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Abstract 

Creating industrial symbiosis can improve resource efficiency by creating technically feasible 

and economically viable exchanges of energy, water, materials, by-products, and services 

among firms. Pinch technology, originally developed for process integration, systematically 

optimizes heat, material, water, by-product, and supply-chain exchanges, as well as emissions 

minimization. It is also suitable for inter-firm industrial symbiosis. However, there are some 

other specific methodologies that are used for the design of industrial symbiosis. They are 

more favored than Pinch technology. This paper reviews and compares the benefits and 

limitations of Pinch technology with other methodologies that have already been used in 

industrial parks to transform them into symbiotic systems. Sources are selected based on 

PRISMA. Many projects used for internal process integration showed great performance with 

increased efficiency. But that is rare in the design of industrial symbiosis. The analysis and 

results of integration support the use/reuse of energy (heat exchange), materials (mass 

exchange), products (goods exchange), minimization of environmental footprints, and supply 

chains. Pinch technology offers technical solutions for designing common exchange systems 

between companies that want to implement industrial symbiosis. Many updates in Pinch 

technology, like R-curve analysis, total site integration, and exergy-based analysis, have 

improved its usage. Solutions can increase flexibility. This symbiosis can have a better 

response to fluctuations. Furthermore, we propose an algorithm for implementing Pinch 

technology in industrial symbiosis design. It combines different types of Pinch technologies. 

http://creativecommons.org/licenses/by/4.0/
mailto:anastasovski2022@gmail.com
mailto:anastasovski2022@gmail.com


Recent Prog Sci Eng 2026; 2(3), doi:10.21926/rpse.2603021 
 

Page 2/31 

Keywords 

Industrial symbiosis; Pinch technology; process integration; waste exchange; barriers 

 

1. Introduction 

In recent years, industrial symbiosis (IS) has been the focus of managing industrial parks (IPs). 

The main reasons for this are the high potential for reducing production expenses and improving 

system sustainability. IS represents a concept that involves different companies to collaborate and 

share resources to maximize the use of the available resources from all participants (internally) 

before being supplied from outside of IPs [1]. 

IS systems create sustainable and mutually beneficial relationships between industries. This 

results in increased efficiency and reduced waste generation. IS involves identifying and using one 

company's waste products as resources for other companies. Moreover, IS supports sustainable 

development by adopting circular economy principles. It minimizes the dependence on primary 

resources. Furthermore, it stimulates economic growth due to cost savings and better 

competitiveness. 

IS implementation supports waste exchange programs and encourages companies to cooperate 

better with each other. That makes a closed-loop system where resources are continuously 

repurposed and recycled [2]. These closed-loop systems positively impact the environment. They 

reduce the carbon footprint and provide economic benefits. IS encourages sharing innovation and 

knowledge among other resources. These result in novel solutions and processes, improving the 

overall efficiency and sustainability of industrial ecosystems. 

The main idea of IS is not limited to the physical exchange of raw materials. It also supports 

sharing infrastructure such as energy and water utilities, as well as implementing environmentally 

friendly practices and technologies. These strengthen symbiotic relationships between companies. 

Moreover, IS can be taken as a good model for sustainable industrial development. Furthermore, 

these can attract investments and promote a positive reputation within the industry and local 

community [3]. This approach maximizes the economic and environmental benefits of all its 

participants [4]. The concept of IS imitates natural ecosystems, where the waste of some organisms 

is used as feeding resources for other organisms [5]. Material flow analysis (component analysis) 

can be used to analyze these processes and support the creation of eco-industrial parks (EIP) or 

regional IS. 

Business networks of interconnection employ several mechanisms, which include recycling waste, 

remanufacturing, and the transformation of by-products or waste into valuable resources for other 

industries [6]. It promotes the concept of “waste as a resource”. Factors such as the complex nature 

of logistics, disparate industry objectives, and limits on the recycling and remanufacturing of waste 

become risks in investments. However, detailed planning, collective efforts, and supportive policies 

minimize these obstacles [5]. 

Successfully realized ISs are the result of using effective methodologies for their design. The 

approach that is used depends on the priorities of projects. Implementing ISs typically involves 

existing production processes and companies. It is rare to establish new IPs. That is because of the 

significant investment costs. Therefore, they can be either retrofit designs or completely new 
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designs. Retrofit designs update the current system with additional equipment to improve process 

efficiency. On the other hand, new designs involve developing a completely new system. Another 

important factor for the design of IS systems is the use of “total site” or “partial” improvements. It 

is important to understand the process of “total site integration”. That refers to the complete 

integration of systems between all interested parties. If improvements are made only on one site 

or a few parts of the system within a single company, this is considered partial integration. 

The literature reported the following methodologies for the design of ISs: Material and Energy 

Flow Analysis [7], Resource Mapping and Matching [8], Industrial Ecology Tools [9], Stakeholder 

Engagement and Collaboration tools [10], and Pinch technology integration [11]. Unfortunately, the 

implementation of Pinch technology for the design and partial or total optimization of IPs in the 

form of IS is not widely adopted. This can be a result of many different factors. The objective of this 

study is the identification of the potential of Pinch technology in fostering IS within IPs, compared 

to other used methodologies. Moreover, it aims to detect obstacles and barriers to that condition. 

The main question is why Pinch technology is not widely accepted in the design of ISs, what are 

the differences between currently used methodologies and Pinch technology, and what the benefits 

in design ISs with Pinch technology are. Furthermore, it should answer how Pinch technology can 

solve many technical and economic barriers to establishing IS. Besides, there are issues that Pinch 

integration cannot solve. Moreover, this work suggests a new approach that uses a combination of 

different Pinch technology types for the whole system integration. 

Lawal et al. [11] made a literature review of tools that are useful for designing ISs and EIPs based 

on publishers and publishing years. That review mentions all possible tools at the time of its 

publication. It is completely different than this one in terms of aims and objectives. It summarized 

IS tools and showed optimal integration possibilities. Furthermore, it omits some tools. 

This paper gives some basic characteristics of different types of IPs. It describes methodologies 

that are actively used in the design of ISs. Review different Pinch technologies and give the main 

possibilities in using them for IS, with their gaps compared to the other previously described 

methodologies. 

2. Review Methodology 

This review paper is based on information from peer-reviewed published literature in 

ScienceDirect, Scopus, Springer, and Google Scholar databases. It uses literature published in the 

last 10 years. The primary search for literature is made for “industrial symbiosis” (Figure 1). From 

that literature, sources are filtered to include those that contain a methodology used for the design 

of IS (“Industrial symbiosis design methodology”). Literature that describes any methodology is 

selected for further consideration. It is selected by the methodology that is used for design as 

separate filters (“MILP”, “ABM”, “MEFA”, “LCA”, “network analysis”, “emergy analysis”, and “exergy 

analysis”). On the other hand, Pinch technology literature is searched separately. The first filter 

selects sources that include known Pinch technology methodologies (Figure 1). The next filter of 

sources is related to containing information that describes the Pinch technology used for the design 

of IS, and IS case studies. This literature search includes the main principles used in different types 

of Pinch technology. This is used for further finding benefits and issues related to the design of ISs. 

Based on this information, a comparison is made between methodologies, their issues, and 

information about experience in real case studies for IS design. It must be mentioned that many of 



Recent Prog Sci Eng 2026; 2(3), doi:10.21926/rpse.2603021 
 

Page 4/31 

the finally selected sources overlap in filter criteria (mentioning a few methodologies in the same, 

including Pinch technology). Some sources after the main filtration are not taken into consideration 

due to the fact that they did not contain relevant information for this review paper. 

 

Figure 1 Search and selection of literature for review based on PRISMA. 

