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ABSTRACT 

 

Global chemical demand is growing at a significant rate as it is driven by 

population growth. This growth entails the increased usage of resources and 

environmental stress if a business as usual approach is taken. Economic gains and the 

mitigation of these growth effects could be achieved through the adoption of Eco-

Industrial Park (EIP) practices where intermediate and waste streams from one 

manufacturing plant are exchanged with another. It is of interest to develop 

methodological approaches to facilitate the design of EIPs that will enable increased 

production efficiency. A subset class of EIPs, Carbon-Hydrogen-Oxygen SYmbiosis 

Networks (CHOSYNs), and their design is focused upon. The concept of CHOSYNs 

leverages the foundation of the hydrocarbon processing industry by utilizing material 

streams containing carbon, hydrogen and oxygen atoms to create synergies among 

participating facilities.  

It is important to account for the various relationships between the EIP participants 

when synthesizing a new CHOSYN or retrofitting an existing system. The Anchor-Tenant 

model is adopted to account for these relationships in the synthesis of CHOSYNs. 

“Anchors” are first invited as key participants that provide the foundation within the EIP. 

“Tenants” are potential plants that could be developed and integrated with existing 

“Anchor(s)” thus creating a genesis of an EIP. 

Multiscale optimization approaches are developed to identify and screen the 

tenants and to determine performance benchmarks for individual plants and for the whole 
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EIP. An approach is initially developed to synthesize CHOSYNs while considering the 

material throughputs of the anchors and tenants. Next, this approach is extended to include 

an additional tenant screening step that considers the transfer of energy between EIP 

participants. A case study is solved to illustrate the application of these methods. 
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1. INTRODUCTION  

 

The challenges that human population growth causes necessitate the need for 

sustainability in future development. Such challenges include but are not limited to: an 

increasing lack of natural resources, increased pollution and a continuing drive for 

economic prosperity. Unfortunately, the aforementioned challenges are not mutually 

attainable and so sustainable development that provides a balance in meeting these 

challenges are favorable. Sustainable development is defined as “development that meets 

the needs of the present without compromising the ability of future generations to meet 

their own needs” (Brundtland, 1987). As this pertains to the manufacturing industry, 

future development should be resource efficient, minimally polluting and maintain 

positive economic growth. Industrial Symbiosis and its physical manifestation, Eco-

Industrial Parks (EIPs), are seen as a means to achieve sustainable development in 

manufacturing (Doyle et. al, 1996). 

Industrial Symbiosis is defined as the engagement of “traditionally separate 

entities in a collective approach to competitive advantage by the involving physical 

exchange of materials, energy, water, and by-products” (Chertow, 2000). The benefits 

entailed by the adopting Industrial Symbiosis and in turn, constructing EIPs are the 

economic and environmental gains from utilizing a byproduct and/or waste from one plant 

as a raw material for another. Whereas these benefits attracted interest in the formation of 

EIPs, attempts in the planned synthesis of EIPs have not been successful. A key difficulty 

in the planned synthesis of EIPs is cited as the scale and complexity involved with creating 

economic exchanges between EIP participants (Gibbs and Deutz, 2005). Despite this, 



 

2 

multiple examples of EIPs have been identified around the world and have developed 

spontaneously (Gibbs and Deutz, 2007), (Chertow and Ehrenfeld, 2012). Several 

qualitative approaches for synthesis of EIPs was identified by Chertow and Ehrenfeld 

(2012), of which include the Anchor Tenant model. A successful approach for the planned 

synthesis of EIPs is one that captures the synergistic and competitive interactions between 

EIP participants. The significance of this study is the proposition of several approaches 

for the grassroot synthesis of Carbon-Hydrogen-Oxygen Symbiosis Networks 

(CHOSYNs), a subset of EIPs within the hydrocarbon industry that are based on the 

exchange of material streams containing Carbon, Hydrogen and Oxygen atoms (Noureldin 

and El-Halwagi, 2015). 

Chapter II introduces an approach inspired by the Anchor Tenant model for the 

grassroots synthesis of CHOSYNs. The Anchor Tenant model defines existing, “first-to-

build” or foundational plants as Anchors whereas the plants invited for construction and 

integration are termed as Tenants. This approach decomposes the EIP synthesis task into 

several mass integration targeting techniques to screen ideal Tenants to complement the 

Anchors. The application of these techniques highlights significant interactions between 

different CHOSYN participants while utilizing fundamental chemical processing 

information.  

