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Abstract 

This study presents developed approaches that could be used for retrofitting of existing heat exchanger 

networks (HENs) within individual processes and industrial sites to achieve lower energy consumption, 

cost savings and emission reduction. Successful industrial applications are further presented, and future 

challenges are identified. Approaches used for retrofitting of existing HENs are based on heuristics, on 

thermodynamic analysis and insights – Pinch Analysis and recently developed Bridge Analysis, on 

numerical optimisation - Mathematical Programming, and on hybrid or combined approaches which are 

based on a combination of heuristics, physical insights and/or numerical optimisation. Optimisation-

based approaches could be further divided into deterministic and stochastic (probabilistic) methods. 

Those systematic approaches (all approaches except pure heuristics) use either sequential (divided into 

sub-problems) or simultaneous synthesis methods. 
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1. Introduction 

The industry currently consumes the biggest amount of primary energy sources of all sectors. It 

consumes more than 50 % of the total energy produced in the world (US Department of Energy, 2016). 

There is a high potential of energy consumption reduction in industry (Manan et al., 2017). The role of 

energy in industries is of increasing importance due to environmental and economic issues (Ben-Guang 

et al., 2000) and security of supply (Harjunkoski and Hadera, 2016). There are several options how to 

increase energy efficiency in industries, such as installing more energy-efficient equipment (Bart and 

Scholl, 2018), better insulation, early detection of leakages, reduction of process waste (Harjunkoski 

and Hadera, 2016), changes in the use of utilities (Walmsley et al., 2018b), topological modifications 

(Yong et al., 2015), additional heat transfer area installation, re-piping of process equipment (Walmsley 

et al., 2018a), heat transfer enhancement and matches modification (Wang et al., 2012). Retrofitting 

existing Heat Exchanger Networks (HENs) is an important way to achieve energy and cost savings in 

process industries and entire sites (Wang et al., 2012). It can also bring significant savings of emissions 

as ‘the cleanest energy is the one that is not used’ (Gundersen, 2013a). 

Most industrial plants and sites have considerable potential for energy savings. They are still using 

significantly higher amounts of energy than is required, as stated in Alfa Laval (2011). Typically 

identified savings in energy consumption in industrial sectors excluding conventional methods and 

projects are between 10 and 35 % (Klemeš, 2013a). Additional energy savings obtained from 

conventional methods and projects, e.g. good housekeeping, monitoring, process modifications, and 

others are in the range of 5 to 15 % (Klemeš and Varbanov, 2018). By applying e.g. plus minus principle 

significant savings can also be identified (Kravanja et al., 2013). Heat recovery may be increased by 

process modifications applying plus-minus principles (Gundersen and Naess, 1988). At Total Site level, 

there is additional potential for energy savings between 20 and 25 % (Chew et al., 2015b). 

During the last three decades, several systematic approaches and strategies have been developed for the 

retrofit of HENs within individual processes and Total Sites (Klemeš and Kravanja, 2013). In general, 

those systematic approaches are divided into Pinch Technology or Pinch Analysis (Klemeš, 2013a), 

Bridge Analysis (Bonhivers et al., 2017), Mathematical Programming (Klemeš et al., 2013a), and hybrid 

approaches combining the advantages of heuristics, physical insights and/or numerical optimisation. 

Developed strategies to solve HEN synthesis problems can be in general divided into sequential and 

simultaneous synthesis methods (Furman and Sahinidis, 2002). Sequential methods divide the HEN 

synthesis problem into a range of tasks that could be solved more easily. An example of sequential 

strategy is to solve the problem firstly by  

1) Minimising utility both usage and cost, then  

2) Minimising the number of units, e.g. heat exchangers, condensers, coolers, heaters and others, and 

finally  

3) Minimising Network capital cost or/and heat transfer area (Biegler et al., 1997).  
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Approaches using simultaneous strategy, on the other hand, optimize operating and capital costs in one 

step. 

All the approaches have certain advantages and drawbacks. Furthermore, theoretical developments 

should be supported by solid methodology and proper applications on the case studies to illustrate and 

stimulate achieving real savings in industrial clusters.  

The current study analyses the developed approaches for the retrofit of existing individual processes and 

Total Sites due to several reasons:  

i) Time consumptions on existing plant improvements are much higher than on designing new 

plants (Gundersen, 2013b). It has been estimated that in the 1980s between 70 and 80 % of all 

process design projects have dealt with retrofits (Grossmann et al., 1987). It is also estimated 

that currently, retrofits play even more important role due to market competition and more 

stringent environmental regulations; 

ii) Methods for the design of new energy systems are far more developed than methods for the 

retrofits of energy systems (Smith, 2013); 

iii) Fewer sources are accessible relating to the retrofits of existing processes and Total Sites while 

the vast amount of literature is available regarding designing new processes and Total Sites– 

grassroots designs.  

This study describes developed approaches for increased heat recovery (HEN retrofit) within existing 

processes and Total Sites. The methods and approaches which could only be used for grassroots designs, 

and methods for power generation (Rozali et al., 2017), mass and property integration and operational 

optimisation (Smith, 2013) are beyond the scope of this contribution. This study complements the 

studies regarding approaches for retrofit of existing HENs (Sreepathi and Rangaiah, 2014) and various 

methods for HEN retrofit (Akpomiemie, 2016), and additionally presents industrial applications and 

future challenges / possible directions for research within this field. The most recent review dealing with 

new directions in the implementation of Pinch Methodology (PM) has been presented by Klemeš et al. 

(2018a). 

 

2. Retrofitting of Processes and Total Sites 

Retrofitting (also revamping, and debottlenecking in narrower context) refers to making changes and/or 

additions to existing plants (Rangaiah, 2016) with the main objective to increase energy efficiency 

(Gundersen, 2013c). There are several reasons for retrofit of existing processes and Total Sites, among 

them probably the main are cost savings (Boldyryev et al., 2016a), increasing production capacity 

(debottlenecking) for increased throughput, more efficient production, utilizing different feedstocks, 

utilizing different processing technology, improving safety and reliability and reducing the 

environmental impact (Varbanov et al., 2018), such as e.g. to reduce flue gas emissions (Smith, 2005). 

Often, main savings may be achieved by simple changes, those changes that give significant benefits 
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(the ‘big apples', (Gundersen, 2013c)). Usually, the retrofit with a small number of modifications is more 

feasible (Smith, 2005). Typically, the most expensive part of retrofit is the cost of piping modifications 

and civil engineering, and thus one of the interesting options is also the use of heat transfer enhancement 

for existing heat exchangers (Droegemueller and Gough, 2017). 

Heat integration at the process levels deals first with analysing opportunities for the integration; further 

with identification and quantification of energy consumption reduction and finally by proposing changes 

of the existing HEN to achieve the reduction in energy consumption. To account for flexibility, multiple 

operational scenarios could be considered, and the proposed changes are such that can fulfil all the 

scenarios. In any process, there are typically variations in temperatures, flowrates, and other operating 

variations due to variable feed/product flows, qualities of feedstocks, ambient temperature variations, 

processes operate at various capacity levels and other factors (Beninca et al., 2011).  

Heat recovery among multiple processes is termed Total Site Heat Integration or sometimes also side-

wide integration. The wider Total Site concept assumes an integration of industrial sector with other 

ones, such as residential, commercial, utility, agricultural and/or other sectors (in the text they are 

referred to as »processes«), named as Locally Integrated Energy Sectors (LIES) (Bulatov, 2013). Total 

Site could incorporate both non-renewable and renewable energy sources (Varbanov and Klemeš 2011) 

and could be extended to a regional level, e.g. by accounting for district heating and cooling (Gundersen, 

2013b), see Figure 1.  

 

Figure 1. Total Site incorporating different sectors and energy sources - developed after Čuček and 

Kravanja (2016) 
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The main advantages of retrofits at Total Site level are to achieve additional energy, cost and emission 

savings. Potential additional energy savings are between 20 and 25 % (Chew et al., 2015b), as it was 

stated previously. However, there are also various potential issues connected to Total Site Integration 

specifically. Probably the main issues are related to possible non-simultaneous operation of processes, 

possible changes in process design, limitations on utility levels and high piping costs and related layout 

issues. 

Total Site Integration is performed in a similar way as heat integration inside each process but there are 

some differences:  

• Process plants and other integrated sectors (processes) have specific energy consumption/ 

production patterns and in several cases different ownerships (Laukkanen et al., 2012); 

• Heat Integration could be performed either first inside each process and after between the processes 

and only surplus heat from each process could be transferred to other processes (Walmsley et al., 

2018c) or Heat Integration could be performed simultaneously inside and between the processes 

(Tarighaleslami et al., 2018); 

• Heat transfer between processes occurs either via intermediate utilities, also called “indirect heat 

transfer” (Boldyryev et al., 2014) or via process streams by transferring either hot or cold stream 

between processes, also called “direct heat transfer” (Laukkanen et al., 2012). Transfer by utility 

streams is preferred in several cases due to operational concerns, safety and flexibility reasons 

(Nemet et al., 2017). On the other hand, integration by process streams might be preferred in cases 

of short distances, smaller number of heat exchange loops and simultaneous operation of such 

processes among which the integration occurs (Tarighaleslami et al., 2017). 

There are several options for performing HEN retrofitting analysis within processes and Total Sites, 

such as (Kemp, 2007): 1) Developing a Minimum Energy Requirement (MER) design of new plant 

while retaining the existing Network matches, 2) Initiate with a present Network and proceed towards a 

MER design, and 3) Begin from a present Network and determine the crucial modifications that could 

provide most possible savings. An upgrading option (Čuček and Kravanja, 2015b) is to identify for a 

given number of changes the most profitable modifications. However, besides this, a real-life solution 

has to deal with a number of other issues (Chew et al., 2013). From them to highlight at last a few, such 

as pressure drops (Chew et al., 2015a) and process modifications driven to improve the retrofitted 

process (Chew et al., 2015b). Several other issues identified are presented in the following in Sections 

Industrial Retrofitting Applications and Conclusions and Future Challenges. 