3. Industrial Parks, Industrial Symbiosis and Barriers 

IPs are specialized areas only for industrial activities. They are typically located outside of urban 

areas to minimize environmental and social impact. IPs are categorized by the types of industries 

located inside them, such as manufacturing, processing, or research & development. The 

organizational system of IPs can be privately owned & operated, or government-managed facilities. 

One of the main considerations of IPs is the minimization of ecological footprints and the promotion 

of environmentally friendly practices. Here are included initiatives for minimizing energy 

consumption, effective waste management, and emission reductions. Therefore, IPs often include 

green infrastructure and sustainable design principles. IPs can take the form of technological parks, 

EIPs, Positive Energy Industrial Parks (PEIP), special economic zones, and free-trade zones. 

(1) Technological parks are areas dedicated to research and development in specific scientific 

fields such as biotechnology or information technology [12]. Their primary task is to facilitate the 

exchange of ideas, resources, equipment, and individuals. Furthermore, the credibility of these 

parks ensures access to reliable resources and establishes connections with domestic and 

international business networks [13]. 

(2) EIPs and PEIPs create a closed-loop system by integrating multiple industries and utilizing 

waste by-products as raw materials [14]. EIP consists of a group of manufacturing and service 

businesses that work together to improve their environmental, economic, and social performance. 
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The collaboration in the management of environmental and resource issues involves green design 

for infrastructure and plants of the park (both new and retrofitted), cleaner production and 

pollution prevention, energy efficiency, and cooperation between companies. EIP attempts to 

achieve positive impacts on neighboring communities with its own development [15]. The 

development of EIPs through the implementation of IS in IPs has become a standard practice [16]. 

According to Ernest A. Lowe [15], EIPs must have: 1. a multitude of exchanges of by-products or 

networks of exchanges; 2. numerous recycling business clusters; 3. a group of environmental 

technology companies; 4. a group of companies that manufacture environmentally friendly 

products; 5. an IP designed around a specific renewable source, such as solar energy; 6. a park that 

features environmentally friendly infrastructure or construction; 7. a mixed-use development that 

incorporates industrial, commercial, and residential components. 

EIPs might have a higher development cost than traditional parks. That depends on the design 

choices made for a certain project [15]. The design of processes, site preparation, infrastructure 

features, construction methods, and building design elements may result in additional expenses. IS, 

on the other hand, refers to the collaboration and exchange of resources, materials, and by-

products among industries within an IP or geographical area. PEIPs are a specific type of IP that 

focuses on promoting clean and renewable energy technologies, reducing carbon emissions, and 

achieving sustainability goals [17, 18]. 

Collaboration may be a challenge when an EIP consists of companies from diverse countries and 

cultures. The emerging sustainable economy presents several clusters that focus on significant 

environmental and energy industries. These clusters include Agro-EIPs, Resource Recovery Parks, 

Renewable Energy EIPs, and Green Petrochemical Parks. 

(3) Special economic zones [19] are areas where they implement specific economic regulations 

to attract foreign investment and stimulate trade. These zones often require significant investment 

from the government. In some cases, the government may choose to manage an EIP model.  

(4) Free-trade zones are places where goods can be imported, stored, manufactured, and 

exported without being subject to customs duties or taxes [20]. 

The components and infrastructure of IS can be determined by waste and material exchange 

infrastructure, management and service infrastructure, technology and energy components, and 

regulatory and standard requirements. The core requirements include exchange systems for 

material and energy resources (within the park and with external partners, cascade water supply 

systems, integrated wastewater treatment facilities for park residents, and shared utilities, including 

energy, water, electricity, and heat distribution systems and joint operation facilities [water 

treatment and gas cleaning equipment] [21]. The waste and material exchange infrastructure has 

waste and by-product exchanges that enable resource conservation [22], facilities for reusing waste 

from one industrial process as a utility for another, either in raw form or via regeneration facilities 

[23], and industrial recycling systems with supply chain infrastructure that allows firms to participate 

in material recovery [24]. 

The management and service infrastructure have common management systems for material 

and energy resources through identified focal points or anchor residents; shared services for fire 

safety, transportation and other supplementary activities; and infrastructure for administrative, 

transport, waste management, energy and water supply systems [21]. Technology and energy 

components support the use of renewables, water optimization, and recovery, as well as symbiotic 

systems for recovering waste and material flow [25]. Regulations and standards are required for ISO 
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management systems; land allocation for greenery, traffic works, and public utilities conforming to 

national construction standards; minimum number of enterprises required to participate in IS; and 

arrangements that facilitate symbiosis through strategic positioning and technical possibilities [24]. 

Based on these, the following barriers can be determined and categorized into seven dimensions: 

social, economic, policy, management, technological, geographical dimensions, and intermediates 

[26]. 

Economic barrier-A key economic barrier is the lack of a clear business case for IS, making it 

difficult for companies to justify joining resource sharing networks [27]. This is worsened by high 

upfront costs for infrastructure and equipment, which can be prohibitive [28]. Financial barriers 

concern funding and specific investments [29], as companies often struggle to secure adequate 

financing for high investment costs. 

Regulatory barrier-Regulatory frameworks often restrict or prohibit companies from exchanging 

waste, wastewater, and hazardous materials, preventing IS [30]. A key challenge is the lack of 

specific legal provisions for IS, which makes it difficult for companies to comply with environmental 

regulations and implement these practices. Legal limits on waste disposal can prevent waste from 

being classified as by-products and reused as raw materials by other firms. Regulatory complexity 

hinders new processes’ adoption and makes it hard for businesses to meet environmental standards. 

Communication barrier-A major barrier is the lack of detailed qualitative and quantitative data 

on residue streams, which prevents companies from identifying symbiotic opportunities. This is 

worsened by the absence of information systems on material inputs and outputs. This limits the 

exchange of by-products between companies [31]. Communication barriers concern all issues 

related to the sharing of information between potential IS partners. Companies often hide or 

withhold information, restricting the exchange of data on the utility, origin, and availability of waste 

by-products [32]. 

Social and organizational barriers: Social and organizational barriers are focused on trust, 

communication, cooperation, and readiness to change. Low levels of trust, communication, and 

cooperation delay waste exchange initiatives and the development of symbiotic networks. A key 

barrier is resistance to change in organizational culture, which limits participation in collaborative 

relationships. Companies often struggle to modify processes and adapt them to new inputs, such as 

recovered waste or scraps [33]. Insufficient organizational support for integration, coordination, and 

communication further inhibits effective IS governance. Competition, weak commitment, low 

environmental awareness, and general resistance to changes often act as barriers. Many companies 

remain in the early stages of maturity and fail to recognize the potential benefits, with reduced 

participation in collaborative activities. 

Deficits in administrative and governance capacity significantly slow the implementation of IS. A 

major governance challenge is insufficient administrative capacity, including weak organizational 

support for integration, coordination, and communication. This lack of institutional support is a key 

barrier that prevents companies from engaging in symbiotic relationships successfully [28]. 

Technical/technological barriers-The most important barriers that involve the physical exchange 

of materials, energy, and goods are technical and technological barriers. The complexity of 

symbiosis demands deep knowledge of material properties and cross-industrial cooperation, 

creating technical challenges that require more holistic thinking by regulators and industry [34]. Key 

barriers include the lack of suitable technology or sufficient capacity. IS projects often require 

technological changes that challenge participants, forcing them into transitional stages and 
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adaptations. In heavy industrial areas and mixed industrial parks, technical barriers have historically 

been among the most significant obstacles [35]. Waste exchange networks also struggled with 

limited technical expertise and knowledge, restricting their role largely to providing online 

information. The infrastructure and equipment that are needed are additional obstacles due to 

costs that may be unsustainable for many firms. Companies also face readiness challenges, such as 

difficulties in adapting processes to use recovered waste or scraps as input. The flexibility of 

different systems, organization of the common exchange system, maintenance, the quality and the 

quantity of supply/demand are very common technical barriers in IS. 