Chapter III extends upon the approach introduced by Chapter II by including 

interaction between CHOSYN participants through the exchange of energy streams. This 

extension accounts for enhanced energy integration opportunities by determining ideal 

streams to reserve upon the Tenant heat integration for the latter EIP energy integration. 
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The application of this extended approach highlights how different EIP participants may 

benefit from different aspects of the proposed approach. This indicates how Tenants that 

rely heavily on energy for operation might be precluded from screening for invitation. 
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*Reprinted with permission from “An anchor-tenant approach for the synthesis of carbon-hydrogen-oxygen symbiosis 

networks” by Kevin Topolski, Mohamed M. B. Noureldin, Fadwa Eljack, Mahmoud M. El-Halwagi, 2018. Computers 

and Chemical Engineering, 116, 80-90, Copyright 2018 by Elsevier Ltd.  

2. AN ANCHOR-TENANT APPROACH TO THE SYNTHESIS OF CARBON-

HYDROGEN-OXYGEN SYMBIOSIS NETWORKS* 

 

2.1. Introduction 

Industrial symbiosis is aimed at enhancing the competitive advantage of multiple 

industrial facilities through synergistic integration of mass, energy, information, and 

services (Chertow, 2000). An effective implementation for industrial symbiosis is through 

the establishment of eco-industrial parks (EIPs). An EIP is a special type of an economic 

zone in which multiple industries, businesses, and services are integrated to facilitate 

exchange of materials (e.g., intermediates, byproducts, water, and wastes) and energy with 

the objective of creating synergistic opportunities and enhancing the overall economic and 

environmental performance of the participating entities and the impacted communities. 

The benefits of developing EIPs include reduced raw material input while maintaining 

product output, reduced environmental consequences and reduced capital expenses by 

sharing unit processes (Lowe, 2001). Multiple examples of EIPs can be found around the 

world including those of public and private enterprises (Gibbs and Duetz, 2007).  

Process systems engineering approaches have been proposed for the design of 

EIPs. A source-sink framework was proposed by Spriggs et al. (2004) to enable mass 

integration among multiple plants using the material-recovery pinch analysis developed 

by El-Halwagi et al. (2003). Optimization approaches for water integration in an EIP were  
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developed to enhance water conservation and cost effectiveness (e.g., Chew et al., 2008; 

Lovelady and El-Halwagi, 2009; Bandyopadhyay et al., 2010; Aviso et al., 2011; Rubio-

Castro et al., 2012; Bishnu et al., 2014; López-Díaz et al., 20115; Alnouri et al., 2016).  

Integration frameworks were also proposed for the synthesis of EIPs handling 

hydrocarbons such as syngas, fuel gas, and carbon dioxide (e.g., Hasan et al., 2011; Roddy, 

2013; Kantor et al., 2015; Al-Mohannadi and Linke, 2016). A survey of literature on 

optimization of EIPs was reported by Boix et al. (2015).  

Recently, a multiscale mass integration approach was introduced by Noureldin and 

El-Halwagi (2015) to synthesize carbon-hydrogen-oxygen symbiosis networks 

(CHOSYN). According to this approach, atomic-based targets can be set for the 

integration of multiple plants within an EIP. Next, multi-scale optimization can be used to 

attain the targets and to detail the design of the integrated infrastructure and connections 

for streams, species, and units. A shortcut targeting approach utilizing fundamental atomic 

and stoichiometric information for the development of CHOSYN soon followed (El-

Halwagi, 2017). The developed techniques for the targeting, design, and optimization of 

CHOSYNs have focused on the retrofitting of a cluster of adjacent plants, industrial city, 

or an EIP with the purpose of integrating a set of existing plants. Most of the EIPs have 

grown organically through a “bottom-up” approach whereby individual opportunities have 

been retrospectively identified for existing plants. Although such approaches have yielded 

clear benefits, a more profound impact can be achieved if industrial symbiosis is 

incorporated in the design of new parks and industrial cities involving multiple processing 

facilities. This is particularly true for the construction of massive infrastructures that are 
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associated with abundant supplies of certain feedstocks. For instance, with the recent 

discovery and production of substantial quantities of shale gas, significant infrastructures 

are being established (e.g., Al-Douri et al., 2017; Hasaneen and El-Halwagi, 2017; Marano 

et al., 2015; Siirola, 2014). In such cases, a grass-root approach is needed to deliberately 

construct a well-integrated EIP. First, a limited number of principal plants (referred to as 

“anchors”) are invited based on feedstock availability, product demands, market 

suitability, and regional benefits. The rest of the EIP is to be populated by supporting 

plants (referred to as “tenants”) that can create synergistic opportunities with the anchors 

and with other tenants and the region.  