 

3. Approaches for Retrofit of Processes and Total Sites 

There are several approaches for determining energy gaps and thus identifying the possibilities for 

conserving energy and reducing emissions within Total Sites and individual processes (Nemet et al., 
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2018b). Generally, these methods may be split up into the technique based on heuristics, insights-based 

(Pinch Analysis and Bridge Analysis), optimisation-based (deterministic and stochastic methods) and 

combined or hybrid approaches. Approaches are summarised in Figure 2 and presented in more details 

in the following. Only the major approaches are presented while the several extensions of those 

presented approaches are omitted. 

The methods that presented major breakthroughs in the Heat Integration and Total Site Analysis were 

mostly devised in last decades of the last century (Gundersen, 2013c). Latest developments regarding 

the HEN design and retrofit are focused mainly on creation of methods and approaches for finding 

grassroots and retrofitting solutions to larger-scale HENs, developments of methods and approaches for 

global optimisation, detailed design of heat exchange units and whole HEN, improving a Network 

flexibility, multi-objective optimisation (Klemeš, 2013b), and improving existing approaches and 

solutions (Gundersen, 2013c). 

 

 

Figure 2. Approaches for retrofitting existing processes and Total Sites 
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3.1 Heuristics 

HEN design methods relied mostly on heuristics for many years (Klemeš et al., 2014). The first 

methodologies for Process Integration were based on heuristic methods (Navarro-Amorós et al., 2013). 

Heuristics is the application of knowledge derived from experiences of engineers and designers, using 

rules of thumb and intuitive judgments for a specific problem (Klemeš and Kravanja, 2013). Together 

with process knowledge and simulations, it can be used to speed up finding a satisfactory solution and 

for fast screening in the early stages to avoid infeasible retrofitting modifications (Niu and Rangaiah 

2016). Heuristics could be useful for data extraction (CETC-Varennes, 2003), in developing reasonable 

designs (Douglas, 1985), however, depending on the guesses of process alternatives and variables, the 

design may be far from the optimal one (Douglas, 1985). The disadvantage of heuristic approaches is 

the difficulty in judging how good a solution really is. Heuristics e.g. could be used to identify 

improvements that meet the immediate needs (CETC-Varennes, 2003). It can be applied to reject 

unfeasible matches (Aly, 1997) or matches that are difficult to be implemented. Heuristics could be 

applied as well for Network design for approaching to energy targets (Bonhivers et al., 2014b). 

However, in general, methods relying on heuristics are becoming redundant (Klemeš and Kravanja, 

2013), especially for large and complex industrial processes and Total Sites. 

 

3.2 Insights-based Approaches 

Pinch Analysis is currently the widely-spread Process Integration approach in the industry (Navarro-

Amorós et al., 2013).  Simplicity of its concepts, the graphical representations, and the step-by-step user 

control of the process design make possible to find feasible solutions and facilitate practical realisation 

(Bonhivers et al., 2016). Pinch Analysis has helped to obtain impressive results in numerous projects 

worldwide (CETC-Varennes, 2003). Besides Pinch Analysis, recently Bridge Analysis was developed 

which could identify supplementary solutions to Pinch Analysis.  

Pinch Analysis approach consists of graphical and numerical tools for setting energy targets and for 

performing HEN design. Most common graphical tools are in the form of Composite Curves (CCs) and 

Grand Composite Curves (GCCs) (Linnhoff et al., 1982). They have been complemented by various 

developments in Grid Diagram (Linnhoff and Flower 1978) at the level of processes, and Total Site 

Profiles (TSPs) (Klemeš et al., 1997) or Site Source – Sink Profiles (SSSPs) (Dhole and Linnhoff 1993) 

and Site Utility Grand Composite Curves (SUGCCs) (Klemeš et al., 1997) at the level of Total Sites. 

The most well-known numerical tool is Problem Table Algorithm (PTA) (Linnhoff and Flower 1978) 

which is applied at process level.  

More recent developments regarding graphical tools include Stream Temperature versus Enthalpy Plot 

(STEP) (Wan Alwi et al. 2010), Retrofit Thermodynamic Diagram (Lakshmanan and Bañares-

Alcántara, 1996), Composite and Grand Composite Curves for target, existing and modified design 

under several operational scenarios (Čuček et al., 2014), Retrofit Tracing Grid Diagram (Nemet et al., 



8 

 

2015), Extended Grid Diagram and Heat Path Development (Yong et al., 2015a), Diagram Hot vs Cold 

Temperature (Gadalla, 2015), Matrix representation of the Grid Diagram (Yong et al., 2015b), Energy 

Transfer Diagram (ETD), Heat Exchanger Load Diagram (HELD), and other. Recently developed 

numerical tools include Total Site Problem Table Algorithm (TS-PTA) (Liew et al., 2012), Segregated 

Problem Table Algorithm (SePTA) (Wan Alwi et al., 2013), Total Site Sensitivity Table (TSST) (Liew 

et al., 2012), Total Site Utility Distribution (Liew et al., 2012), Time Super Targeting (Boldyryev et al., 

2017b) and others. 

Pinch Analysis applies well to the design of new systems, while it is less suited for retrofits and for 

operational optimisation. It has difficulties with large problems and incorporation of constraints (Smith, 

2013).  

Pinch Analysis based methods are sequential design methods decomposed into several steps: 1) a 

definition of targets for energy recovery and number of units; 2) process design with changes to existing 

units; 3) estimation of project economics (Bakhtiari et al., 2013). 

There were several methods and their extensions developed based on thermodynamic analysis and 

insights: 

• Pinch Design method (Linnhoff and Hindmarsh, 1983) – method for a design of HENs. It has been 

later applied by a number of enterprises worldwide (Gundersen, 2013c). 

• The concept of area efficiency (Tjoe and Linnhoff, 1986) - first Pinch concept for retrofitting HEN. 

It is based on a concept: Start with the existing Network and work towards a MER design (Kemp, 

2007). The main idea of this method is to eliminate heat transfer across the Pinch with the aim of 

minimising investment costs for retrofitting modification (Bonhivers et al., 2014b). Disadvantages 

are that the Network design is obtained manually, which might be time-consuming procedure and 

difficult in large Networks, and depends also on the designer experiences; 

• Incidence Matrix approach (Pethe et al., 1989) for the identification of loops in HEN. The approach 

helps to visually identify loops; 

• Matrix methods such as Area Matrix (Shokoya, 1992) and Cost Matrix (Carlsson et al., 1993) - 

methods aiming at eliminating Pinch violations. Area Matrix uses optimization approach to find 

optimal vertical area contributions. Cost Matrix accounts for the cost calculations (heat exchanger 

area, piping, pumping and maintenance) based on experiences from retrofit projects (Gundersen, 

2000); 

• Path analysis (Van Reisen et al., 1995) and complemented by Varbanov and Klemeš (2000) - it 

identifies subnetworks with good economic potential. Subnetworks must contain at least one heater 

and one cooler. Heat load is shifted along paths between heaters and coolers;  

• Retrofit Thermodynamic Diagram (RTD) (Lakshmanan and Bañares-Alcántara, 1996) - a 

modification of the Conventional Grid Diagram. RTD is a visualisation tool that helps to address 

retrofit problems by engineering intuition; 
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• Bridge analysis (Bonhivers et al., 2014a) is a complementary approach to Pinch Analysis. Bridge 

variations match to consecutions of arrows between heater and cooler. Bridge formulation and 

insights such as Energy Transfer Diagram (ETD) and Heat Exchanger Load Diagram (HELD) are 

proposed (Bonhivers et al., 2016). 

 

3.3 Optimisation-based Approaches  

Mathematical programming (mathematical optimisation) methods enable automating the search among 

many design alternatives and explicitly account for both capital and operating costs (CAPEX and OPEX) 

(Grossmann, 1992). Mathematical programming problems are generally formulated as Mixed Integer 

Nonlinear Programming (MINLP) problems. To avoid local optimums and long computation times, in 

many cases the problem may be simplified to reformulate MINLP into Linear Programming (LP) 

problem, Nonlinear Programming (NLP) problem or Mixed Integer Linear Programming (MILP) (Liu 

et al., 2014). The most efficient approaches have been presented in the past as MILP-NLP or MILP-

MINLP approaches (Tantimuratha et al., 2000). 

Methods based on mathematical programming might be preferable for solving larger-scale problems 

due to some advantages (Smith et al., 2010). Using mathematical programming methods several cases 

might be easily and more properly handled especially if there are matches that are constrained, e.g. 

forbidden, restricted and required connections due to possible contaminations and predetermined purity 

of process streams, operability issues such as control, pipe length and distances between units, 

scheduling of start-up and shut-down and safety restrictions. Additionally, during the retrofitting most 

of the existing Network matches remain unchanged. Besides, trade-offs between CAPEX and OPEX 

can be handled under flexible operation modes and fixed or steady-state operating modes (Čuček and 

Kravanja, 2016). 

However, optimisation-based approaches might be highly complex, and estimation of the result 

feasibility and quality may not be possible due to uncertainties and obtained local optima (Bonhivers et 

al., 2014b). Especially simultaneous design methods have the difficulty to get practical solutions reliably 

for large complex problems (Smith, 2013). Mathematical programming also has limited exploitation in 

commercial software and provides little scope for user interaction (Akpomiemie and Smith, 2016). Most 

users still demand the insights that purely mathematical programming techniques do not provide (Smith, 

2013). Mathematical programming methods may be separated into stochastic (probabilistic) and 

deterministic approaches. 

 

3.3.1 Deterministic Methods 

Deterministic models are optimisation models when all model parameters are known and are constant. 

These methods could be based on insights from Pinch Analysis and represent simultaneous or sequential 

approaches to the design problems. Deterministic methods check several possible variations of optimum 
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solutions by listing different combinations of variables and finally get the best ones. However, these 

methods have some limitations and challenges that relate to computational complexity (combinatorial 

explosion) and numerical problems (local optima, “good” initialisation). Simultaneous MINLP 

formulations are limited to the problems that involve only smaller number of process streams (Nemet et 

al., 2018a). 