Geographical barrier-Additionally, in IS, the transport of goods between companies can be a 

barrier by itself. That is especially notable for sensitive by-products and waste (short lifetime of 

source) [36]. A specific case is heat transfer. Heat can be transferred only over short distances with 

higher efficiency [18]. Otherwise, there is a lot of heat loss. This is a so-called geographical barrier. 

4. Methodologies for Designing Industrial Symbiosis and Total Site Integration 

IS design can be done using different methodologies. LIAISE COST action report summarized 

methodologies that can be used in the design (identification, evaluation, and selection of solutions) 

[36, 37]. They suggested flow analysis, emergy analysis, exergy analysis, Life Cycle Assessment (LCA), 

network analysis, and process integration (PI) tools. Moreover, methodologies can be divided by 

their purpose or step in the implementation of IS as “assessment and evaluation” methodologies 

[38], “optimization and mathematical modeling” [39], “design frameworks and step-by-step 

approach” [33], “platform and database development” [27], and “collaborative and participatory” 

methodologies [40]. This work focuses on technical solutions for IS. They are the basis for further 

calculations, agreements, regulations, and decisions in the implementation of IS. So, technical 

solutions can be designed using assessment and evaluation methods as well as mathematical 

modeling/optimization methodologies. 

Evaluation and assessment methods are fundamental to IS design. They offer systematic ways to 

measure and analyze network performance in multiple dimensions. Practical tools include input-

output matching for analysis of input types and output specifications. Furthermore, they include 

stakeholder analysis for understanding multi-party relationships and material and energy flow 

mapping. Modern comprehensive approaches integrate management and technical methods, such 

as environmental impact calculation, waste management accounting, and optimization assessment, 

to create holistic evaluation frameworks for IS networks [41]. Input-output analysis is an assessment 

approach that includes Ecological Input-Output Analysis (EIOA). EIOA offers a comprehensive model 

that captures the economic, environmental, and social behavior of industrial ecosystems and their 

detailed interrelationships [10]. It tracks economic, material, and energy flows for comprehensive 

impact analysis in all three sustainability dimensions [10]. Complementing these, Material Flow Cost 

Accounting (MFCA) provides an economic and ecological appraisal method that evaluates 

environmental efficiency and supports planning, control, and decision-making for IS design [10]. 

Mathematical optimization and modeling provide powerful tools for designing IS networks by 

systematically finding configurations that minimize waste, costs, and environmental impacts. 

Mixed-integer linear programming (MILP) is a core method for large and complex problems in IS and 

PI [39]. Modern implementations couple MILP with database frameworks and waste exchange 

identification algorithms to minimize non-recycled waste [10]. However, fully integrated industrial 
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ecosystems often exceed the capabilities of conventional optimization. Multi-objective problems 

can become too complex for traditional methods, prompting the use of hierarchical-Pareto and 

robust optimization to address both detailed technical issues and full network complexity [10]. The 

limits of standard MILP have also led to bilevel optimization, non-linear deterministic optimization, 

and stochastic methods for specific processing aspects (Table 1). 

Table 1 Comparison of methodologies for the design of IS and Pinch technology: 

advantages and disadvantages. 

Methodology Limitations and comparison with Pinch technology 

MILP 

It creates a mathematical model for the analyzed system. Sometimes, they can be 

very complex and can show high deviations from the real system. Pinch technology 

partially uses MILP in economic optimization of the created HENs and MENs. 

ABM 

ABM enables the study of complex cooperation dynamics among firms in IS, using 

behavioral science theory to model the planned behavior of waste suppliers and 

processors across all implementation stages [42]. Its bottom-up approach, where 

system-level properties emerge from interactions among agents, makes ABM 

especially useful for analyzing complex systems that analytical models alone cannot 

capture [43]. This methodology is more focused on relationships between integrated 

companies. 

MEFA 

Many studies on IS tools do not define MEFA clearly nor explain its specific 

applications. They do not highlight the broader input-output analysis of economic or 

material and energy flows [44]. This indicates that MEFA is less widely understood 

and less widely applied than other methods. Moreover, IS research often prioritizes 

LCA over MEFA, suggesting that practitioners view LCA as more suitable or accessible 

for many evaluations [38]. Consequently, while MEFA is valuable for flow analysis, it 

may need to be combined with other methods to fully support the design of 

symbiosis. 

LCA 

Products based on circular economic principles do not always minimize 

environmental impact. LCA studies show that circular designs can have higher overall 

impacts than non-circular ones due to complex material recovery processes [45]. In IS, 

LCA limitations become sector-specific, making it less suitable for sectors [41]. The 

high complexity of databases and the lack of suitable interfaces for integrating LCA 

data into planning processes further restrict its practical use in factory planning and 

design [46]. 

Network 

analysis 

It is limited in its generalizability. Context-specific findings may not be applicable to 

other regions or sectors. Poor data availability and quality can limit analytical depth. 

Interpretations of network dynamics, green culture, and the roles of firm size, sector, 

and innovation may reflect subjective bias. Network analysis offers only a static 

snapshot, ignoring how networks evolve over time. Complex interactions in ecological 

network theory risk being oversimplified [47]. Complex network analysis alone cannot 

yield sufficient environmental, economic, and technical performance metrics for 

industrial clusters, so additional indicators are needed to assess performance and 

improvement opportunities [48]. 
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Emergy 

analysis 

It faces questions of quantification, uncertainty, and sensitivity common to holistic 

approaches focused on industrial activity [49]. Emergy transformations of energy, 

materials, or capital vary by region and come from diverse sources. It carries the risk 

of incorrect accounting [50]. Emergy analysis assumes all inputs to be positive, but 

there are cases where inputs are harmful negative outputs [51]. This method poorly 

captures potential environmental impacts [52] and neglects pollution emissions from 

the system operation [53]. Boundaries may be limited to direct industrial process 

resources, omitting key primary energy and other resource inputs [54]. It was 

originally designed for ecological systems; emergy analysis requires adaptation of its 

indices to better fit industrial sustainability analysis. It lacks technical solutions for 

symbiotic systems. Footprint Pinch can be replaced or supplemented by this 

methodology. 

Exergy 

analysis 

Exergy analysis can reveal more potential process improvements than Pinch analysis. 

Many of them are not practically achievable [55]. It is heavily used in the engineering 

interpretation of balances. That makes it harder to apply than Pinch analysis [56]. 

Exergy analysis often indicates theoretical improvement potentials [57]. Pinch 

analysis can be applied more easily and communicated to non-technical staff [55]. 

However, it is limited to heat flows and temperatures. It does not integrate heat 

exchange networks with other process variables, such as pressure and composition. It 

cannot systematically identify ways to value the available energy streams for process 

improvement [57]. 

The primary advantage of exergy analysis over traditional Pinch analysis lies in its 

comprehensive approach to energy quality assessment [58]. The exergy method 

allows us to consider both quantitative and qualitative characteristics of thermal 

processes. The Pinch method is based on a change in enthalpy, which does not 

consider the qualitative characteristics of energy [59]. The method of exergy Pinch 

analysis allows formulation and justification of specific design measures aimed at 

increasing energy efficiency and can identify unused exergy and determine the part in 

which the loss occurs [60]. 

Agent-Based Models (ABM) offer well-suited analysis mechanisms such as life cycle impacts and 

network properties like resilience [61, 62]. They can assess geographical effects on symbiotic 

relationships through multi-objective optimization while validating IS performance indicators. ABM 

is well suited for the development of real-time “what-if” strategies [63]. These models help 

researchers anticipate the effects of small behavioral changes caused by agents or changes in social, 

natural, or economic subsystems [64]. They support the assessment of technological and 

organizational design choices in symbiotic networks and help identify the transition pathways that 

are likely under different intervention scenarios [42] (Table 1). 