The purpose of this work is to develop a systematic approach for the targeting, 

design, and integration of grass-root EIPs with known anchors but unknown tenants. A 

multi-scale atomic based framework is developed to answer the following key questions: 

• Which tenants should be invited to participate in the EIP? What is the type 

and size of each tenant? 

• What new infrastructure is to be constructed to induce industrial 

symbiosis? 

• How should the feedstocks, byproducts, products, and wastes be 

integrated? 

• How to reconcile the conflicting objectives of the multiple plants? 

• How to include collective constraints on available resources and permitted 

waste discharges? 
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In this work, a multi-scale systems approach is proposed.  First, preliminary 

targeting techniques are introduced for the selection of tenant plants based on fundamental 

atomic, stoichiometric, and economic information. The intention is to discard tenant plants 

that exhibit unfavorable results before more detailed modeling is carried out. Next, a 

superstructure formulation is developed to account for the various potentials 

configurations integrating the participating plants and the newly added infrastructure. A 

case study that demonstrates the approach is described and accompanied with a discussion 

of the results. 

2.2. Problem Statement 

The problem of developing a grass-root CHOSYN may be stated as follows. Given 

is a set },...,2,1|{ anchorsNrrANCHORS == of anchor plants to be installed in EIP. Given 

also is a set },...,2,1|{ sourceNiiSOURCES ==  which defines inlet streams to be integrated 

into the industrial park expansion. This set is divided into subsets for external, anchor 

byproduct and anchor waste streams. The subset 

},...,2,1|{_ externalNiiSOURCEEXTERNAL ==  represents external feedstock streams that 

are available for purchase. The subset 

},...,,|{_ 21 byproductsexternalexternal NNNiiBYPRODUCTSANCHOR ++==  consists of 

byproducts and other exchangeable streams coming from anchor plants. These streams 

have monetary value that is based on heating value and/or market prices. The subset 

},...,,|{_ 21 sourcebyproductsbyproducts NNNiiWASTESANCHOR ++== is comprised of waste 

streams from the anchor plants (e.g., wastewater, gaseous emissions, solids) that can be 
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given away freely or can be acquired on a discounted cost (positive or negative) for 

utilization or effluent treatment. Each source 𝑖 is described with a flowrate 𝐹𝑖
𝑆𝑜𝑢𝑟𝑐𝑒 , 

temperature 𝑇𝑖
𝑆𝑜𝑢𝑟𝑐𝑒 , pressure 𝑃𝑖

𝑆𝑜𝑢𝑟𝑐𝑒  and composition 𝑥𝑖,𝑐. The streams contain various 

chemical species specified by the set 𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 =  {𝑐|𝑐 = 1, 2, … , 𝑁𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡}. In 

turn, these chemical species are composed of atoms which are represented with the set 

𝐴𝑇𝑂𝑀 =  {𝑎|𝑎 = 1, 2, … , 𝑁𝑎𝑡𝑜𝑚}.   

The set 𝑇𝐸𝑁𝐴𝑁𝑇 =  {𝑘|𝑘 = 1, 2, … , 𝑁𝑡𝑒𝑛𝑎𝑛𝑡} represents facilities, termed as 

prospective tenant plants, to be considered for possible addition to the EIP. Each candidate 

tenant 𝑘 has process inlets and outlets given by the sets 𝑇𝐸𝑁𝐴𝑁𝑇 𝐼𝑁𝐿𝐸𝑇𝑘 =  {𝑣𝑘
𝑖𝑛|𝑣𝑘

𝑖𝑛 =

1, 2, … , 𝑁𝑆𝑖𝑛𝑘 𝐼𝑛𝑙𝑒𝑡,𝑘} and 𝑇𝐸𝑁𝐴𝑁𝑇 𝑂𝑈𝑇𝐿𝐸𝑇𝑆𝑘 =  {𝑣𝑘
𝑜𝑢𝑡|𝑣𝑘

𝑜𝑢𝑡 = 1, 2, … , 𝑁𝑆𝑖𝑛𝑘 𝑂𝑢𝑡𝑙𝑒𝑡,𝑘}, 

respectively. Distinction is made for the tenant outlet emitting product streams and 

recyclable streams which are respectively represented by the subsets: 𝑃𝑅𝑂𝐷𝑈𝐶𝑇𝑘 =

[𝑣𝑘
𝑜𝑢𝑡|𝑣𝑘

𝑜𝑢𝑡 = 1, 2, … , 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡,𝑘] and 𝑅𝐸𝐶𝑌𝐶𝐿𝐸𝑘 =  {𝑣𝑘
𝑜𝑢𝑡|𝑣𝑘

𝑜𝑢𝑡 = 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 +

1, 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 + 2, … , 𝑁𝑅𝑒𝑐𝑦𝑐𝑙𝑒,𝑘}.  