There were several methods and their extensions developed based on Mathematical Programming that 

could address retrofits of existing HENs. Some of more-known approaches are:  

• Transportation model (Cerda et al., 1983). It was one of the first problem formulations of 

Mathematical Programming that allowed the consideration of required, restricted and/or forbidden 

matches and multiple utilities (Grossmann, 1992). This model makes possible to define a minimum 

utility consumption when designing HENs (Cerda et al., 1983); 

• Transhipment and expanded transhipment model (Papoulias and Grossmann, 1983) that are 

alternatives to transportation model. Transhipment models could calculate minimum energy 

consumptions considering constrained matches or minimum number of units by connecting sources 

(hot streams), warehouses (intervals in Heat Cascade) and sinks (cold streams) (Gundersen, 2013b); 

• Stream superstructure-based approach (Floudas et al., 1986) which enables automatic HEN 

generation. It is solved in three steps; Step 1: minimising utility cost by LP transportation or 

transhipment model, Step 2: minimising the number of units by MILP transhipment model, Step 3: 

minimising investment cost by NLP problem; 

• An approach based on a Pinch Point Location (Duran and Grossmann, 1986) which provides 

carrying out process flowsheet optimisation and Heat Integration simultaneously. Heat Integration 

may be performed by varying temperatures and flow rates, and at the same time, multiple utilities 

could be applied. Optimised process flowsheet provides energy targets and minimum utility 

consumption; 

• A stage-wise problem (Yee and Grossmann, 1990) enables designing HEN. The model is based on 

a superstructure comprising all potential matches between hot and cold streams where inlet and 

outlet temperatures could be fixed or variable. It enables performing simultaneous optimization of 

CAPEX and OPEX, and also simultaneous optimisation of a process/site with HEN synthesis (Yee 

et al., 1990). Various extensions of a stage-wise problem have been proposed, such as for the retrofit 

of HEN (Yee and Grossmann, 1991), by comprising different exchanger types (Soršak and 

Kravanja, 2004), including possibility of utility selection at each stage and global optimization 

(Bogataj and Kravanja, 2012) and several others.  

 

3.3.2 Stochastic Methods 

Stochastic methods are optimization methods where parameters are specified by uncertain quantities, 

and at the same time, the probability distributions characterise parameters. The Genetic Algorithms and 
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Genetic Algorithms coupled with Simulated Annealing are the most widely used algorithms in the HENs 

synthesis (Toimil and Gómez, 2017).  

Stochastic optimisation approaches cover the numerical problems related to nonlinearities, non-

convexities, and discontinuities. They have the advantages of finding global optimum for NLP and 

MINLP problems through the random natures of these types of optimisation methods (Liu et al., 2014), 

and they don’t require good initialisation (Smith, 2013). However, the drawbacks of stochastic 

approaches are early convergence, they are slower than deterministic methods (Smith, 2013) and they 

do not employ insights from Pinch Analysis. There is no guarantee of finding global optimum 

(Gundersen, 2013b) and poor solution quality is obtained in some cases (Yu et al., 2000). There is no 

information how far the obtained solution is from the optimal solution (Toimil and Gómez, 2017). The 

solution quality when applying stochastic methods relies on the time consumed for calculation 

(Anantharaman, 2011).  

The structures of the algorithms are typically classified as one-level or two-level structures (Toimil and 

Gómez, 2017). In the two-level approach the structure is optimised in the first level (outer level), and in 

the second level (inner level) parameters are optimised (Toimil and Gómez, 2017). At both levels 

stochastic methods could be used, however more popular is that at one level (usually outer) stochastic 

and at one (usually inner level) either deterministic or hybrid methods are applied. Several structures to 

represent HEN are considered such as stage-wise superstructure proposed by (Yee and Grossmann, 

1990), incidence matrix proposed by (Pethe et al., 1989), node-based structure (Bochenek and Jeżowski, 

2006), graph-based representation (Toffolo, 2009) and other. Some notable developments: 

• First use of stochastic methods in HENs (Dolan et al., 1989) through optimisation by simulated 

annealing and employment to HEN design; 

• First use of stochastic methods for HEN retrofit (Athier et al., 1998). Simulated annealing was 

coupled with an NLP method; 

• First use of hybrid optimisation by combining two different methods, genetic algorithm and 

simulated annealing (Yu et al., 2000);  

• Proposed node representation of the superstructure (Bochenek and Jeżowski, 2006). Developed 

approach is based on genetic algorithm and the Network Pinch concept; 

• Proposed graph representations for HEN and used by evolutionary and NLP algorithms (Toffolo, 

2009); 

• Proposed string rewriting grammar (Fraga, 2009) for the evolution of HEN structure with stream 

splitting. Procedure consists of two levels, first, the algorithm evolves structures, and further, it 

optimises specific structures; 

• Applications of stochastic (metaheuristic) approaches in HEN design: Random algorithm 

(Chakraborty and Ghosh, 1999), Evolution strategies (Groß et al., 1996), Genetic algorithm (Lewin 

et al., 1998), Tabu search (Lin and Miller, 2004), Differential evolution (Yerramsetty and Murty, 
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2008), Particle swarm optimisation (Silva et al., 2009), Harmony search algorithm (Khorasany and 

Fesanghary, 2009), and others. 

 

3.4 Hybrid Approaches 

Hybrid approaches are the combination of different methods (physical insights, heuristics, optimisation) 

to get synergistic benefits of the advantages of the separate methods (Fraser, 2013). For solving 

industrial problems, advantages of all three approaches should be considered (Gundersen and Naess, 

1988).  

Graphical approaches are powerful tools for demonstrating the results of the optimisation and for 

applying energy efficiency measures (Maréchal and Kalitventzeff, 1998). Mathematical Programming 

is a time-consuming approach, and it typically does not give any insight into the problem. Besides, 

Mathematical Programming methods provide automated HEN design.  

There are several possible opportunities for employing hybrid approaches (Klemeš and Kravanja, 2013). 

When combining Mathematical Programming and Pinch Analysis, searching space of Mathematical 

Programming is conveniently narrowed. Pinch Analysis is also very beneficial at data extraction stage, 

and for verification and guiding Mathematical Programming close to global optima (Klemeš and 

Kravanja, 2013). It was suggested that Pinch Analysis is helpful in the initial steps followed by 

Mathematical Programming for detailed optimisation (Ahmetović et al., 2018). 

There were several methods and their extensions developed that somewhat apply hybrid methods. Some 

examples of hybrid approaches are: 

• Vertical MILP transhipment model (Gundersen and Grossmann, 1990). Probably the first approach 

which combines the thermodynamics (physical insights) and Mathematical Programming approach.   

• Network Pinch (Asante and Zhu, 1997) is a computational approach for HEN retrofit applying 

minimal topology modifications. It has been successfully applied in industry (Hallale, 2001) and 

has proved to be beneficial in retrofitting existing HENs (Yong et al., 2015a). It employs a two-

stage approach: i) diagnosis stage: identification of promising HEN topology modifications 

(Pinching matches – bottlenecks of an existing recovery HEN) and ii) optimisation stage: 

minimisation of capital costs to overcome the Network Pinch. The retrofit design of existing HEN 

is changed one modification at a time (Hallale, 2001). Modified Network Pinch approach combines 

two stages into a single step (Smith et al., 2010).  

• Hypertargets (Briones and Kokossis, 1999) - systematic approach for retrofitting industrial HENs. 

It includes targeting and optimisation stages and simultaneously use thermodynamic principles and 

Mathematical Programming. 

• Heat transfer enhancement (Pan et al., 2011) – retrofit without the need for topology modifications 

and additional heat transfer area. Different approaches have been proposed based on optimisation 

and heuristics (Wang et al., 2012).  
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• Transhipment-based code TransGen (Čuček and Kravanja, 2014), and an improved version (Čuček 

and Kravanja, 2015b) includes insights from Pinch Analysis. TransGen identifies under both fixed 

and varying operating conditions for a given number of changes, specified payback time or available 

money for investment the most profitable modifications. TransGen includes physical insights such 

as insights for target, existing and modified design under one or several operational scenarios (Čuček 

et al., 2014) and insights from Plus-Minus principles (Čuček and Kravanja, 2015a). 

 

3.5 Comparison of Approaches  

Methods based on heuristics use rules of thumb and intuitive judgment of engineers. For many years, 

methods were mostly relied on heuristics. However, to obtain feasible HEN design, many “trials” and 

permutations are required (Klemeš et al., 2018b). The main strength of heuristics is in the use of 

engineering experience and in successive generation/refinement of retrofitting modifications, while the 

weaknesses are its lack of a systematic approach, its inability to perform simultaneous optimization, and 

that the obtained solutions may not always be valid (Grossmann and Daichendt, 1996). Thus, retrofit 

studies are recently performed mainly by using Pinch Analysis methods, Mathematical Programming 

methods or a combination of these two methods with the help of heuristics (Akpomiemie and Smith, 

2015).  

Insights-based methods (Pinch and Bridge Analysis methods) are methods based on thermodynamic 

principles and are used for grassroots design, heat recovery targeting and reducing and/or eliminating 

heat transfer across the pinch (Akpomiemie, 2016). For retrofit projects, insights-based methods 

incorporate several heuristics (Lai et al., 2017). The main strengths of insight-based methods are that 

they set target performance of existing process and provide various graphical and numerical tools. They 

have high industrial acceptance, proven energy savings (Pinch Technology), are widely used in 

academia and industry, are widely included in chemical engineering education curricula (Klemeš et al., 

2013b) and are mature technologies (Kemp, 2007). There are various software tools available for heat 

integration (Bulatov, 2013) which are mainly based on physical insights, while also enable simulation 

or optimisation (Lam et al., 2011). Limitations of such methods are time requirement to generate retrofit 

designs, especially for large-scale problems (Bagajewicz et al., 2013). Retrofit results are often complex 

and uneconomic (Akpomiemie, 2016) and are based on sequential approach. Larger-scale retrofit 

problems offer combinatorial challenge (Čuček et al., 2016) and many modifications are typically 

required to the existing network (Akpomiemie, 2016). They typically also ignore the constraints related 

to existing plant layout and require experience and expertise for their application. It is challenging to 

perform retrofit projects under varying operational conditions, especially at Total Site level, and to 

consider multiple criteria (Čuček et al., 2016). 