Flow analysis (Material and Energy Flow Analysis [MEFA]) is a systematic method used to provide 

detailed quantitative descriptions of material and energy flows per sector, indicating critical sectors 

in terms of resource consumption, waste generation, and identification of the most significant flows 

[65]. MEFA allows researchers to map and quantify metabolic flows in systems with their sectors, 

providing essential information to understand resource utilization patterns [66]. This methodology 

tracks the input, output, and transformation of specific material and energy resources through a 
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system of interest, using existing business practices, databases, inventories, and surveys as its 

primary source of data [67]. This approach has proven to be valuable for improving the 

understanding of economic dimensions and exploring opportunities for efficiency and recovery in 

various systems [68] (Table 1). 

MEFA, combined with LCA, assesses the environmental burdens of material flows throughout life 

cycles, revealing net gains and shifting burdens in symbiotic relationships [69]. Network analysis 

with MEFA maps material, financial, and relational interactions between IS actors [67]. Input-output 

analysis, including Leontief matrices, is a key industrial ecology tool in computable general 

equilibrium models [70]. Waste flow analysis, combined with MEFA and production matrices, 

supports models such as the IS “system waste flow metabolism analysis” [71]. “Dynamic decision 

support systems” integrate Mass Flow Analysis (MFA) and LCA to track by-product flows and 

quantify levels of symbiosis in EIP [72] (Table 1). Substance flow analysis and ABM, often coupled 

with system dynamics and hybrid modeling, further extend MEFA applications [70]. The design for 

the environment sets MEFA together within integrated industrial ecology, promoting eco-efficiency, 

dematerialization, and analysis of urban/industrial metabolism [70]. 

Emergy analysis is a quantitative method that values resources, services, and commodities in a 

common unit of solar energy. It enables the comparison of all resources [49]. Moreover, emergy 

represents the total available (embodied) energy required directly or indirectly in a system [52]. This 

method calculates flows of material, energy, information, and value in natural and socio-economic 

systems using the value of emergy [53]. It is especially useful for evaluating the sustainability of 

industrial ecosystems through emergy-based indices that capture waste treatment, recovery, reuse, 

and recycling while accounting for all material and energy flows. These indices quantify 

environmental, economic, and overall sustainability performance [10]. Applications show that 

urban-IS systems can reduce total emergy consumption by 12% when material flow analysis is 

combined with emergy analysis [73] (Table 1). This method has also been used to optimize eco-

industrial park operation under uncertainty, identifying Nash equilibrium solutions that balance 

profit and sustainability [74]. 

Exergy analysis defines the maximum work that is accessible when a resource becomes in 

thermodynamic equilibrium with its surroundings through reversible processes [57]. In industrial 

ecology and symbiosis, exergy analysis supports the shift from linear to closed-loop systems, turning 

material and energy flows once treated as waste into resources for existing or new processes. Its 

main strength is to express all physical phenomena in terms of a single form of energy. It is based 

on natural or artificial resources, processes, or emissions. They can be consistently evaluated from 

an exergy perspective [75]. It also assesses industrial processes through exergy balances, 

quantifying and tracking inefficiencies to identify improvement opportunities with all relevant 

variables such as temperature, pressure, and composition [57]. In IS, this is crucial, because in all 

material and energy transformations, exergy is lost through irreversibility [75] (Table 1). 

LCA assessment is one of the most widely used tools, providing a comprehensive method for 

quantifying all materials and energy used in industry. It identifies IS opportunities and measures 

environmental impacts [41, 76]. The cradle-to-gate approach in LCA applies a life cycle perspective 

that looks beyond individual facilities to assess environmental impacts across all stages of the 

product life cycle. Since IS relies on cooperation between multiple companies, the LCA system is 

crucial to avoid pollution transfers between plants and the shifting of burden between impact 

categories [73]. LCA is widely used to confirm the environmental benefits of IS networks and to 
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guide the valorization of by-products [77] (Table 1). It enables a multilevel assessment of 

environmental performance for individual or combined waste-resource exchanges [32]. 

Network analysis uses quantitative methods to study the physical and social interactions 

between entities in a system. It is presented as a network of nodes (entities) and links (relationships). 

It can model links such as material and energy flows, information, financial transactions, and social 

interactions. In the IS field, four related methodologies are used: social network analysis, 

stakeholder value network approach, ecological network analysis, and food network analysis. This 

methodology analyzes the structural characteristics of symbiotic networks, including size (nodes 

and relationships), density, clustering coefficients, information transmission speed (characteristic 

path length), centrality, and overall complexity (Table 1). These features reveal local and global 

properties of symbiosis networks and guide the design and construction of effective symbiotic 

systems [78]. 

PI contains various tools based on Pinch technology (Appendix 1). Pinch analysis has been 

adapted for the integration of waste and energy in IS sites. It promises benefits in IS engineering 

design. At the operational level, simulation-based optimization uses infinitesimal perturbation 

analysis. It can determine optimal production policies and stock levels for IS networks [79]. 

Integration with Pinch technology can play a vital role in IS design by identifying opportunities for 

heat exchange and energy optimization between different processes and industries. Pinch 

technology provides a systematic approach to analyze energy flows and identify potential areas for 

heat recovery and optimization [11]. 

Continuous processes in chemical plants, refineries, and power plants can be easily integrated 

[80]. Pinch analysis is particularly useful because of its steady-state nature. The advantages of Pinch 

analysis for continuous processes include the ability to identify optimal heat integration possibilities, 

to minimize energy consumption, and to reduce operating costs. Additionally, Pinch analysis allows 

for the identification of minimal hot and cold utility requirements as well as the determination of 

optimal process heat exchange targets. 

Pinch analysis in continuous processes effectively optimizes energy usage, minimizes waste, and 

improves overall process efficiency. This method is easily applicable to continuous processes 

because of their consistency and predictability. This allows for more accurate and reliable analysis. 

The first step in the integration process is data collection. In this step, values of temperatures, flows, 

and other parameters of interest for possible heat exchange between streams are collected. The 

collected data are used for the design of composite curves. The method creates a chart of hot and 

cold composite curves based on hot and cold streams. That chart is used to identify the Pinch 

temperature and the heat recovery potential. Both curves are used to create a Grand Composite 

Curve (GCC). The construction of a GCC is used for the analysis of overall energy integration 

opportunities within processes where selected streams are active. As a result of heat integration 

with Pinch technology is the Heat Exchanger Network (HEN). That is, a system of heat exchangers 

that connects selected streams for heat transfer between themselves. The design is based on 

mathematical optimization techniques or graphical methods. This solution maximizes heat recovery 

and minimizes utility consumption (fresh utility supply) [81]. 

On the other hand, batch processes are characterized by discrete, non-continuous operations 

where production occurs in batches or cycles. These processes present unique challenges for the 

application of Pinch analysis due to the variable nature of streams. PI of batch processes is related 

to time-dependent streams and the specific time of heat recovery. That is the main difference from 
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continuous processes. Batch processes show changeable operating conditions. That makes it 

difficult to use steady-state assumptions. Optimal timing for heat recovery within batch processes 

is crucial. That impacts the effectiveness of energy optimization and heat exchange. Very important 

characteristics of batch processes are repeatability or non-repeatability of streams/processes and 

formation of specific time slices (process sequences) [82]. HEN design for batch processes requires 

a dynamic approach for the time-dependent nature of these operations. The repeatable time slices 

refer to process steps that occur identically in each batch cycle. This allows for more consistent heat 

integration. Moreover, the non-repeatable time slices correspond to specific process steps that 

occur intermittently or with variations between batch cycles. These time slices in batch processes 

are prerequisites for successful Pinch analysis of the process dynamics and the identification of 

opportunities to capture and utilize heat across repeatable and non-repeatable time slices. 