The shared unit operations and processes that exchange, separate, mix, split and 

chemically convert material streams constitute the set 𝐼𝑁𝑇𝐸𝑅𝐶𝐸𝑃𝑇𝑂𝑅 =  {𝑗|𝑗 =

1, 2, … , 𝑁𝐼𝑛𝑡𝑒𝑐𝑒𝑝𝑡𝑜𝑟𝑠}. Similar to tenants, each interceptor 𝑗 possesses inlets and outlets 

which are respectively represented by the sets 𝐼𝑁𝑇𝐸𝑅𝐶𝐸𝑃𝑇𝑂𝑅 𝐼𝑁𝐿𝐸𝑇𝑗 =  {𝑢𝑗
𝑖𝑛|𝑢𝑗

𝑖𝑛 =

1, 2, … , 𝑁𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑜𝑟 𝐼𝑛𝑙𝑒𝑡𝑠,𝑗} and 𝐼𝑁𝑇𝐸𝑅𝐶𝐸𝑃𝑇𝑂𝑅 𝑂𝑈𝑇𝐿𝐸𝑇𝑗 =  {𝑢𝑗
𝑜𝑢𝑡|𝑢𝑗

𝑜𝑢𝑡 =

1, 2, … , 𝑁𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑜𝑟 𝑂𝑢𝑡𝑙𝑒𝑡𝑠,𝑗}.  
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The aim of the design task is to develop a systematic approach for the multi-scale 

targeting, integration, and optimization of the grassroots EIP. The specific outcomes of 

the approach involve the screening and selection of the types and sizes of the tenants, 

conceptual design of the infrastructure to be added, integration of streams, species, and 

units among the available feedstocks, byproducts, products, and wastes from the anchors 

and tenants, the surrounding environment, and relevant markets. 

2.3. Synthesis Approach 

As shown by Figure 2.1, a source-interceptor-sink framework is utilized as a basis 

superstructure for integrating tenants with anchors. The sources include the external 

feedstocks as well as the byproducts, products, and wastes from the anchor plants. The 

interceptors refer to physical and chemical units that conditions the streams prior to 

integration. These include compressors, pumps, heat exchangers, separators, reactors, etc. 

Their selection and sizing are yet to be determined. The tenants include the candidate 

plants that are considered for integration into the EIP. Again, their types and sizes are to 

be determined through optimization. The streams leaving the tenants are given the options 

of exiting the EIP in the form of products or terminal wastes or being recycled to be further 

integrated with the rest of the EIP. The potentially recyclable streams are represented 

through a set 𝑅𝐸𝐶𝑌𝐶𝐿𝐸𝑘 =  {𝑣𝑘
𝑜𝑢𝑡  |𝑣𝑘

𝑜𝑢𝑡 = 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 + 1, 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 +

2, … , 𝑁𝑅𝑒𝑐𝑦𝑐𝑙𝑒,𝑘}. 
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Figure 2.1: A Source-Interceptor-Sink Framework for the Anchor-Tenant Approach 

 

Streams emitted by anchor plants as byproducts and wastes as well as raw material 

streams are termed as sources. These sources are split and allocated accordingly to 

interceptors. Interceptors are unit operations or processes that can modify material streams 

so that they meet the inlet requirements of a tenant or another interceptor. The sinks in the 

source-interceptor-sink framework represent the tenants and waste facilities. This 

framework is modified such that the sinks representing the tenant plants can receive 

streams as well as emit streams that may be sold for profit or recycled internally within 

the CHOSYN. 
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The proposed formulation details a process synthesis framework to represent many 

feasible configurations of the added facilities and integration network. It is of interest to 

consider a large collection of technologies as tenants to determine quality network 

configurations. However, this leads to significant expenses in modeling and difficulties in 

solving the formulated optimization problem. To mitigate these challenges, it is proposed 

that screening targeting steps are first undertaken to exclude suboptimal network 

configurations prior to the detailed modelling for the superstructure. The steps of the 

proposed approach are described in the following sections along with the generic 

superstructure formulation. 

2.3.1. Superstructure Formulation 

The following are constraints that define the material stream allocation, the 

performance of the interceptors and the throughputs of the tenants. 