Mathematical Programming methods use mathematical models (usually based on optimisation) to assist 

in taking decisions, and the best solution is obtained by using specified optimisation algorithm. They 
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have several strengths, with the main one that it enables optimality, feasibility and integrity of solutions 

(Kravanja, 2010).  They enable automating the search among many design alternatives by handling 

several optimization variables. They could explicitly account for any objective (total annual cost, energy 

consumption, incremental profit and other) or multiple objectives and could explicitly consider certain 

number of most optimal retrofitting modifications. They could handle and optimally solve retrofitting 

problems under dynamic operating conditions, constrained matches and multiple utilities. Certain 

methods also enable synthesizing HEN including positions of heat exchange units including all the 

temperatures in HEN, and certain methods enable performing simultaneous process optimization and 

integration (Čuček et al., 2016). However, strengths of Mathematical Programming methods depend on 

the efficiency of problem representation and optimisation algorithms. They require significant 

experience and expertise in problem formulation, in building the model, analysing the solution and 

interpreting the results. Limitations are also the size and complexity of the retrofit problem 

(Akpomiemie, 2016). In case of nonlinear problems, solutions are only locally optimal and are highly 

dependent on the initial values of variables. For larger-scale problems, models are typically either 

rigorous and not solvable, or deficient and solvable (Björk and Nordman, 2005). They provide only 

numerical results which could be difficult to interpret. In cases when the model is not well-built, the 

results could be questioned if they represent the real-world solution and some options could be missed. 

Retrofitting larger-scale HENs with Mathematical Programming has mainly been performed using 

simplifications and heuristics (Anantharaman, 2011). There is also a lack of available software tools for 

retrofitting based on Mathematical Programming.  

Due to several strengths and limitations of each approach, the most beneficial for solving industrial 

problems would be to combine all three approaches (Gundersen and Naess, 1988) and to use so-called 

combined or hybrid approaches. In this way synergistic benefits of the separate methods could be 

obtained (Fraser, 2013). However, among significant challenges is how to combine all three approaches 

so that retrofitting problem will be conceptually consistent and rigorous while exploiting the strengths 

of each approach (Grossmann and Daichendt, 1996). Among recent examples of successful 

combinations of approaches are e.g. thermodynamic background with advanced graphical approach 

supporting the designer interactions, such as Retrofit Tracing Grid Diagram (Nemet et al., 2015) and 

Heat Path Development (Varbanov and Klemeš, 2000) extended by Yong et al. (2015a). A recently 

developed hybrid approach based on physical insights and mathematical programming for retrofit of 

large-scale networks within flexible big industrial sites (Čuček and Kravanja, 2016) has been proven to 

be a valuable methodology that may contribute significantly to global resource saving, such as energy 

and environmental impact (Varbanov et al., 2018). 
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4. Industrial Retrofitting Applications 

Process Integration methodology for efficient energy use has widespread applications worldwide. Most 

of the industrial activities are related to retrofit of existing processes for reduced energy demand and 

increased throughput (Smith, 2013). Nowadays, there have been a lot of successful projects in different 

industries, such as oil and gas, petrochemical, fine chemical, steel manufacture, chemical, pulp and 

paper, food and drink and other industries (Smith, 2000). Energy cost savings of 20 % or more were 

achieved only with few key ideas (Linnhoff, 2013). World leading companies, such as BP-Amoco, 

Exxon, Shell, Neste Oy, Mitsubishi and several others have demonstrated a primary energy savings of 

up to 25 % and similar emissions reductions, saving of millions of dollars annually (Hallale, 2001).  

Retrofit studies at Total Site level involved big petrochemical sites, such as BP US, BP UK and MOL 

Hungary (Chew et al., 2013), oil refinery including all the units (Fraser and Gillespie, 1992), large 

Industrial Site in Japan (Matsuda et al., 2009), Swedish chemical site accounting 360 process streams 

(Hackl et al., 2011), large-scale steel plant (Matsuda et al., 2012), natural gas industrial parks (Zhang et 

al., 2018) and other sites. Several studies have also been performed for medium- or small-sized sites. 

Such examples of retrofit analyses are hospital site including hospital, a sports centre, laundry centre, 

and minor buildings (Herrera et al., 2003), medium-size refinery using Pinch Analysis (Nemet et al., 

2015) and the hybrid approach using TransGen code considering more than 100 heat exchange units 

under flexible design conditions (Čuček et al., 2015), local community integrating an industry, 

residential area and business sector (Kostevšek et al., 2015), food producing company (Vujanović et al., 

2015), cement factory (Boldyryev et al., 2016b) and several other medium- and smaller-scale sites. 

Besides retrofit studies at site levels, there were several retrofit analyses performed at process level such 

as Heat Integration of sodium hypophosphite production (Tovazhnyansky et al., 2010), refinery 

(Tovazhnyanskii et al., 2009), bromine production (Boldyryev and Varbanov, 2015), cement production 

(Boldyryev et al, 2016c), milk powder production (Walmsley et al., 2013), cheese production 

(Kapustenko et al., 2008), crude oil distillation unit (Ochoa-Estopier et al., 2013), tobacco drying 

(Arsenyeva et al., 2016), coke-to-chemicals (Ulyev et al., 2013), biofuel production (Nagy et al., 2015), 

utility retrofit considering solar thermal and periodic heat storage (Abikoye et al., 2018) and other 

processes. An attempt has been also made to develop methodology for cost-effective integration of 

geothermal energy within industrial systems with use of Pinch Analysis (Barkaoui et al., 2016).  

Despite of many successful industrial retrofitting applications there remained some very important 

issues that are yet mainly unsolved and are very important to the industry such as detailed plant design 

(plant layout, pressure drop), fouling (Vasilyev and Boldyryev, 2018), operation (start-up, shutdown, 

flexibility), reliability, availability and maintenance (RAM), regulation and policy and economic issues 

(Chew et al., 2013).  

Additionally, it is important to consider flexibility of retrofitted HEN, because process plants and 

especially Total Sites operate under somewhat varying operating conditions. Obtained flexible HEN 
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should be feasible for all operating conditions, and ensuring safe production (Čuček et al., 2016). For 

Total Site Integration it is important to consider also operation times of each process and possible non-

simultaneous operation of processes (Nemet et al., 2014).  

Applied retrofitting methods should be such to enable efficient (re)use of existing equipment as much 

as possible, to consider limitations on investment capital for retrofits and to account for cost due to civil 

engineering and pipework required and potential economic losses during application of retrofitting 

modifications (Akpomiemie and Smith, 2015). Besides, many identified retrofitting modifications may 

be found infeasible (Van Reisen, 2008) or difficult to be implemented due to safety reasons, non-

continuous operation, space constraints, possible contamination, undesired phase change and other 

reasons (Chew et al., 2013). 

 

5. Conclusions and Future Challenges 

This contribution has presented different approaches developed that could be applied for retrofit of 

processes and entire sites, from small industrial processes up to larger-scale industrial and regional sites 

to improve energy efficiency and consequently to reduce emissions. Approaches are divided into pure 

heuristic-based, insights-based, optimisation-based and hybrid approaches combining heuristics, 

thermodynamics and/or optimisation. Among the approaches, Pinch Analysis is currently the most 

widely used Process Integration approach in the industry (Navarro-Amorós et al., 2013). As it has certain 

limitations as also all other approaches, it has been beneficial to combine various approaches in a way 

to take the best from each of them. After analysing the methods presented in the literature, it is not easy 

to declare which method provides the best results (Toimil and Gómez, 2016) and is the most suitable 

for industrial practice. Among the reasons are that the conditions, including the economy, processing 

and power plants, Total Sites and exploitation of renewables can significantly vary. Despite certain 

limitations of approaches, there have been several thousands of successful industrial examples of 

retrofitting applications yet, some of them were presented in the previous part of this paper.  

Several future challenges have been identified from the review of existing approaches and methods for 

retrofitting existing process and Total Sites. Among the challenges are: 

• To further develop methods that could be applied to larger-scale HENs (Toimil and Gómez, 2017). 

Several authors claimed good potential for solving important industrial HEN synthesis problems by 

applying specific methods, such as e.g. insights-based (Nemet et al., 2015), stochastic (Khorasany 

and Fesanghary, 2009), hybrid (Čuček and Kravanja, 2015b), and other. However, in many cases 

an objective comparison of all the approaches has been difficult (Toimil and Gómez, 2017); 

• Development of appropriate case studies to illustrate and stimulate the decision makers in industry 

to use the potential of operating expenses (OPEX) reduction and get real savings. Different methods 

(based on insights, deterministic and stochastic optimisation) should preferably be applied for 
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solving the same case studies to find strengths, weaknesses and synergies of specific approaches. 

This is going to be beneficial for identifying the best specifics of each method (Ulyev et al., 2018). 

Consequently, such hybrid method could be developed that could help industry in achieving savings, 

and in reducing negative impacts on environment; 

• A development of software tools (Gundersen, 2013a), which is of particular importance in retrofit 

situations where the current configuration needs to be taken into account (Boldyryev et al., 2017a); 

• Efficient combination of process modifications coupled with HEN changes (Smith, 2013). To get 

the most profitable solutions, a process simulation and HEN models have to be considered together 

(Smith, 2013); 

• Adequately addressing design (plant layout, pressure drop), fouling management, operation (start-

up, shut-down, flexibility), reliability, availability and maintenance (RAM), regulation, policy 

(Chew et al., 2013), safety and process control (Smith, 2000); 

• Efficient application of Process Integration methodology (Jamaluddin et al., 2018) across all 

material and energy streams for resources saving (Foo et al., 2012); 

• Problem size and non-convexities are still problems that wait for improved solutions (Grossmann, 

1992), although the available computer power has been continuously growing. Larger-scale HENs 

should be solved in a feasible amount of time (Toimil and Gómez, 2017); 

• Real-time optimisation of the processes coupled with process control; 

• Optimisation of processes and Total Sites from the whole supply chains/supply networks; 

• Coverage of the Total Site demands is the most promising means of further improvement via waste 

heat utilisation, co-generation, efficient retrofit, and energy planning strategies. Nevertheless, the 

technical side should be developed further for proper technical realisation; 

• Updating existing and bringing a new knowledge that has a multidisciplinary impact and further 

potential developments of clean technologies. The improved heat integration and conceptual design 

of a heat exchanger network may be a basis of the design of efficient and environmental-friendly 

production plants. It provides a reduction of the fossil fuel consumption, and as a result, CO2 

mitigation. 