Furthermore, the complexities of heat recovery based on timing within batch processes are 

essential to achieve effective energy optimization. Considering the evolving temperature profiles 

and heat transfer requirements throughout the batch cycle, engineers can strategically plan and 

implement heat recovery strategies to maximize the overall energy efficiency of the batch process. 

Solutions explore strategies for energy storage, intermediate heat exchange, and flexible utilities 

used to optimize energy utilization during batch operations [83-87]. The application of Pinch analysis 

techniques is to identify the minimum energy requirements for each batch and optimize energy 

usage in multiple production cycles. 

Moreover, there is Pinch technology based on material recovery (mass Pinch technology), 

minimization of emissions (footprint Pinch technology), optimization of supply chain (supply chain 

Pinch technology), and optimization of water and wastewater (water Pinch technology). All these 

methodologies are like heat Pinch technology, and their main characteristics are explained in the 

table in Appendix 1. 

All these developed methodologies of PI with Pinch technology have a positive impact on IS 

design. For a better understanding of the benefits of Pinch technology and the certain issues of 

other methodologies, the comparison table is prepared. Table 1 compares Pinch technology with 

other IS design methodologies. There are also limitations of the given methodologies and Pinch 

technology. 

5. Pinch Technology in Industrial Symbiosis 

Pinch technology was primarily invented and applied in production systems between different 

production processes (in the same factory). Moreover, it can be used between different factories 

(companies), within the IP, and even at the regional level. However, IS has different levels of 

application. It can be applied between companies inside the same IP, where the waste and by-

products of one company are utilized as input by another company. This type of symbiosis is “on-

site” IS. The wider symbiosis can integrate multiple IPs or even entire regions, where the by-

products and waste streams of one industry are utilized as input by another industry, creating a 

closed loop of resource exchange and minimizing waste generation. And finally, IS can be applied at 

a national or global level, where countries or regions collaborate to optimize resource utilization 

and waste management on a larger scale. The last two levels are performed between companies in 

different places. That kind of IS can be called “virtual” because they are not visible as IS participants. 

Therefore, integration of the system with Pinch technology can only be performed on on-site IS, 
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with the exception of the supply chain Pinch technology. The implementation of Pinch technology 

requires a deep understanding of processes and systems involved, as well as accurate data on heat 

and mass flows (shared information) [88]. 

5.1 Realized Symbiotic Systems Based on Pinch Technology (Case Studies) 

Many realized IS projects can be found worldwide. But very few IS projects use Pinch technology 

for design (Table 2). One of those projects is the Map Ta Phut Industrial Area, 150 km away from 

Bangkok. Matsuda et al. [89] describe their design using the R-curve. Utilities used in the IP are 

distributed mostly by distribution companies. These types of utilities come from boilers and steam 

turbines. The complete situation of utilities is calculated on the basis of the R-curve analysis. 

Furthermore, the surplus heat and cold in processes are analyzed with TSP integration. The 

composite curves determined surplus heat in the exhaust, low-pressure steam recovery, and a 

combination of very low-pressure steam with hot water. In addition, hot oil streams are included as 

heated by exhaust gases. In parallel with the Map Ta Phut IP analysis, they analyzed the Chiba IP in 

Japan [89]. Savings made on Map Ta Phut are very high. They are between 10% for integrated energy 

consumption and 40% more in theoretical savings with TSP or R-curve analysis. Partially, the 

integration between a few different sites included in the IP is realized via an extraction back-

pressure turbine generator and heat recovery steam generator. The overall theoretical increase in 

efficiency is determined to be approximately 15.8%. 

Table 2 Theoretical case studies in which Pinch technology is used for IS improvements 

or design. 

Case/location 
Evidence and 

method 
Reported outcome Limitation/research gap 

Map Ta Phut 

Industrial Area, 

Thailand 

R-curve and 

total-site 

process 

integration 

[89] 

Identified surplus heat, 

low-pressure steam 

recovery, and very-low-

pressure steam/hot-

water integration. 

Reported outcomes require 

consistent assumptions, 

economic assessment, and 

implementation evidence. 

Chiba Industrial 

Park, Japan 

R-curve 

analysis [89] 

Considered a back-

pressure turbine 

generator and heat-

recovery steam 

generator. 

More detail is needed on 

inter-firm ownership, 

operating variability, and 

realised savings. 

Kashima chemical 

industrial area, 

Japan 

Area-wide 

Pinch 

technology 

[90] 

Reported substantial 

energy-saving and 

efficiency potential. 

Distinguish target savings 

from verified implementation 

outcomes. 

Union Station, 

Dongying, 

Shandong 

Province, China 

Heat Pinch 

technology 

[91] 

Reported energy-

efficiency improvement. 

Specify system boundary, 

stream data, and economic 

feasibility. 
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Another similar project is the INES project in Rotterdam Harbor (Netherlands) [92]. All 69 

member companies have been clustered into industrial services, refineries, inorganic chemistry, 

storage and transport, mass, goods and petrochemistry. As part of the INES project, physical flows 

of materials and transformation flows are determined, as well as information feedback. This project 

had the aim of creating a cleaner production approach and to stimulate the reuse of waste streams, 

by-products, and energy based on the determined capabilities of involved parties. Moreover, it 

supported the development of required knowledge infrastructure between companies, universities, 

and government. 

Fan et al. [12] analyzed the Hefei economic and technological development area. The main 

exchanged flows are steam, biomass fuel, fly ash, and slags. Moreover, system analysis is increased 

with the determination of emergy flows, like renewable inputs, non-renewable inputs, labor, 

imported inputs, services, market, and disposal. IS with emergy analysis receives the following 

benefits: adaptation and improvement of technologies that increase waste reuse and recycling; 

energy optimization with reduction of waste emissions; sustainable development of IP with 

restoration of the local ecosystem. 

Matsuda et al. [90] use the term “area-wide Pinch technology”. It consists of R-curve analysis and 

Site Source Sink Profile (SSSP). It is applied to Kashima, a complex chemical industrial area in Japan. 

Kashima IP consists of 31 sites, where utilities are supplied by thermal power plants, and exchange 

is carried out through 390 heaters and 677 coolers. The case study gave results for very high energy 

savings and very high efficiency. They found that using Pinch technology is very appropriate for such 

complex systems. The theoretical increase in efficiency depends on the parts of thermal power 

plants and is between 22.4-28%. 

The R-ratio and the R-curve are defined by Kamura and Zhu [93]. Industrial systems can convert 

fuel into heat and power. The ratio between generated power and generated heat is called the R-

ratio (Eq. 1). The sum of heat and power generated from fuel in heat pumps is the basis for the 

determination of efficiency (Eq. 2). The construction of the R-curve is made as a function of the 

changes in efficiency and R-ratio. 

𝑅 =
𝑄𝑝𝑜𝑤𝑒𝑟
𝑄ℎ𝑒𝑎𝑡

(1) 

𝜂𝑐𝑜𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
(𝑄ℎ𝑒𝑎𝑡 + 𝑄𝑝𝑜𝑤𝑒𝑟)

𝑄𝑓𝑢𝑒𝑙
(2) 

The R-curve shows the maximum achievable efficiency. In practice, the R-curve analysis directly 

depends on the implementation of Pinch technology. As Pinch technology improves efficiency, the 

R-curve shows it. In that case, the R-ratio is increased, too. ηcogeneration is also known as integrated 

energy efficiency. 