Mole Balance over Source Streams. Each interceptor, 𝑗, possesses a set of inlet 

ports and outlet ports which are identified by the respective indices, 𝑢𝑗
𝑖𝑛 and 𝑢𝑗

𝑜𝑢𝑡. Each 

source, 𝑖, is divided into streams directed to each interceptor inlet port, 𝑢𝑗
𝑖𝑛. The flowrates 

of these streams are termed 𝐹
𝑖,𝑢𝑗

𝑖𝑛
𝑆𝑝𝑙𝑖𝑡

. The mole balance for source splitting stated as 

𝐹𝑖
𝑠𝑜𝑢𝑟𝑐𝑒 = ∑ ∑ 𝐹

𝑖,𝑢𝑗
𝑖𝑛

𝑆𝑝𝑙𝑖𝑡
𝑢𝑗

𝑖𝑛𝑗  ∀𝑖        (1) 

Overall and Component Balances over Interceptor Inlet Ports. Each interceptor 

port 𝑢𝑗
𝑖𝑛 receives a stream that is aggregate of source stream fractions and tenant recycle 

streams. designated for recycle. The mole and component balances are given  

𝑊
𝑢𝑗

𝑖𝑛
𝐼𝑛 = ∑ 𝐹

𝑖,𝑢𝑗
𝑖𝑛

𝑆𝑝𝑙𝑖𝑡
𝑖 + ∑ ∑ 𝐹

𝑣𝑘
𝑜𝑢𝑡,𝑢𝑗

𝑖𝑛
𝑅𝑒𝑐𝑦𝑐𝑙𝑒

𝑣𝑘
𝑜𝑢𝑡𝑘   ∀𝑗, ∀𝑢𝑗

𝑖𝑛    (2) 
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𝑊
𝑢𝑗

𝑖𝑛
𝑖𝑛 𝑦

𝑢𝑗
𝑖𝑛,𝑐 

𝐼𝑛 = ∑ 𝐹
𝑖,𝑢𝑗

𝑖𝑛
𝑆𝑝𝑙𝑖𝑡

𝑖 𝑥𝑖,𝑐 + ∑ ∑ 𝐹
𝑣𝑘

𝑜𝑢𝑡,𝑢𝑗
𝑖𝑛

𝑅𝑒𝑐𝑦𝑐𝑙𝑒
𝑧

𝑣𝑘
𝑜𝑢𝑡,𝑐

𝑂𝑢𝑡
𝑣𝑘

𝑜𝑢𝑡∈𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑘𝑘   ∀𝑐, ∀𝑗, ∀𝑢𝑗
𝑖𝑛  (3) 

where 𝑊
𝑢𝑗

𝑖𝑛
𝑖𝑛  and 𝑦

𝑢𝑗
𝑖𝑛,𝑐 

𝐼𝑛 represent the inlet flowrate and the 𝑐th mole fraction of the stream 

inputted to port 𝑢𝑗
𝑖𝑛. 𝐹

𝑣𝑘
𝑜𝑢𝑡,𝑢𝑗

𝑖𝑛
𝑅𝑒𝑐𝑦𝑐𝑙𝑒

 and 𝑧
𝑣𝑘

𝑜𝑢𝑡,𝑐
𝑂𝑢𝑡  represent the recycle stream flowrate connecting 

tenant outlet port 𝑣𝑘
𝑜𝑢𝑡  to interceptor inlet port 𝑢𝑗

𝑖𝑛 and the 𝑐th mole fraction of the stream 

emitted by port 𝑣𝑘
𝑜𝑢𝑡 . 

Interceptor Unit Modeling Equations and Constraints. The model for interceptor 

unit 𝑗 is described by the vector set of equations, Φ𝑗, which is given as 

Φ𝑗 (𝑊
𝑢𝑗

𝑜𝑢𝑡
𝑜𝑢𝑡 , 𝑦

𝑢𝑗
𝑜𝑢𝑡,𝑐

𝑜𝑢𝑡 , 𝑊
𝑢𝑗

𝑖𝑛
𝑖𝑛 , 𝑦

𝑢𝑗
𝑖𝑛,𝑐

𝐼𝑛 , 𝐷𝑗
𝑖𝑛𝑡 , 𝑂𝑗

𝑖𝑛𝑡 , 𝑆𝑗
𝑖𝑛𝑡) = 0  ∀𝑗   (4) 

where 𝑊
𝑢𝑗

𝑜𝑢𝑡
𝑜𝑢𝑡  and 𝑦

𝑢𝑗
𝑜𝑢𝑡,𝑐

𝑜𝑢𝑡  are the flowrate and 𝑐th mole fraction of the stream outlet port 

𝑢𝑗
𝑜𝑢𝑡. Also included are 𝐷𝑗

𝑖𝑛𝑡 , 𝑂𝑗
𝑖𝑛𝑡  and 𝑆𝑗

𝑖𝑛𝑡 which are variables that represent the design, 

operation and state of interceptor 𝑗, respectively. Φ𝑗 is subject to a vector set of 

inequalities, Ξ𝑗, represent technology constraints of interceptor 𝑗. This follows as 