Summarising this paper content, the identified challenges could very likely be overcome greatly by 

developing hybrid approaches which include the best characteristics of developed approaches combined 

with the development of suitable software tools. 

 

Nomenclature 

CAPEX Capital expenditures 

CC Composite Curve 

ETD Energy Transfer Diagram 
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GCC Grand Composite Curve 

HELD Heat Exchanger Load Diagram 

HEN Heat Exchanger Network 

LIES Locally Integrated Energy Sectors 

LP Linear Programming 

MER Minimum Energy Requirement or Maximum Energy Recuperation 

MILP Mixed Integer Linear Programming 

MINLP Mixed Integer Non-Linear Programming 

MP Mathematical Programming 

NLP Non-Linear Programming 

OPEX Operating expenses 

PTA Problem Table Algorithm  

RAM Reliability, Availability and Maintenance  

RTD Retrofit Thermodynamic Diagram  

SePTA Segregated Problem Table Algorithm  

SSSP Site Source - Sink Profile  

STEP Stream Temperature vs. Enthalpy Plot  

SUGCC Site Utility Grand Composite Curve  

TSP Total Site Profile  

TS-PTA Total Site Problem Table Algorithm  

TSST Total Site Sensitivity Table 

 

Acknowledgements 

The authors acknowledge the financial supports from Slovenian Research Agency (programs P2-0032 and 

P2-0377), from SCOPES joint research project CAPE-EWWR ‘Computer Aided Process Engineering 

applied to energy, water and waste reduction during process design and operation’, from Ministry of 

Science, Education and Sports of the Republic of Croatia,  for bilateral projects between Slovenia and 

Croatia ‘Planning of 100 % RES communities by use and combination of Total Site Integration and 

Renewislands methodologies’ and ‘Integration of renewable energy within energy systems’, by the EU 

project “Sustainable Process Integration Laboratory – SPIL”, project No. 

CZ.02.1.01/0.0/0.0/15_003/0000456 funded by EU “CZ Operational Programme Research and 

Development, Education”, Priority 1: Strengthening capacity for quality research, in a collaboration 

agreement with the University of Maribor, Slovenia and EC under project CARBEN (NEWFELPRO Grant 

Agreement No. 39). 

 



19 

 

References 

Abikoye, B., Čuček, L. Isafiade, A., Nemet, A., Kravanja, Z., 2018, Retrofitting of Industrial Utility Systems 

Considering Solar Thermal and Periodic Heat Storage, 1st Conference on Technologies and 

Business Models for Circular Economy, TBMCE2018, Portorož, Slovenia, paper 73. 

Ahmetović, E., Ibrić, N., Kravanja, Z., Grossmann, I.E., Maréchal, F., Čuček, L., Kermani, M., 2018. 

Simultaneous optimisation and heat integration of evaporation systems including mechanical 

vapour recompression and background process. Energy, 158, 160-1191. 

Akpomiemie, M.O., 2016. Cost Effective Retrofit Methods for Heat Exchanger Networks, PhD Thesis, 

School of Chemical Engineering and Analytical Science, The University of Manchester, 

Manchester, UK. 

Akpomiemie, M.O., Smith, R., 2015. Retrofit of heat exchanger networks without topology modifications 

and additional heat transfer area. Applied Energy 159, 381-390. 

Akpomiemie, M.O., Smith, R., 2016. Retrofit of heat exchanger networks with heat transfer enhancement 

based on an area ratio approach. Applied Energy, 165, 22-35. 

Alfa Laval, 2011, Waste heat recovery – Optimizing your energy system. 

<www.alfalaval.com/globalassets/documents/industries/chemicals/petrochemicals/waste-heat-

recovery-ppi00443en.pdf>. (accessed 10.10.2018).  

Aly, S., 1997. Heuristic approach for the synthesis of heat‐integrated distillation sequences. International 

Journal of Energy Research, 21 (14), 1297-1304. 

Anantharaman, R., 2011. Energy Efficiency in Process Plants with emphasis on Heat Exchanger Networks: 

Optimization, Thermodynamics and Insight. PhD Thesis, Department of Energy and Process 

Engineering, Norwegian University of Science and Technology, Trondheim, Norway. 

Arsenyeva, O.P., Čuček, L., Tovazhnyanskyy, L.L., Kapustenko, P.O., Savchenko, Y.A., Kusakov, S.K., 

Matsegora, O.I., 2016. Utilisation of waste heat from exhaust gases of drying process. Frontiers of 

Chemical Science and Engineering, 10 (1), 31-138. 

Asante, N.D.K., Zhu, X.X., 1997. An Automated and Interactive Approach for Heat Exchanger Network 

Retrofit. Chemical Engineering Research and Design, 75 (3), 349-360. 

Athier, G., Floquet, P., Pibouleau, L., Domenech, S., 1998. A mixed method for retrofiting heat-exchanger 

networks. Computers & Chemical Engineering, 22, S505-S511. 



20 

 

Bagajewicz, M., Valtinson, G., Nguyen Thanh, D., 2013. Retrofit of Crude Units Preheating Trains: 

Mathematical Programming versus Pinch Technology. Industrial & Engineering Chemistry 

Research 52, 14913-14926. 

Bakhtiari, B., Bedard, S., 2013. Retrofitting heat exchanger networks using a modified network Pinch 

approach. Applied Thermal Engineering, 51 1–2, 973-979. 

Barkaoui, A., Boldyryev, S., Duić, N., Krajačić, G., Guzović, Z., 2016. Appropriate integration of 

geothermal energy sources by Pinch approach: Case study of Croatia. Applied Energy, 184, 1343–

1349. 

Bart, H.J., Scholl S., 2018, Innovative Heat Exchangers. Cham, Switzerland: Springer International 

Publishing AG. 

Ben-Guang, R., Fang-Yu, H., Kraslawski, A., Nystrom, L., 2000. Study on the methodology for retrofitting 

chemical processes. Chemical Engineering and Technology, 23 (6), 479-484. 

Beninca, M., Trierweiler, J.O., Secchi, A.R., 2011. Heat integration of an Olefins Plant: Pinch Analysis and 

mathematical optimization working together. Brazilian Journal of Chemical Engineering, 28, 101-

116. 

Biegler, L.T., Grossmann, I.E., Westerberg, A.W., 1997. Systematic methods of chemical process design. 

New Jersey, US: Prentice Hall PTR. 

Björk, K.-M., Nordman, R., 2005. Solving large-scale retrofit heat exchanger network synthesis problems 

with mathematical optimization methods. Chemical Engineering and Processing: Process 

Intensification 44, 869-876.  

Bochenek, R., Jeżowski, J.M., 2006. Genetic algorithms approach for retrofitting heat exchanger network 

with standard heat exchangers. Computer Aided Chemical Engineering, 21, 871-876. 

Bogataj, M., Kravanja, Z., 2012, An alternative strategy for global optimization of heat exchanger networks. 

Applied Thermal Engineering.43, 75-90. 

 Boldyryev S., Varbanov P.S., Nemet A., Klemeš J.J., Kapustenko P., 2014. Minimum heat transfer area 

for Total Site heat recovery. Energy Conversion and Management, 87, 1093–1097. 

Boldyryev, S., Varbanov, P.S., 2015. Low potential heat utilization of bromine plant via integration on 

process and Total Site levels. Energy, 90 (1), 47-55. 



21 

 

Boldyryev, S., Krajačić, G., Duić, N., 2016a. Cost Effective Heat Exchangers Network of Total Site Heat 

Integration. Chemical Engineering Transaction, 52, 541-546. 

Boldyryev, H. Mikulčić, G. Krajačić, N. Duić, 2016b. Waste heat utilisation of Croatian cement industry 

accounting Total Site demands. Computer Aided Chemical Engineering, 38, 2223-2228. 

Boldyryev, S., Mikulčić, H., Mohorović, Z., Vujanović, M., Krajačić, G., Duić, N., 2016c. The improved 

heat integration of cement production under limited process conditions: A case study for Croatia. 

Applied Thermal Engineering, 105, 839-848. 

Boldyryev, S., Ban, M., Ulyev, L., 2017a. HILECT: an online software for energy saving prediction, CO2 

mitigation and retrofit planning. 12th Conference on Sustainable Development of Energy, Water 

and Environment Systems, Dubrovnik, Croatia, SDEWES2017.0501, 592. 

Boldyryev, S., Mikulčić, H., Ulyev, L., Duić, N., 2017b. Time Super Targeting: Planning of Optimal HEN 

Design Accounting Energy Prices. Chemical Engineering Transaction, 61, 1903-1908. 

Bonhivers, J.C., Korbel, M., Sorin, M., Savulescu, L., Stuart, P.R., 2014a. Energy transfer diagram for 

improving integration of industrial systems. Applied Thermal Engineering, 63 1, 468-479. 

Bonhivers, J.C., Svensson, E., Berntsson, T., Stuart, P.R., 2014b. Comparison between Pinch analysis and 

Bridge analysis to retrofit the heat exchanger network of a kraft pulp mill. Applied Thermal 

Engineering, 70 (1), 369-379. 

Bonhivers, J.C., Moussavi, A., Alva-Argaez, A., Stuart, P.R., 2016. Linking Pinch analysis and bridge 

analysis to save energy by heat-exchanger network retrofit. Applied Thermal Engineering, 106, 

443-472. 

Bonhivers, J.C., Srinivasan, B., Stuart, P.R., 2017. New analysis method to reduce the industrial energy 

requirements by heat-exchanger network retrofit: Part 1 – Concepts. Applied Thermal Engineering, 

119, 659-669. 

Briones, V., Kokossis, 1999. A.C., Hypertargets: a Conceptual Programming approach for the optimisation 

of industrial heat exchanger networks — II. Retrofit design. Chemical Engineering Science, 54 (4), 

541-561. 