The SSSP analysis uses data for heat exchange between heat supply and demand. The right-side 

SSSP curves are heat-exchange composite curves, and the left-side curves are cooling composite 

curves. This defines the unutilized heat and cold within the temperature ranges. Matsuda et al. [90] 

obtained different values for energy savings potential with the R-curve and SSSP. In total energy, 

SSSP has shown savings of 4%, and the R-curve has shown 24.7% of the total energy input. Therefore, 

it can be said that “area-wide Pinch technology” is very useful in identifying energy-saving potential 

even for large, complex systems. 
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Unfortunately, all these data on increased efficiency are theoretical projections based on 

calculations using Pinch technology. No information is provided on whether any of these projects 

have been implemented or what the actual savings or efficiency gains are. 

Ruiz-Puente [62] covered mixed systems such as industry and urban areas for further urban-

industrial symbiosis. The cases show the exchange of materials and energy between both systems. 

Mainly, donors and recipients are government, municipalities, incineration plants, cogeneration 

plants, power plants, and waste (liquid, solid, and exhaust) treatment plants. Municipalities and 

government influence through funds, changes in taxes, and policy, as well as users of generated 

energy (citizens). 

5.2 Solutions for Industrial Symbiosis Based on Pinch Technology 

Designs based on Pinch technology or Total Site Integration (TSI) depend a lot on the extracted 

data. When all data on existing streams from interested parties are collected, selection can be made. 

After the selection of the most valuable streams is done, the methodology continues with stream 

matching and the design of an optimal solution. Several solutions can be suggested as alternatives. 

But after a techno-economic evaluation of the solutions, the most optimal one is selected. 

Manufacturing design is focused on improving the fit between processes and products. It uses three 

strategies: computing in multiple dimensions, computing in multiple segments, and computing in 

continuous product improvement [94]. 

Zwolinski and Brissaud [95] analyzed the possibilities for the reduction of CO2 emissions by using 

different methods. Here, PI methods have been included. Based on their research, PI can be used 

for the utilization of waste heat, recycling or reuse of materials, and dematerialization. Data showed 

that the cost of implementation of PI in waste heat recovery is between 100 and 1000 EUR/t of CO2. 

The CO2 potential in their case is between 5 and 10%. Boix et al. [96] reported the issue of using 

Pinch technology for water networks that happens in the presence of certain contaminants. 

Moreover, this can include the integration of power plants with urban or industrial sites [80]. 

Butturi et al. [97] focus on energy symbiosis as part of IS. Most of the cases of analysis of 

interplant energy flow management are based on Pinch technology or mathematical programming. 

This is especially related to heat integration. Chen et al. [91] analyzed and integrated the Union 

Station in Dongying with Pinch technology as a complex system of energy flows. Based on that 

analysis, they determined energy consumption bottlenecks for different temperature profiles. 

Many changes have been proposed to increase energy efficiency. 

One of the key questions of the research of Chin et al. [98] is how Pinch technology can be used 

for smart contract-based transactions to optimize resource matching and maximize energy resource 

recycling. Their research is based on blockchains as a database system for storing various 

information. Each block contains specific data identified with certain numbers. They simulated a 

system of processing plants with selected streams of interest for heat integration. The peer-to-peer 

(P2P) model was monitored continuously, and the data was stored in the blockchain system. All the 

stored data can be analyzed to find matches for available resources in a certain period that can be 

used/recovered. The data analysis method is Pinch technology. The system can manage all those 

resources within the P2P model. Using a blockchain with the P2P model can help implement IS. 

Fan et al. [12] used emergy analysis to determine the sustainability of IS in IP where the system 

was integrated with Pinch technology. The parameters they used are the Emergy yield ratio (EYR) 
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(Eq. 3) and the Emergy loading ratio (ELR) (Eq. 4) as parameters for the determination of the Emergy 

sustainability index (ESI) (Eq. 5). 

𝐸𝑌𝑅 =
𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 + 𝑛𝑜𝑛𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 + (𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠 + 𝑙𝑎𝑏𝑜𝑟 + 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 + 𝑤𝑎𝑠𝑡𝑒)

(𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠 + 𝑙𝑎𝑏𝑜𝑟 + 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 + 𝑤𝑎𝑠𝑡𝑒)
(3) 

𝐸𝐿𝑅 =
𝑛𝑜𝑛𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 + (𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠 + 𝑙𝑎𝑏𝑜𝑟 + 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 + 𝑤𝑎𝑠𝑡𝑒)

𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒
(4) 

𝐸𝑆𝐼 =
𝐸𝑌𝑅

𝐸𝐿𝑅
(5) 

Moreover, emergy can be used for the determination of consumed resources per unit of money 

(Energy-to-money ratio-EMR (Eq. 6)) and money savings (MS) (Eq. 7) in symbiosis. 

𝐸𝑀𝑅 =
𝐸𝑚𝑒𝑟𝑔𝑦

𝐺𝐷𝑃
(6) 

𝑀𝑆 =
𝛥𝐸𝑚𝑒𝑟𝑔𝑦

𝐸𝑀𝑅
(7) 

Hackl et al. [99] used total site analysis (TSA) to improve collaboration between companies for 

energy sharing. They used different data collection for TSA: black box (process is represented only 

by the utility demand), gray box (heat exchange of only process utility), and white box (detailed 

Pinch analysis with process-to-process heat exchange). 

Many authors include exergy instead of energy in the Pinch analysis [100]. This covers the total 

energy content of selected flows. Exergy improves the designed solutions. Ibaaz et al. [101] created 

a generic algorithm for the prediction and quantification of energy and exergy targets between 

industrial processes. It combines analysis tools such as the exergy problem table algorithm and GCC 

tools. Based on exergy Pinch analysis, experts and planners can be guided to make their designs and 

decisions in creating IS. 

Kastner et al. [102] considered Pinch technology to be one of the most important quantitative 

tools to create symbiosis in IPs. Sinks and sources form a network, but only certain relations can be 

matched. TSA and R-curve analysis are included here as well. 

El Massah [103] used TSI more broadly to create IS. He included energy and water, as well as 

products and waste. This is related to the waste-to-energy and waste-to-wealth processes. 

Moreover, the basic principles of the circular economy have been incorporated to realize long-term 

sustainability with Pinch technology as the methodology. 

Lambert and Boons [104] mentioned the integration of water between industries with water 

Pinch technology. There, water with undesired or desired components is shared between industries, 

as well as treated water flows shared between plants. 

Lawal et al. [11] collected a few new directions that can be used or are used for creating IS in IPs. 

Those methodologies related to Pinch technology are total site carbon integration (TSCI), total site 

waste integration (TSWI), total site power integration (TSPI), and product planning. TSCI is carbon 

capture in IP, its utilization, and storage [105]. It is based on the energy planning composite curve 

and minimizing zero-carbon energy resources. Here, generic carbon cascade analysis [106], Carbon 

Capture and Storage [107], as well as widely known standard Pinch technology tools can be included. 



Recent Prog Sci Eng 2026; 2(3), doi:10.21926/rpse.2603021 
 

Page 17/31 

TSWI is developed for municipal solid waste, but it can also be implemented for industrial waste to 

apply waste management strategies [108]. TSPI is based on the methodologies developed previously 

for PoPA [109, 110]. This includes electricity demand for the next period (the next day) with a daily 

prediction of consumption. As renewables have daily variations, electricity storage is required. 

Rozali et al. [111] designed an electric storage framework with an AC/DC storage cascade table. 

Furthermore, storage can include different technologies, such as combined electricity storage and 

hydrogen [105, 112]. Product planning can be done with Pinch analysis of energy generation in the 

system that combines different sources of energy mix. 