Ξ𝑗(𝑊
𝑢𝑗

𝑜𝑢𝑡
𝑜𝑢𝑡 , 𝑦

𝑢𝑗
𝑜𝑢𝑡,𝑐

𝑜𝑢𝑡 , 𝑊
𝑢𝑗

𝑖𝑛
𝑖𝑛 , 𝑦

𝑢𝑗
𝑖𝑛,𝑐

𝐼𝑛 , 𝐷𝑗
𝑖𝑛𝑡 , 𝑂𝑗

𝑖𝑛𝑡 , 𝑆𝑗
𝑖𝑛𝑡) ≥ 0  ∀𝑗    (5) 

These modeling equation and constraints are presented generally as functions of 

design, operation, state, inlet streams and outlet stream variables. This is to highlight the 

flexibility in the level of detail provided by the modelling. These models might be based 

on fundamental relationships, empirical correlations or equations established by 

representative data. The flexibility in modeling allows for the use of the formulation to 

provide practical integration network designs with the appropriate level of detail. 
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Mole Balance over Interceptor Outlet Ports. The streams exiting each interceptor 

outlet 𝑢𝑗
𝑜𝑢𝑡is fragmented into streams that are directed to each tenant inlet port, 𝑣𝑘

𝑖𝑛. The 

flowrates of these fragment streams are termed as 𝐻
𝑢𝑗

𝑜𝑢𝑡,𝑣𝑘
𝑖𝑛

𝑆𝑝𝑙𝑖𝑡
. The mole balance over the 

outlet port is given 

𝑊
𝑢𝑗

𝑜𝑢𝑡
𝑜𝑢𝑡 = ∑ ∑ 𝐻

𝑢𝑗
𝑜𝑢𝑡,𝑣𝑘

𝑖𝑛
𝑆𝑝𝑙𝑖𝑡

𝑣𝑘
𝑖𝑛𝑘   ∀𝑗, ∀𝑢𝑗

𝑜𝑢𝑡      (6) 

Mole and Component Balances over Tenant Inlet Ports. The mole and component 

balances over the tenant inlet ports are given as follows 

𝐻
𝑣𝑘

𝑖𝑛
𝑖𝑛 = ∑ ∑ 𝐻

𝑢𝑗
𝑜𝑢𝑡,𝑣𝑘

𝑖𝑛
𝑆𝑝𝑙𝑖𝑡

𝑢𝑗
𝑜𝑢𝑡𝑗   ∀𝑘, ∀𝑣𝑘

𝑖𝑛       (7) 

𝐻
𝑣𝑘

𝑖𝑛
𝑖𝑛 𝑧

𝑣𝑘
𝑖𝑛,𝑐

𝑖𝑛 = ∑ ∑ 𝐻
𝑢𝑗

𝑜𝑢𝑡,𝑣𝑘
𝑖𝑛

𝑆𝑝𝑙𝑖𝑡 𝑦
𝑢𝑗

𝑜𝑢𝑡,𝑐
𝑜𝑢𝑡

𝑢𝑗
𝑜𝑢𝑡𝑗    ∀𝑘, ∀𝑣𝑘

𝑖𝑛 , ∀𝑐    (8) 

where 𝐻
𝑣𝑘

𝑖𝑛
𝑖𝑛  and 𝑧

𝑣𝑘
𝑖𝑛,𝑐

𝑖𝑛  represent the flowrate and the 𝑐th mole fraction of the stream 

entering port 𝑣𝑘
𝑖𝑛. 

Tenant Unit Modeling Equations and Constraints. The modeling of tenant 𝑘 is 

given by the vector set of equations Ψ𝑘. This is provided as 

Ψ𝑘 (𝐻
𝑣𝑘

𝑜𝑢𝑡
𝑜𝑢𝑡 , 𝑧

𝑣𝑘
𝑜𝑢𝑡,𝑐

𝑜𝑢𝑡 , 𝐻
𝑣𝑘

𝑖𝑛
𝑖𝑛 , 𝑧

𝑣𝑘
𝑖𝑛,𝑐

𝑖𝑛 , 𝐷𝑘
𝑇𝑒𝑛𝑎𝑛𝑡 , 𝑂𝑘

𝑇𝑒𝑛𝑎𝑛𝑡 , 𝑆𝑘
𝑇𝑒𝑛𝑎𝑛𝑡) = 0  ∀𝑘  (9) 

