integration Map. This visual representation clearly outlines the key trade-off 
of recycling systems – between the resources dedicated to the recycling processes and the 
resources dedicated to the supply of fresh resources. It links the degree of circularity to the cost 
and to the exergy input, evaluating the trade-off. To account for the degree of circularity, the 
CMUtotal and the CEUtotal indicators have been combined to form a TCI. The TCI is adopted as 
the overall circularity metric for multi-resource systems. This is illustrated using an example 
of material-based secondary products and the potential power generation from waste resources. 
The evaluation shows that the total annual cost for the cost-optimal degree of circularity is 22 % 
lower than the cost for the maximum circularity. The difference for the exergy criterion 
between the optimal and the highest circularity is 33 %. These results illustrate the usefulness 
of the proposed model. Additionally, the marginal monetary cost of attaining the exergy 
optimum compared to the cost optimum is 1.2 %, and the exergy penalty of attaining the cost 
optimum compared to the exergy one is 4.8 %, indicating that some exergy-intensive options 
carry a low cost. A key advantage of the defined indicators has become apparent from the case 
study. The comparison of the system performance against CMU and CEU reveals the internal 
trade-offs between the potential uses of the waste resources for one type of products or another.  
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 

The novel methods proposed in this thesis combine into a framework methodology 
facilitating the combination of Circular Economy and Process Integration concepts. The 
framework has emphasised the Total Site Integration decision support tools to aid in 
minimising energy and material consumption in a multi-resource system for the better 
implementation of a sustainable Circular Economy. Their effectiveness in solving the problems 
was demonstrated through a number of case studies (Chapters 3-6). The novel graphical-based 
methods have the following advantageous features: (i) The performance and integration of heat 
pumps with various industrial processes, especially the emerging Joule-Cycle heat pump, is 
investigated by an extended Pinch Analysis for low-grade heat recovery. (ii) A method 
combining Pinch Analysis and waste materials recovery is proposed. Pinch Analysis is 
extended considering multiple-level fresh resources and intermediate headers in Total Site 
Mass Integration. Waste material regeneration is optimised with a techno-economic objective 
to reduce fresh resource consumption further. (iii) A graphical-based method considering both 
mass and energy quality is extended. The interactions between mass and energy exchange 
networks are explored. (iv) A concept map and a model of multi-resource integration are 
proposed. This concept map is a visual representation of multi-resource system integration 
tracing the processing paths of the secondary raw materials to useful products and services. 
The three-way trade-off between the degree of circularity (quantity), exergy (quality) and the 
cost is assessed. The proposed methods are represented graphically, with the support of a set 
of comprehensive underlying equations. The resource conservation and sustainability problems 
are transformed into an easily understandable format, from which arise robust solutions with 
low resource consumption and waste discharge. As case studies, the analysis run by the novel 
graphical-based methods for dealing with Total Site Energy and Mass Integration resulted in an 
overall 15 %-87 % reduction of minimum resource (e.g. heat/cold utility: 15 %-87 %, hydrogen 
17 %-25 %) consumption and 36 %-75 % reduction of waste discharge. The presented 
methodology makes a significant contribution to resource conservation and offers significant 
economic benefits by transforming waste into useful secondary raw material. 

Based on the results of the thesis, the main suggestions for future work directions are 
as follows. The Pinch-based methods for targeting and designing Mass and Heat Integration 
systems should be combined with mathematical programming for larger-scale problems to 
exploit the advantages of both approaches. This type of combination has been applied 
successfully for Heat Integration as well as in Water-Heat Integration and is likely to be 
successful in the field of combined Mass and Energy Integration too. Current results of the 
thesis contribute to utility and waste discharge minimisation and indirectly reflect the 
environmental performance, although not exactly quantify the environmental impacts. The 
evaluation of environmental footprints (e.g. GHG, Water, Nitrogen and particulate matter 
footprints) can be further embedded into the Process Integration methods. 
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