Lawal et al. [11] gave a chronological development of Pinch technology for its purpose. As a main 

tool for the optimization of energy in continuous and batch processes, it has been developed for 

mass exchange, water Pinch technology, production planning Pinch technology, materials and 

property Pinch technology, financial planning Pinch technology, gas Pinch analysis, CEPA, waste 

management Pinch technology, TSCI, supply chain Pinch technology, footprint Pinch technology, 

and it continues today with its use for new purposes. Yeo et al. [113] analyzed different IS tools that 

use input-output streams. All data that needs to be shared between companies is shared voluntarily. 

That means that all valuable data might not be shared. They preferred PI tools for IS design. Yong et 

al. [114] created a novel Pinch multi-energy grid targeting framework as part of Total Site Heat 

Integration. The optimization of energy goes through the trigeneration system and energy storage 

[105]. 

El-Halwagi [115] introduced a mass integration model for the EIP problem that enables the 

exchange of waste, by-products, and fresh resources among multiple plants through a centralized 

facility, which facilitates the mixing of diverse streams and interception via separation and 

treatment units (as depicted in Figure 2). Lovelady and El-Halwagi [116] proposed a procedure to 

design the EIP using the mass integration shown in Figure 3. They established the following steps: 

extract process data set, set of sinks for each process (with mass flow Fsink, and component 

concentration Cc, sink), set of sources (wastewater, or similar, with mass flow Fsource, and component 

concentration Cc, source), interceptor design, and solving the interceptors’ problems. Sets of processes 

and streams, such as sinks and sources, should be extracted from the process flow sheet of all 

involved companies. All these selected streams are connected to the interceptor. The interceptor is 

a system that should be designed based on the requirements of involved processes, mass exchange, 

or treatment systems. The design and possible alternatives of the interceptors are generated based 

on some questions. El-Halwagi [117] suggested the following questions as important for the design 

of interceptors: 1. Which streams should be recycled within the same process, and which streams 

should be sent to the EIP? What changes will they undergo in the EIP (e.g., mixing, separation, extent 

of separation)? 2. What interception technologies should be used? What are their tasks? What 

streams should be assigned to these interceptors? How much fresh water should be used? Where? 

3. How much waste should be discharged? Where? 
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Figure 2 EIP mass integration through interception system. 

 

Figure 3 Interaction system between sinks, sources and interceptors for creating an EIP. 
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Several graphical and algorithmic PI techniques have been developed for synthesizing cost-

effective EIPs based on the answers to given questions. El-Halwagi [117] suggested a graphical 

solution based on the material-the recycled Pinch diagram developed by El-Halwagi [117]. 

Algorithmic and mathematical optimization approaches are used for the synthesis of several types 

of EIP-design problems. 

The optimization of costs for interception systems is based on Equation 8. Total Annualized Costs 

(TAC) depend on the number of interception units (Ninterception), the amount of fresh water (sink) 

streams used, and the amount of generated waste. 

𝑇𝐴𝐶𝑚𝑖𝑛 = ∑ 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛cost𝑝

𝑁𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛

𝑝=1

𝑃𝑟𝑖𝑐𝑒𝑓𝑟𝑒𝑠ℎ ∑ 𝐹𝑟𝑒𝑠ℎ𝑘

𝑁𝑠𝑖𝑛𝑘𝑠

𝑘=1

+ 𝑃𝑟𝑖𝑐𝑒𝑤𝑎𝑠𝑡𝑒 · 𝐹𝑤𝑎𝑠𝑡𝑒 (8) 

The model of analysis and design developed by El-Halwagi is given in Figure 3. Furthermore, an 

additional method that employs chemical species as the foundation for integration involves the 

concept of carbon-hydrogen-oxygen symbiosis networks [115]. This was introduced by Noureldin 

and El-Halwagi. 

Moreover, the other common organizational segments can be more easily managed than 

connected production processes. That is, common transportation, renewable transportation, 

logistics, common management, and even having a common building for the offices of 

administration and management with all other facilities needed for them [18]. 

6. Issues and Barriers in Pinch Technology Implementation 

This collaborative approach can bring numerous benefits. Some critics argue that it can limit the 

autonomy and decision-making power of individual companies, potentially hindering innovation 

and progress. Positive and negative experiences can influence the way integration has been done 

between companies. As seen earlier, integrating different processes is easier in continuous 

processes. This integration can work perfectly and be synchronized. There is another question: what 

if a malfunction happens in one of the integrated parts? That will stop the first process, and 

automatically the other integrated part must be stopped. Therefore, a reserve plan must exist. In 

case of heat exchange, the other integrated continuous process must have active connections to 

hot or cold utilities. In the event of a malfunction, the production cost will increase. The integration 

of two continuous processes is robust and has no flexibility in realization. What should be done for 

better flexibility? Flexibility makes all integrated companies more independent. Therefore, flexibility 

can be higher if the system of integration between companies is based on batch processes or there 

is some storage system between connected parts [105]. Source delivery from other companies does 

not need to be used when supplying the system. That means that the source (heat, fuel, raw 

materials, water, etc.) can be delivered into storage, from which the second or third system can take 

without interruptions for its purposes. In this case, the optimal costs can be achieved with good 

design of storage systems (size, materials, connections, etc.). 

Storage systems offer excellent flexibility between integrated systems. Inter-company IS is 

questionable when companies have different development rates [105]. When one company wants 

to increase production, it might need more sources delivered by symbiosis from other companies. 

That means other companies must increase their productivity or order the same resource from 
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outside the IS. From this point of view, integration, as well as the IS, interrupts or stops the 

independence of other companies from increasing production capacity. This can destroy the IS by 

breaking or canceling already signed contracts and agreements between companies. 

The use of Pinch technology for IS design depends on many factors that are common to all 

methodologies. Those factors are barriers or limitations due to obstacles on the part of some parties 

in IS. Barriers can originate from companies (internal or external sources), general barriers to energy 

cooperation, or specific energy sharing solutions. It can be related to intra-company measures, 

allocation, theoretical solutions for energy cooperation, and the level of matching with designed 

instruments to overcome all those barriers [118]. 

De Canio [119] explained “the efficiency paradox” related to missing profitable energy efficiency 

measures. Implementing technologies (especially green technologies) that will improve efficiency 

can cause obstacles to sustainability and not always produce benefits or expected profits. 

Sometimes, investment makes a profit and improvements but might not ensure overall 

sustainability and resource efficiency [120]. Here, visible factors such as piping distances, flow 

fluctuations, and availability of utility systems influence that. 

Roden and Moser [118, 121] classified barriers that influence energy integration. Some of them 

are barriers to the implementation of Pinch technology in the creation of ISs. The lack of knowledge 

directly influences the development of solutions and the use of Pinch technology. Internal 

competition for capital prioritization of non-energy investment, not having own funds, lack of 

acceptability of long payback times, retrofit design costs, fear of hidden costs, uncertainties and 

unknown risks, retroactive changes in renewable energy technologies, fear of unreliable business 

relations, and uncertainty in energy prices indirectly influence the implementation of the 

methodology. These are mainly economic considerations for companies that want to implement IS 

but have some prejudices or economic issues. 

New solutions require new technology and equipment [122]. Therefore, all staff need additional 

training. There can be problems in adapting to new working environments, insufficient skills for non-

core business issues, limited time and resources for non-core business issues, low motivation for 

the implementation of accepted rules for cooperation between companies, and the implementation 

of agreed responsibilities (for energy distribution, cross-sectional cooperation, poor work 

coordination of common systems, unification of implemented standards, managerial changes, and 

coordination bodies). Fears of business distortions, supply quality issues due to supplier changes, 

and behind-the-scenes maneuvering can also arise from direct market competition between 

companies in symbiotic systems. All of these are social and managerial barriers that also influence 

the choice of the solution. 

