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Report on a PhD thesis of Limei Gai, MEng.  

 

“TOTAL SITE INTEGRATION METHODOLOGY FOR ENERGY AND MATERIAL 

CIRCULAR ECONOMY” 

 

This thesis is defended in the area of Process Systems Engineering, where the development of 

concepts, algorithms, models and tools for designing, analyzing, and synthesizing advanced 

sustainable systems are very elementary and postulated activities. The dissertation deals with the 

important field resource conversation based on the principle of Circular Economy in order to 

minimize energy and mass consumption and reduce waste output.  

 

The PhD thesis discusses the development of four advanced methods and tools for waste recovery 

based on the extension of Pinch Analysis and the Onion Model and the principles of Circular 

Integration. It addresses the recovery of low-grade heat at Total Sites applying Pinch Analysis, the 

development of a method for Total Site Mass Integration combining Pinch Analysis and waste 

recovery technology, the combination of the Onion Method and Pinch Analysis to perform 

hierarchical targeting of heat and mass integration, and a concept and model for multi-resource 

integration to produce secondary materials by balancing cost, circularity and exergy.  

 

The thesis is divided into seven parts: 

• Chapter 1 discusses the importance of Circular Economy with conservation of energy and 

mass for the sustainable development. It stresses the importance of Process Integration and 

Total Site Mass and Total Site Mass/Material Integration and the application of integration to 
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different networks, e.g. mass exchange networks, heat exchanger networks and their 

combinations. It outlines the research gaps to be overcome and the scope of the thesis. The 

following four research gaps were identified: i) mostly conventional heat pumps are 

employed for heat recovery, ii) the application of Pinch Analysis for Total Site Mass 

Integration with multiple-level fresh resources is insufficient, iii) the graph-based methods 

lack consideration of both mass and heat integration by matching of the grade considering 

the involved mass, and iv) the Circular Economy still lacks engineering design methods for 

mass and heat integration that achieve a balance between cost, circularity and  energy 

consumption.   

• Chapter 2 represents a literature review and the current state-of-the-art in Circular Economy, 

Energy Integration, Heat Recovery, different aspects of Mass Integration and Conservation 

and combined Heat and Mass Integration. 

• Chapter 3 deals with the development of a method and a tool based on Pinch Analysis for 

low-grade heat recovery, employing also various nonconventional heat pumps. Four 

different industrial case studies have been investigated and shown that the proposed 

method of Heat Integration with heat pumps enables appropriate and quick selection of heat 

pumps, which can provide savings from 15 % to even 78 % hot utility consumption. 

• Chapter 4 presents the development of combined Pinch Analysis and waste recovery 

technologies for Total Site Mass Integration of mass exchange networks with multiple-level 

fresh resources and headers of intermediate purity.  A case study was used to demonstrate a 

21.3 % reduction in hydrogen consumption and a 67.6 % reduction in discharge. The optimal 

number of intermediate headers is an important optimization variable to achieve an optimal 

resource recovering network.  

• Chapter 5 is dedicated to the hierarchical targeting of heat and mass integration, for which 

the Onion Method and Pinch Analysis are combined and applied to combined hydrogen and 

heat integration in refineries. A case study shows that a notably reduction in hydrogen utility 

consumption and emissions and a maximum reduction of 86.5 % in hot utility consumption 

and 39.8 % in cold utility consumption could be achieved. 

• Chapter 6 presents targeting for appropriate trade-offs between cost, circularity and energy 

consumption in the combined integration of mass and energy. A multi-resource integration 

map was proposed and a minimum exergy, a minimum total annual cost and a total 

circularity index were identified as suitable objectives to obtain appropriate trade-off 

solutions. The case study confirms the internal trade-offs between these objectives.    

• Chapter 8 presents conclusions with a list of identified advantages of applying novel 

graphical-based methods in terms of better understanding and providing insights compared 

to mathematical programming. However, for solving large complex problems, it was stated 

that for future work Pinch-based methods should be combined with mathematical 

programming to take advantages of both approaches. In addition, environmental footprints 

should be explicitly evaluated in resource integration.  

 

The hypothesis, proposed concepts, methods, and tools are tested though four case studies. 

Additional information or explanations can be found in Tables S1-S6 in the Appendix. 

 

Based on the results of the PhD thesis, the candidate Limei Gai, MEng. has published five 

articles in peer-reviewed journals to date, some with high or medium IFs between 3-10.2 
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(Conservation and Resources, International Journal of Hydrogen Energy, Journal of Environmental 

Management, Energy, Energies) and five papers with CiteScore, totaling 48 citations.  

 

It is clear from the candidate’s PhD thesis that the topic has been elaborated with a high 

degree of quality and technical complexity. The thesis is overall well written, and the use of figures 

and tables is appropriate. Previous work and the state-of-the-art have been systematically presented 

and the literature cited is relevant to the thesis. The candidate Limei Gai, MEng. has developed four 

methods and tools.  

The main new important contributions are: i) the integration of heat pumps in Total Sites by 

Pinch Analysis in order to recover low-grade heat, ii) the optimization of waste material regeneration 

combining Pinch Analysis and waste recovery technology applied to the multiple-level fresh 

resources and extended to Total Site Mass Integration, iii) the development of a hierarchical 

targeting method combining the Onion Model and Pinch analysis, and iv) the development of an 

integration concept and model for multi-resource recovery problems to balance circularity, exergy 

and cost.  

 

The thesis thus represents an original contribution to PSE/CAPE methods, tools and 

applications, especially those applied to the Circular Economy. The results of the thesis have been 

presented at scientific conferences and published in high impact journals.   

 

Questions for the candidate: 
 

1) What are the advantages of Pinch Analysis and Mathematical Programming approaches that 

can be explored in a combined method for solving large complex resource integration 

problems? 

2) Would you describe in more detail the trade-offs between circularity indicators and exergy? 

 

 
Based on the given observations, I am more than happy to clearly express my support for the 

continuation of the procedure and to award the PhD degree to Limei Gai, MEng.  

 

         

 

Full Prof. Dr. Zdravko Kravanja 
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