Bulatov, I., 2013. Software Tools for Heat Integration, in J.J. Klemeš (ed) Handbook of Process Integration 

(PI): Minimisation of Energy and Water Use, Waste and Emissions, Woodhead Publishing 

Limited/Elsevier: Cambridge, UK. doi: 10.1016/j.coche.2013.10.003. 



22 

 

Carlsson, A., Franck, P.-A., Berntsson, T., 1993. Design better heat exchanger network retrofits. Chemical 

Engineering Progress, 89 (3). 

Cerda, J., Westerberg, A.W., Mason, D., Linnhoff, B., 1983. Minimum utility usage in heat exchanger 

network synthesis A transportation problem. Chemical Engineering Science, 38 (3), 373-387. 

CETC-Varennes. Pinch Analysis: For the Efficient Use of Energy, Water and Hydrogen. 2003. 

<www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy/pdf/fichier.php /codectec/En/2009-

052/2009-052_PM-FAC_404-DEPLOI_e.pdf> (accessed 10.05.2018). 

Chakraborty, S., Ghosh, P., 1999. Heat exchanger network synthesis: the possibility of randomization. 

Chemical Engineering Journal, 72 (3), 209-216. 

Chew, K.H., Klemeš, J.J., Wan Alwi, S.R., Abdul Manan, Z., 2013. Industrial implementation issues of 

Total Site Heat Integration. Applied Thermal Engineering, 61 (1), 17-25. 

Chew, K.H., Klemeš, J.J., Wan Alwi, S.R., Manan, Z.A., Reverberi, A.P., 2015a. Total site heat integration 

considering pressure drops. Energies, 8 (2), 1114-1137. 

Chew, K.H., Klemeš, J.J., Wan Alwi, S.R., Manan, Z.A., 2015b. Process modifications to maximise energy 

savings in total site heat integration. Applied Thermal Engineering, 78, 731-739. 

Čuček, L., Kravanja, Z., 2014. Efficient Transhipment-Based Framework for Energy Targeting and 

Retrofitting Industrial Total Sites. Chemical Engineering Transactions, 39, 1813-1818. 

Čuček, L., Yong, J.Y., Mantelli, V., Vocciante, M., Varbanov, P.S., Klemeš, J.J., Karlopoulos, E., Kravanja, 

Z., 2014. Data Acquisition and Analysis of Total Sites under Varying Operational Conditions. 

Chemical Engineering Transactions, 39, 1819-1824. 

Čuček, L., Kravanja, Z. 2015a. Physical Insights from Hybrid Mathematical Programming / Pinch Analysis 

Software Tool TransGen, 10th Conference on Sustainable Development of Energy, Water and 

Environment Systems, Dubrovnik, Croatia, SDEWES2014.1176, 408. 

Čuček, L., Kravanja, Z., 2015b. Retrofitting of large-scale heat exchanger networks within total sites under 

uncertainty by considering trade-offs between investment and operating cost. Chemical 

Engineering Transactions, 45, 1723-1728. 

Čuček, L., Mantelli, V., Yong, J.Y., Varbanov, P.S., Klemeš, J.J., Kravanja, Z., 2015. A Procedure for the 

Retrofitting of Large-Scale Heat Exchanger Networks for Fixed and Flexible Designs applied to 

Existing Refinery Total Site. Chemical Engineering Transactions, 45, 109-114. 



23 

 

Čuček, L., Kravanja, Z., 2016. Retrofit of Total Site Heat Exchanger Networks by Mathematical 

Programming Approach, in Alternative Energy Sources and Technologies: Process Design and 

Operation, M. Martín, Editor, Springer International Publishing: Cham, Switzerland.  297-340. 

Droegemueller, P., Gough, M.J., 2017. Values and benefits of improving the performance of existing heat 

exchangers used in the hydrocarbon processing industries. Chemical Engineering Transactions, 61, 

1885-1890. 

Dhole, V.R., Linnhoff, B., 1993. Total site targets for fuel, co-generation, emissions, and cooling. 

Computers & Chemical Engineering, 17, S101-S109. 

Dolan, W.B., Cummings, P.T., LeVan, M.D., 1989. Process optimization via simulated annealing: 

Application to network design. AIChE Journal, 35 5, 725-736. 

Douglas, J.M., 1985. A hierarchical decision procedure for process synthesis. AIChE Journal, 31 3, 353-

362. 

Duran, M.A., Grossmann, I.E., 1986. Simultaneous optimization and heat integration of chemical processes. 

AIChE Journal, 32 (1), 123-138. 

El-Halwagi, M.M., 2012. Sustainable Design Through Process Integration: Fundamentals and Applications 

to Industrial Pollution Prevention, Resource Conservation, and Profitability Enhancement. 

Waltham, MA, USA: Butterworth-Heinemann. 

Floudas, C.A., Ciric, A.R., Grossmann, I.E., 1986. Automatic synthesis of optimum heat exchanger network 

configurations. AIChE Journal, 32 (2), 276-290. 

Foo, D.C.Y., 2012. Process Integration for Resource Conservation. Boca Raton, FL, USA: CRC Press, 

Taylor & Francis Group. 

Fraga, E.S., 2009. A rewriting grammar for heat exchanger network structure evolution with stream 

splitting. Engineering Optimization, 41 (9), 813-831. 

Fraser, D.M., 2013. Retrofit Mass Integration of Acid Gas Removal Systems in Petrochemical Plants, in 

J.J. Klemeš (ed) Handbook of Process Integration (PI): Minimisation of Energy and Water Use, 

Waste and Emissions, Woodhead Publishing Limited/Elsevier: Cambridge, UK. 

Fraser, D., Gillespie, N., 1992. The application of pinch technology to retrofit energy integration of an entire 

oil refinery. Chemical Engineering Research & Design, 70, 395-406. 



24 

 

Furman, K.C., Sahinidis, N.V., 2002. A Critical Review and Annotated Bibliography for Heat Exchanger 

Network Synthesis in the 20th Century. Industrial & Engineering Chemistry Research, 41 (10), 

2335-2370. 

Gadalla, M.A., 2015. A new graphical method for Pinch Analysis applications: Heat exchanger network 

retrofit and energy integration. Energy, 81, 159-174. 

Groß, B., Hammel, U., Maldaner, P., Meyer, A., Roosen, P., Schütz, M., 1996. Optimization of heat 

exchanger networks by means of evolution strategies, in Parallel Problem Solving from Nature — 

PPSN IV: The 4th International Conference on Parallel Problem Solving from Nature Berlin, 

Germany, September 22–26, 1996 Proceedings, H.-M. Voigt, et al., Editors. Springer Berlin 

Heidelberg: Berlin, Heidelberg. 1002-1011. 

Grossmann, I.E., Westerberg, A.W., Biegler, L.T., 1987. Retrofit design of processes. Carnegie Mellon 

University, Research Showcase @ CMU: <repository.cmu.edu/cgi/viewcontent.cgi? 

article=1109&context=cheme>,  (accessed 15.08.2018). 

Grossmann, I.E., 1992. Mathematical methods for heat exchanger network synthesis. Carnegie Mellon 

University, Research Showcase @ CMU, Available from: 

<repository.cmu.edu/cgi/viewcontent.cgi?article=1186&context=cheme> (accessed: 3.08.2018). 

Grossmann, I.E., Daichendt, M.M., 1996. New trends in optimization-based approaches to process 

synthesis. Computers & Chemical Engineering 20, 665-683.  

Gundersen, T., 2000, A Process Integration Primer, Implementing agreement on process integration, IEA 

Tutorial on Process Integration, International Energy Agency, SINTEF Energy Research, 

Trondheim, Norway 

Gundersen, T., Grossmann, I.E., 1990. Improved optimization strategies for automated heat exchanger 

network synthesis through physical insights. Computers & Chemical Engineering, 14 (9), 925-944. 

Gundersen, T. What is Process Integration?, 2013a. International Process Integration Jubilee Conference 

2013, Sweden. 2013 <www.chalmers.se/en/areas-of-advance/energy/Documents/ 

Process%20Integration%20Conference%202013/abstracts/Abstract%20-%20Truls%20 

Gundersen_presentation1.pdf> (accessed 6.9.2018). 

Gundersen, T., 2013b. Heat Integration: Targets and Heat Exchanger Network Design, in Klemeš J.J. (ed), 

Handbook of Process Integration (PI): Minimisation of Energy and Water Use, Waste and 

Emissions, Woodhead Publishing Limited/Elsevier: Cambridge, UK, doi: 

10.1533/9780857097255.2.129 

https://doi/


25 

 

Gundersen, T., 2013c. Analysis and Design of Heat Recovery Systems for Grassroots and Retrofit 

Situations, in Klemeš J.J. (ed): Handbook of Process Integration (PI): Minimisation of Energy and 

Water Use, Waste and Emissions. Woodhead Publishing Limited/Elsevier: Cambridge, UK, doi: 

10.1533/9780857097255.2.262 

Gundersen, T., Naess, L., 1988. The synthesis of cost optimal heat exchanger networks. Computers & 

Chemical Engineering, 12 (6), 503-530. 

Hackl, R., Andersson, E., Harvey, S., 2011. Targeting for energy efficiency and improved energy 

collaboration between different companies using Total Site Analysis (TSA). Energy, 36 (8), 4609-

4615. 

Hallale, N., 2001. Burning bright: trends in process integration. Chemical Engineering Progress, 97 (7), 30-

41. 

Harjunkoski, I., Hadera, H., 2016. Industrial Tools and Needs, in Alternative Energy Sources and 

Technologies: Process Design and Operation, M. Martín (ed). Springer International Publishing: 

Cham, Switzerland, 415-438. 

Herrera, A., Islas, J., Arriola, A., 2003. Pinch technology application in a hospital. Applied Thermal 

Engineering, 23 2, 127-139. 

Jamaluddin, K., Wan Alwi, S.R., Manan, Z.A., Klemeš, J.J., 2018. Pinch Analysis methodology for 

trigeneration with energy storage system design. Chemical Engineering Transactions, 70, 1885-

1890. 