Barriers that influence the framework in the implementation of designed solutions can be 

incomplete political strategies for energy, infrastructure uncertainties, regulations that can be 

obstacles for the use of certain technologies, lack of incentives, no legal solutions for pipelines that 

need to go through private properties, unification of local energy taxes, registered energy suppliers 

for managing exchanged energy, issues in case of multiple registered energy distributors, and 

regulations for direct exchange between two companies. Technical barriers that minimize the 

implementation of Pinch technology solutions could be the use of different industrial standards, 

lower expertise in using new technologies, waiting for the adoption of other companies for 

suggested designs, gaps and mistakes in matching, low technology readiness, long distances for 

exchange with high energy losses, having no technical solutions in managing by-products, using old 
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infrastructure, uncertainty in the quality of exchanged energy, limited understanding of technical 

options, having no technological forecasting, intermittency of supplied energy or renewables, 

requiring energy storage [18, 105]. The exchanged energy must be measured, controlled, and 

registered. These obstacles can make excellent solutions acceptable to companies. For good 

measurement, registration, and control, a good information system with a lot of sensors, meters, 

and data storage is needed. Every change or malfunction in one company can disrupt supplies for 

other companies. Therefore, every change must be detected and shared with others to take action 

to avoid bad consequences. Equipment and information systems are required, such as big data 

management, waste heat exchange measurement systems, implemented Internet of Things (IoT) 

systems, cybersecurity protocols for the privacy of data and protection of the most vulnerable 

points, bi-directional flow of energy and information, provision of sensitive business data, and 

communication between relevant people in all connected companies at different levels and times. 

Very important is empathy for other companies’ needs in the symbiotic system and avoiding 

uncertainty about who manages the new exchange system between them. 

7. Approach in Design of Industrial Symbiosis with Pinch Technology 

Design steps for technical integration systems for IS can be determined based on all possibilities 

that Pinch technology can provide as a tool. Figure 4 shows different Pinch methodologies used in 

PI between two or more production facilities. The urban area system can be included as 

supply/demand points for mass or heat [123]. In addition, renewable energy sources can also be 

integrated [124, 125]. As with every Pinch methodology, information sharing is an important 

starting point. In this case, the information does not need to be detailed for the whole process of 

what happened in the internal systems of each company [31]. Detailed information is needed on 

selected streams, their quantity and quality of heat/mass/concentration, and their timelines (in case 

of batch processes). That starting point is enough for the design of HEN/MEN solutions, as well as 

possibilities in need of storage systems or additional equipment [126-128]. All of these define the 

exchange dynamics. When all possible solutions are generated as alternatives, they can be 

compared on the basis of economic optimization (as a step in the Pinch methodology) [18]. When 

basic technical solutions are made, the next step involves footprint Pinch technology. It optimizes 

environmental impact [129]. Already determined solutions must satisfy environmental regulations 

and laws. If that is not satisfied, it is returned for reconsideration. Solutions of footprint Pinch 

technology can lead to slight corrections in already generated alternative solutions. When footprint 

Pinch technology satisfies all rules and regulations, the technical design of integrative systems is 

ready for further management analysis. In this step, a common system for the transport of 

employees, the transport of goods, and products can be designed [31]. This can be based on supply 

chain Pinch technology. With this, Pinch technology can provide a whole technical solution in 

designing and applying IS in IPs. Exergy analysis can approve or disapprove of a potential loss of 

energy if the exchange is over long distances [58]. That is why the most optimal solutions require 

integration inside the industrial park or in nearby places that are within small distances. This is 

especially important for energy exchange, which can have very high transportation losses. 
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Figure 4 Steps in design of technical solution for design of IS integration system based 

on Pinch technology. 

8. Conclusions 

Pinch technology is not commonly used to create “virtual” or “on-site” information systems. 

There aren't many projects that use Pinch technology. Most of them are theoretical solutions. There, 

they show good performance in establishing symbiotic systems. In these cases, new modifications 

made in Pinch technology improve PI methodology. Primarily includes R-curve, TSP, and SSSP 

analysis. Moreover, PI methodology can be based on energy, exergy, or emergy when heat and 

electricity are concerned for integration systems. The best results in IS design are shown only in on-

site integration or in-site ISs. Additional problems appear with integration into virtual IS. Basically, 

distance is the main obstacle. 

However, challenges persist, particularly for virtual symbiosis involving geographically dispersed 

sites. Technical obstacles include the need for continuous supply-demand matching, flexibility, 

equipment readiness, and storage solutions, which are critical to maintaining system robustness. 
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Non-technical barriers, such as intercompany agreements, regulatory constraints, economic 

considerations, education gaps, and information sharing, also significantly impact the adoption and 

success of Pinch-based IS designs. Awareness and knowledge dissemination among both technical 

and non-technical stakeholders are essential. Furthermore, developing accessible design algorithms 

and frameworks that can be utilized by various professionals involved in IS planning will facilitate 

wider implementation. Integrating Pinch technology with complementary approaches, such as 

supply chain optimization and environmental footprint analysis, can provide comprehensive 

technical solutions to foster sustainable industrial symbiosis. 

Pinch technology has limitations for IS. They can be summarized as follows: 

 Pinch technology is limited to steady-state conditions in case studies. 

 It can be part of LCA, but PI does not include LCA. 

 Material and energy losses through the exchange system are not calculated unless exergy is 

taken as the basis. 

 It cannot be used for integration in the case of virtual IS. 

 Some comparisons of material streams can hinder the use of Pinch technology. 

Pinch technology offers many benefits compared to other methodologies used in IS design. They 

are as follows: 

 Simplify the complexity of the problem. 

 Determines the potential points for sources and sinks in exchange. 

 Creates designs with an optimal number of exchange units. 

 Solutions have optimal exchange-unit sizes. 

 Solutions have minimal energy use and minimize utilities. 

 Provides a clear improvement in process efficiency. 

 It can be implemented for continuous, batch, and semi-continuous processes. 

 It includes the determination and design of storage units and additional equipment that 

makes solutions flexible for all parties involved. 

Pinch technology is used for IS design, but each type of Pinch technology is used separately. That 

makes it low impact to get a good Pinch-based solution. Therefore, all types of Pinch technology 

must be included, as suggested. A combination of these different types covers gaps in each separate 

Pinch technology solution. It can include heat, mass, and supply chain, as well as environmental 

influence (footprint). The suggested approach also has limitations that need to address blockchain 

and other economic relations, as well as areas that are not covered by technical sciences. 

Overall, Pinch analysis provides a structured and potentially robust basis for the technical design 

and optimization of IS systems. However, its full deployment remains constrained by technical, 

organizational, and regulatory limitations. Mitigating these barriers through targeted capacity 

building, inter-organizational coordination, and continued methodological refinement is likely to be 

critical for enabling broader adoption and improving the effectiveness of IS implementations. The 

proposed multi-method toolkit is intended to support the practical enhancement and operational 

performance of IS systems. In the future, this algorithm needs to be more systematically developed. 
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Abbreviations 

C Concentration 

EIP Eco-industrial parks 

ELR Emergy loading ratio 

EPoPA Extended-power pinch analysis 

ESI Emergy sustainability index 

EYR Emergy yield ratio 

F Flow 

GCC Grand Composite Curve 

GHG Greenhouse gases 

HEN Heat Exchanger Network 

IoT Internet of Things 

IP Industrial Park 

IS Industrial symbiosis 

MS Money savings 

N Number of streams/units 

PEIP Positive Energy Industrial Parks 

PI Process Integration 

SSSP Site Source Sink Profile 

TAC Total Annualized Costs 

TSA Total site analysis 

TSCI Total site carbon integration 

TSI Total Site Integration 

TSP Total Site Process 

TSPI Total site power integration 

TSWI Total site waste integration 
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