where 𝐻
𝑣𝑘

𝑜𝑢𝑡
𝑜𝑢𝑡  and 𝑧

𝑣𝑘
𝑜𝑢𝑡,𝑐

𝑜𝑢𝑡  represent the flowrate and the 𝑐th mole fraction of the stream 

exiting tenant outlet port 𝑣𝑘
𝑜𝑢𝑡 . The 𝐷𝑘

𝑇𝑒𝑛𝑎𝑛𝑡 , 𝑂𝑘
𝑇𝑒𝑛𝑎𝑛𝑡  and 𝑆𝑘

𝑇𝑒𝑛𝑎𝑛𝑡 variables represent the 

design, operation and state of tenant 𝑘, respectively. The tenant modeling also includes 

constraints on the design and operation of tenant 𝑘. The constraints tenant 𝑘 are provided 

by the vector set Ω𝑘 which is described as  
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Ω𝑘 (𝐻
𝑣𝑘

𝑜𝑢𝑡
𝑜𝑢𝑡 , 𝑧

𝑣𝑘
𝑜𝑢𝑡,𝑐

𝑜𝑢𝑡 , 𝐻
𝑣𝑘

𝑖𝑛
𝑖𝑛 , 𝑧

𝑣𝑘
𝑖𝑛,𝑐

𝑖𝑛 , 𝐷𝑘
𝑇𝑒𝑛𝑎𝑛𝑡 , 𝑂𝑘

𝑇𝑒𝑛𝑎𝑛𝑡 , 𝑆𝑘
𝑇𝑒𝑛𝑎𝑛𝑡) ≥ 0  ∀𝑘  (10) 

Mole Balance over Tenant Outlet Ports for Recycle. The streams emitted by tenant 

outlet ports in the set 𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑘 can be further utilized within the integration network. 

These streams are split into streams directed to the interceptors. This is represented below 

𝐻
𝑣𝑘

𝑜𝑢𝑡
𝑜𝑢𝑡 = ∑ ∑ 𝐹

𝑣𝑘
𝑜𝑢𝑡,𝑢𝑗

𝑖𝑛
𝑅𝑒𝑐𝑦𝑐𝑙𝑒

𝑢𝑗
𝑖𝑛𝑗   ∀𝑘, ∀𝑣𝑘

𝑜𝑢𝑡 ∈ 𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑘    (11) 

Equations 1-11 are subject to optimization in accordance to what objective is being 

pursued. Such possible objectives could include the minimization of emissions, 

maximization of profit, or the minimization of external source usage. The solution to the 

superstructure formulation provides a network topography that incorporates selected 

tenant plants with anchor plants, provides technical details for modifying material streams 

from plant to plant and gives preliminary profit and cost estimates for implementing the 

network with plant additions. 

It should be emphasized that this formulation may be utilized in multiple industrial 

symbiosis scenarios. As described before, this formulation is developed to determine and 

integrate additional plants into an EIP.  This formulation is also applicable to the formation 

of industrial parks as well as simultaneous formation and expansion of industrial parks. 

This highlights the flexibility of this approach for various aspects of EIP development.  

2.4. Preliminary Screening Using Targeting Techniques 

The consideration of numerous alternatives of candidate tenants in the 

superstructure formulation can lead into difficulties in optimization and a significant effort 

in modeling. It is attractive to develop shortcut targeting techniques to screen out poorly 
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matched tenants for the park expansion by using fundamental system information. The use 

of targeting techniques also leads to insights to determine whether the results from 

screening warrant further design and analysis.  

The proposed targeting technique determines promising products to manufacture 

while considering simple cost data, overall atomic balances, feedstocks and reactions. At 

this stage of screening, capital investment and non-feedstock operating costs are not 

considered.  Tenants that fail to generate a positive gross margin (the difference between 

sales and cost of raw materials) are excluded from further analysis. Furthermore, tenants 

with highest gross margins are prioritized for subsequent and detailed optimization. 

The problem addressed by this technique is posed as follows: given are a set of candidate 

feedstocks and a set of possible products, develop an initial target for the selection of 

products, raw materials and reaction. The previously defined components that are 

identified as salable products make a subset of 𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 titled 𝑃𝑅𝑂𝐷𝑈𝐶𝑇 =

[𝑐|𝑐 = 1, 2, … , 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡]. Also given are a set of reactions that are available for service 

that convert component 𝑐 to component 𝑐′. This set labeled as 𝑅𝐸𝐴𝐶𝑇𝐼𝑂𝑁 =  {𝑟|𝑟 =

1, 2, … , 𝑁𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛}. These reactions provide the fundamental basis for the tenant plants 

chosen in this approach.  