Kapustenko, P.O., Ulyev, L.M., Boldyryev, S.A., Garev, A.O., 2008. Integration of a heat pump into the 

heat supply system of a cheese production plant. Energy, 33 (6) 882-889. 

Kemp, I.C., 2007. Pinch Analysis and Process Integration: A User Guide on Process Integration for the 

Efficient Use of Energy, Second Edition. Oxford, UK: Elsevier Science. 

Khorasany, R.M., Fesanghary, M., 2009. A novel approach for synthesis of cost-optimal heat exchanger 

networks. Computers & Chemical Engineering, 33 (8), 1363-1370. 

Klemeš, J., Dhole, V.R., Raissi, K., Perry, S.J., Puigjaner, L., 1997. Targeting and design methodology for 

reduction of fuel, power and CO2 on total sites. Applied Thermal Engineering, 17,  993 - 1003. 

Klemeš, J.J. (ed), 2013a. Handbook of Process Integration (PI): Minimisation of energy and water use, 

waste and emissions. Cambridge, UK: Woodhead Publishing Limited/Elsevier. 



26 

 

Klemeš, J.J., 2013b. Epilogue: The Importance of Problem Formulation and Data Extraction in Klemeš J.J. 

(ed), Process Integration, in Handbook of Process Integration (PI): Minimisation of Energy and 

Water Use, Waste and Emissions, , Woodhead Publishing Limited/Elsevier: Cambridge, UK, doi: 

10.1533/9780857097255.6.1099  

Klemeš, J.J., Kravanja, Z., 2013. Forty years of Heat Integration: Pinch Analysis (PA) and Mathematical 

Programming (MP). Current Opinion in Chemical Engineering, 2 (4), 461-474. 

Klemeš, J.J., Varbanov, P.S., Kravanja, Z., 2013a. Recent developments in Process Integration. Chemical 

Engineering Research and Design, 91 (10), 2037-2053. 

Klemeš, J.J., Kravanja, Z., Varbanov, P.S., Lam, H.L., 2013. Advanced multimedia engineering education 

in energy, process integration and optimisation. Applied Energy 101, 33-40. 

Klemeš, J.J., Varbanov, P.S., Wan Alwi, S.R., Manan, Z.A., 2014. Process integration and intensification: 

saving energy, water and resources. Berlin, Germany: Walter de Gruyter GmbH & Co KG. 

Klemeš, J.J., Varbanov, P.S., 2018. Heat transfer improvement, energy saving, management and pollution 

reduction. Energy, 162, 267-271. 

Klemeš, J.J., Varbanov, P.S., Walmsley, T.G., Jia, X. 2018a. New directions in the implementation of Pinch 

Methodology (PM). Renewable and Sustainable Energy Reviews, 98, 439-468. 

Klemeš, J.J., Varbanov, P.S., Alwi, S.R.W., Manan, Z.A., 2018b. Sustainable Process Integration and 

Intensification: Saving Energy, Water and Resources, 2nd Edition. Walter de Gruyter GmbH, 

Berlin, Germany. 

Kostevšek, A., Petek, J., Čuček, L., Klemeš, J.J., Varbanov, P.S., 2015. Locally Integrated Energy Sectors 

supported by renewable network management within municipalities. Applied Thermal 

Engineering, 89, 1014-1022. 

Kravanja, Z., 2010. Challenges in sustainable integrated process synthesis and the capabilities of an MINLP 

process synthesizer MipSyn. Computers & Chemical Engineering 34, 1831-1848. 

Kravanja, Z., Čuček, L., Novak Pintarič, Z., 2013. Process Synthesis: Heat Integration and Pinch 

Technology. University of Maribor: Maribor, <efenis.uni-pannon.hu/partners-

section/deliverables/> (accessed 15.6.2016). 

Lai, Y.Q., Manan, Z.A., Alwi, S.R.W., 2017. Heat exchanger network retrofit using individual stream 

temperature vs enthalpy plot. Chemical Engineering Transactions 61, 1651-1656.  



27 

 

Lakshmanan, R., Bañares-Alcántara, R., 1996. A Novel Visualization Tool for Heat Exchanger Network 

Retrofit. Industrial & Engineering Chemistry Research, 35 (12),  4507-4522. 

Lam, H.L., Klemeš, J.J., Kravanja, Z., Varbanov, P.S., 2011. Software tools overview: process integration, 

modelling and optimisation for energy saving and pollution reduction. Asia-Pacific Journal of 

Chemical Engineering 6, 696-712. 

Laukkanen, T., Tveit, T.-M., Fogelholm, C.-J., 2012. Simultaneous heat exchanger network synthesis for 

direct and indirect heat transfer inside and between processes. Chemical Engineering Research and 

Design, 90 (9), 1129-1140. 

Lewin, D.R., Wang, H., Shalev, O., 1998. A generalized method for HEN synthesis using stochastic 

optimization – I. General framework and MER optimal synthesis. Computers & Chemical 

Engineering, 22 (10), 1503-1513. 

Liew, P.Y., Wan Alwi, S.R., Varbanov, P.S., Manan, Z.A., Klemeš, J.J., 2012. A numerical technique for 

Total Site sensitivity analysis. Applied Thermal Engineering, 40, 397-408. 

Lin, B., Miller, D.C., 2004. Solving heat exchanger network synthesis problems with Tabu Search. 

Computers & Chemical Engineering, 28 (8), 1451-1464. 

Linnhoff, B., Flower, J.R., 1978. Synthesis of heat exchanger networks: I. Systematic generation of energy 

optimal networks. AIChE Journal, 24 (4),  633-642. 

Linnhoff, B., Townsend, D.W., Boland, D., Hewitt, G.F., Thomas, B.E.A., Guy, A.R., Marsland, R.H., 

1982, last edition 1994. A user guide on process integration for the efficient use of energy, Rugby, 

UK: IChemE. 

Linnhoff, B., Hindmarsh, E., 1983. The pinch design method for heat exchanger networks. Chemical 

Engineering Science, 38 (5), 745-763. 

Linnhoff, B., 2013. Historical Overview of Early Development, Presented at the International Process 

Integration Jubilee Conference 2013, Sweden.  Available from: <www.chalmers.se/en/areas-of-

advance/energy/Documents/Process%20Integration%20Conference%202013/Presentations/Bodo

%20Linnhoff.pdf> (accessed 6.08.2018];. 

Liu, X.-w., Luo, X., Ma, H.-g., 2014. Studies on the retrofit of heat exchanger network based on the hybrid 

genetic algorithm. Applied Thermal Engineering, 62 (2), 785-790. 

Manan, Z.A., Nawi, W.N.R.M, Wan Alwi, S.R., Klemeš, J.J., 2017. Advances in Process Integration 

research for CO2 emission reduction – A review. Journal of Cleaner Production, 167, 1-13. 

http://www.chalmers.se/en/areas-of-advance/energy/Documents/Process%20Integration%20Conference%202013/Presentations/Bodo%20Linnhoff.pdf%3e
http://www.chalmers.se/en/areas-of-advance/energy/Documents/Process%20Integration%20Conference%202013/Presentations/Bodo%20Linnhoff.pdf%3e
http://www.chalmers.se/en/areas-of-advance/energy/Documents/Process%20Integration%20Conference%202013/Presentations/Bodo%20Linnhoff.pdf%3e


28 

 

Maréchal, F., Kalitventzeff, B., 1998. Energy integration of industrial sites: tools, methodology and 

application. Applied Thermal Engineering, 18 11, 921-933. 

Matsuda, K., Hirochi, Y., Tatsumi, H., Shire, T., 2009. Applying heat integration total site based pinch 

technology to a large industrial area in Japan to further improve performance of highly efficient 

process plants. Energy, 34 (10), 1687-1692. 

Matsuda, K., Tanaka, S., Endou, M., Iiyoshi, T., 2012. Energy saving study on a large steel plant by total 

site based pinch technology. Applied Thermal Engineering, 43, 14-19. 

Nagy, E., Mizsey, P., Hancsók, J., Boldyryev, S., Varbanov, P., 2015. Analysis of energy saving by 

combination of distillation and pervaporation for biofuel production. Chemical Engineering and 

Processing: Process Intensification, 98, 86-94. 

Navarro-Amorós, M.A., Caballero, J.A., Ruiz-Femenia, R., Grossmann, I.E., 2013. An alternative 

disjunctive optimization model for heat integration with variable temperatures. Computers & 

Chemical Engineering, 56, 12-26. 

Nemet, A., Klemeš, J.J., Kravanja, Z., 2014, Designing a Total Site for an entire lifetime under fluctuating 

utility prices, Computers and Chemical Engineering, 72, 159-182. 

Nemet, A., Klemeš, J.J., Varbanov, P.S., Mantelli, V., 2015. Heat Integration retrofit analysis—an oil 

refinery case study by Retrofit Tracing Grid Diagram. Frontiers of Chemical Science and 

Engineering, 9 (2),  163-182. 

Nemet, A., Klemeš, J.J., Moon, I., Kravanja, Z., 2017. Safety Analysis Embedded in Heat Exchanger 

Network Synthesis. Computers & Chemical Engineering, 107, 357-380. 

Nemet, A., Isafiade, A. J., Klemeš, J.J., Kravanja, Z., 2018a. Two-step MILP/MINLP approach for the 

synthesis of large-scale HENs. Chemical Engineering Science, doi: 10.1016/j.ces.2018.06.036. 

Nemet, A., Klemeš, J.J., Kravanja, Z., 2018b. GHG emissions reduction by improving efficiency of utilities’ 

transport and use and cross-sectorial energy integration. Chemical Engineering Transactions, 63, 

19-24. 

Niu, M.W., Rangaiah, G.P., 2016. Process Retrofitting via Intensification: A Heuristic Methodology and 

Its Application to Isopropyl Alcohol Process. Industrial & Engineering Chemistry Research, 55 

(12),  3614-3629. 

Ochoa-Estopier, L.M., Jobson, M., Smith, R., 2013. Retrofit of heat exchanger networks for optimising 

crude oil distillation operation. Chemical Engineering Transactions, 35, 133-138. 



29 

 

Pan, M., Bulatov, I., Smith, R., Kim, J.-K., 2011. Improving energy recovery in heat exchanger network 

with intensified tube-side heat transfer. Chemical Engineering Transactions, 25, 375-380. 

Papoulias, S.A., Grossmann, I.E., 1983. A structural optimization approach in process synthesis—II: Heat 

recovery networks. Computers & Chemical Engineering, 7 (6), 707-721. 

Pethe, S., Singh, R., Knopf, F., 1989. A simple technique for locating loops in heat exchanger networks. 

Computers & Chemical Engineering, 13 (7),  859-860. 

Rangaiah, G.P., 2016. Chemical Process Retrofitting and Revamping: Techniques and Applications. 

Chichester, UK: John Wiley & Sons. 

Rozali, N. E. M., Wan Alwi, S.R., Ho, W.S., Manan, Z.A., Klemeš, J.J., Mustapha, N.N., Rosli, M. H., 

2017. A new framework for cost-effective design of Hybrid Power Systems. Journal of Cleaner 

Production, 166, 806-815. 

Shokoya, C.G., 1992, Retrofit of Heat Exchanger Networks for Debottlenecking and Energy Savings, PhD 

Thesis, UMIST, Department of Process Integration, Manchester, UK. 

Silva, A.P., Ravagnani, M.A., and Biscaia, E.C., 2009. Particle swarm optimisation applied in retrofit of 

heat exchanger networks. Computer Aided Chemical Engineering, 27, 1035-1040. 

Smith, R., 2000. State of the art in process integration. Applied Thermal Engineering, 20 (15–16), 1337-

1345. 

Smith, R., 2005. Chemical Process: Design and Integration. Chichester, West Sussex, UK: John Wiley & 

Sons, Ltd. 

Smith, R., Jobson, M., Chen, L., 2010. Recent development in the retrofit of heat exchanger networks. 

Applied Thermal Engineering, 30 (16), 2281-2289. 

Smith, R., 2013. Recent Developments in Process Integration Design Techniques, International Process 

Integration Jubilee Conference 2013, Sweden. <www.chalmers.se/en/areas-of-

advance/energy/Documents/Process%20Integration%20Conference%202013/Presentations/Robi

n%20Smith%20Presentation%201.pdf> (accessed 3.08.2018). 

Soršak, A., Kravanja, Z., 2004. MINLP retrofit of heat exchanger networks comprising different exchanger 

types. Computers & Chemical Engineering. 28 (1), 235-251.  

Sreepathi, B.K., Rangaiah, G.P., 2014. Review of Heat Exchanger Network Retrofitting Methodologies and 

Their Applications. Industrial & Engineering Chemistry Research, 53 (28), 11205-11220. 



30 

 

Tantimuratha, L., Kokossis, A.C., Müller, F.U., 2000. The heat exchanger network design as a paradigm of 

technology integration. Applied Thermal Engineering, 20 (15–16), 1589-1605. 

Tarighaleslami, A.H., Walmsley, T.G., Atkins, M.J., Walmsley, M.R.W., Neale, J.R., 2017. A Unified Total 

Site Heat Integration targeting method for isothermal and non-isothermal utilities, Energy, 119, 10-

25. 

Tarighaleslami, A.H., Walmsley, T.G., Atkins, M.J., Walmsley, M.R.W., Neale, J.R., 2018. Utility 

Exchanger Network Synthesis for Total Site Heat Integration. Energy, 153, 1000-1015. 

Tjoe, T.N., Linnhoff, B., 1986. Using pinch technology for process retrofit. Chemical Engineering, 93 (8),  

47-60. 

Toffolo, A., 2009. The synthesis of cost optimal heat exchanger networks with unconstrained topology. 

Applied Thermal Engineering, 29 17–18, 3518-3528. 

Toimil, D., Gómez, A., 2017. Review of metaheuristics applied to heat exchanger network design. 

International Transactions in Operational Research, 24, 7–26. 

Tovazhnyanskii, L.L., Kapustenko, P.A., Ulyev, L.M., Boldyryev, S.A., Arsenyeva, O.P., Tarnovskii, 

M.V., 2009. Thermal Process Integration in the AVDU A12/2 Crude Distillation Unit during 

Winter Operation. Theoretical Foundations of Chemical Engineering, 43 (6), 906–917. 

Tovazhnyansky, L., Kapustenko, P., Ulyev, L., Boldyryev, S., Arsenyeva, O., 2010. Process integration of 

sodium hypophosphite production. Applied Thermal Engineering, 30 (16), 2306-2314. 

Ulyev, L.M., Kapustenko, P.A., Vasilyev, M.A., Boldyryev, S.A., 2013. Total Site Integration for Coke 

Oven Plant. Chemical Engineering Transactions, 35, 235-240. 

Ulyev, L., Vasiliev, M., Boldyryev, S. 2018. Process integration of crude oil distillation with technological 

and economic restrictions. Journal of Environmental Management, 222, 454-464. 

US Energy Information Administration; Office of Energy Analysis; US Department of Energy, 2016. 

International Energy Outlook 2016 With Projections to 2040. Washington, DC, USA, 

www.eia.gov/forecasts/ieo/pdf/0484(2016). pdf> (accessed 3.8. 2018). 

Van Reisen, J.L.B., 2008. A structured approach to heat exchanger network retrofit design. PhD thesis. 

Delft University of Technology. Delft, The Netherlands.  



31 

 

Van Reisen, J.L.B., Grievink, J., Polley, G.T., Verheijen, P.J.T., 1995. The placement of two-stream and 

multi-stream heat-exchangers in an existing network through path analysis. Computers & Chemical 

Engineering, 19, 143-148. 

Varbanov, P.S., Klemeš, J.J., 2000. Rules for paths construction for HENs debottlenecking. Applied 

Thermal Engineering, 20 (15–16),  1409-1420. 

Varbanov, P.S., Klemeš, J.J., 2011. Integration and management of renewables into Total Sites with 

variable supply and demand. Computers & Chemical Engineering 35, 1815-1826. 

Varbanov, P.S., Klemeš, J.J., Wang, X., 2018. Methods optimisation, Process Integration and modelling for 

energy saving and pollution reduction. Energy, 146, 1-3. 

Vasilyev, M., Boldyryev, S., 2018. Process integration accounting fouling in heat exchanger network: a 

case study of crude oil distillation retrofit. Chemical Engineering Transactions, 70, 2149-2154. 

Vujanović, A., Nemet, A., Pahor, B., Glaser, R., Kravanja, Z., 2015. Potential Utilisation of Low-

Temperature Heat Available from Food Producing Company-Industrial Case Study. 10th 

Conference on Sustainable Development of Energy, Water and Environment Systems, Dubrovnik, 

SDEWES2015.0582, 138. 

Walmsley, T.G., Walmsley, M.R.W., Atkins, M.J., Neale, J.R., 2013. Improving energy recovery in milk 

powder production through soft data optimisation. Applied Thermal Engineering, 61 (1), 80-87. 

Walmsley, T.G., Lal, N.S., Varbanov, P.S., Klemeš, J.J., 2018a. Relating bridge analysis for heat exchanger 

network retrofit identification to retrofit design. Chemical Engineering Transactions, 70, 295-300. 

Walmsley, T.G., Jia, X., Philipp, M., Nemet, A., Liew, P.Y., Klemeš, J.J., Varbanov, P.S., 2018b. Total Site 

utility system structural design using P-graph. Chemical Engineering Transactions, 63, 31-36. 

Walmsley, T.G., Varbanov, P.S., Philipp, M., Klemeš, J.J., 2018c. Total Site Utility Systems Structural 

Design Considering Electricity Price Fluctuations. Computer Aided Chemical Engineering, 44, 

1159-1164. 

Wan Alwi, S.R., Manan, Z.A., 2010. STEP—A new graphical tool for simultaneous targeting and design 

of a heat exchanger network. Chemical Engineering Journal, 162(1), pp 106-121. 

Wan Alwi, S.R., Manan, Z.A., Misman, M., Chuah, W.S., 2013. SePTA—A new numerical tool for 

simultaneous targeting and design of heat exchanger networks. Computers & Chemical 

Engineering, 57, 30-47. 



32 

 

Wang, Y., Pan, M., Bulatov, I., Smith, R., Kim, J.-K., 2012. Application of intensified heat transfer for the 

retrofit of heat exchanger network. Applied Energy, 89 (1), 45-59. 

Yee, T.F., Grossmann, I.E., 1990. Simultaneous optimization models for heat integration—II. Heat 

exchanger network synthesis. Computers & Chemical Engineering, 14 (10), 1165-1184. 

Yee, T.F., Grossmann, I.E., Kravanja, Z., 1990. Simultaneous optimization models for heat integration—

III. Process and heat exchanger network optimization. Computers & Chemical Engineering, 14 

(11), 1185-1200. 

Yee, T.F., Grossmann, I.E., 1991, A screening and optimization approach for the retrofit of heat-exchanger 

networks. Industrial & Engineering Chemistry Research, 30 (1), 146-162.  

Yerramsetty, K.M., Murty, C.V.S., 2008. Synthesis of cost-optimal heat exchanger networks using 

differential evolution. Computers & Chemical Engineering, 32 (8), 1861-1876. 

Yong, J.Y., Varbanov, P.S., Klemeš, J.J., 2015a. Heat exchanger network retrofit supported by extended 

Grid Diagram and heat path development. Applied Thermal Engineering, 89, 1033-1045. 

Yong, J.Y., Varbanov, P.S., Klemeš, J.J., 2015b. Matrix Representation of the Grid Diagram for Heat 

Exchanger Networks. Chemical Engineering Transactions, 45, 103-108. 

Yu, H., Fang, H., Yao, P., Yuan, Y., 2000. A combined genetic algorithm/simulated annealing algorithm 

for large scale system energy integration. Computers & Chemical Engineering, 24 (8), 2023-2035. 

Zhang, B.J., Tang, Q.Q., Zhao, Y., Chen, Y.Q., Chen, Q.L., Floudas, C.A., 2018, Multi-level energy 

integration between units, plants and sites for natural gas industrial parks. Renewable and 

Sustainable Energy Reviews, 88, 1-15. 

 