The component flowrates entering the park expansion system, termed as 

𝐹𝑐
𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

, are given as 

𝐹𝑐
𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = ∑ 𝐹𝑖

𝑆𝑜𝑢𝑟𝑐𝑒𝑥𝑖,𝑐𝑖   ∀𝑐      (12) 

The moles of atom 𝑎 entering the system are termed as 𝐴𝑡𝑜𝑚𝑎
𝑆𝑜𝑢𝑟𝑐𝑒 . The amount 

to atoms entering the park expansion system are accounted for with the following relation  



 

17  

𝐴𝑡𝑜𝑚𝑎
𝑆𝑜𝑢𝑟𝑐𝑒 = ∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐

𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
𝑐   ∀𝑎    (13) 

where the parameter 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎 is quantity of atoms 𝑎 in component 𝑐. 

The moles of atom 𝑎 exiting the system as products or unutilized byproducts, 

respectively termed as 𝐴𝑡𝑜𝑚𝑎
𝐷𝑒𝑚𝑎𝑛𝑑  and 𝐴𝑡𝑜𝑚𝑎

𝐿𝑒𝑓𝑡𝑜𝑣𝑒𝑟
, are accounted for with the 

component flowrates for the products and byproducts exiting the park expansion system, 

represented by 𝐹𝑐
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 and 𝐹𝑐

𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑. This is given 

𝐴𝑡𝑜𝑚𝑎
𝐷𝑒𝑚𝑎𝑛𝑑 = ∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐

𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑐∈𝑃𝑅𝑂𝐷𝑈𝐶𝑇   ∀𝑎    (14) 

𝐴𝑡𝑜𝑚𝑎
𝐿𝑒𝑓𝑡𝑜𝑣𝑒𝑟

= ∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑

𝑐   ∀𝑎     (15) 

The defined system is subject to the conservation of atoms. This is provided as 

𝐴𝑡𝑜𝑚𝑎
𝑆𝑜𝑢𝑟𝑐𝑒 − 𝐴𝑡𝑜𝑚𝑎

𝐷𝑒𝑚𝑎𝑛𝑑 − 𝐴𝑡𝑜𝑚𝑎
𝐿𝑒𝑓𝑡𝑜𝑣𝑒𝑟

= 0  ∀𝑎    (16) 

It is of interest to determine the overall change of moles of 𝑐 to develop an overall 

reaction formula in the park expansion system. The overall change of component 𝑐 is 

identified as an overall stoichiometric coefficient, termed as Θ𝑐 . A negative value for this 

variable represents component 𝑐 consumed as a reactant in the overall reaction. 

Conversely, a positive value represents component 𝑐 created as a product. This is 

represented  

𝐹𝑐
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐹𝑐

𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 − 𝐹𝑐
𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = Θ𝑐  ∀𝑐    (17) 

The overall reaction is the sum of previously defined reactions as shown below 

Θ𝑐 = ∑ 𝛼𝑟,𝑐𝜉𝑟𝑟    ∀𝑐       (18) 

where 𝜉𝑟  and 𝛼𝑟,𝑐 represents the extent of reaction of 𝑟 and the stoichiometric coefficient 

associated to reaction 𝑟 with component 𝑐. 
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The flowrate of the source stream 𝑖 is bounded by an upper limit on supply, termed 

as  𝐹𝑖
𝑆𝑢𝑝𝑝𝑙𝑦

. This is given 

𝐹𝑖
𝑆𝑜𝑢𝑟𝑐𝑒 ≤ 𝐹𝑖

𝑆𝑢𝑝𝑝𝑙𝑦
  ∀𝑖        (19) 

The component flowrate of 𝑐 created as a salable product is also constrained by 

the upper limit given for market demands, termed as 𝐹𝑐
𝐷𝑒𝑚𝑎𝑛𝑑 . This is provided as 

𝐹𝑐
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ≤ 𝐹𝑐

𝐷𝑒𝑚𝑎𝑛𝑑   ∀𝑐 ∈ 𝑃𝑅𝑂𝐷𝑈𝐶𝑇      (20) 

Equations (12) to (20) are used in the product targeting technique along with a 

defined objective function. Possible objective functions for this formulation include the 

maximizing the sales margin (difference between sales and feedstock cost), minimizing 

waste, or minimizing fresh feedstock usage.  

2.5. A Simplified Superstructure with Species Sorting-Reaction Stages 

Another proposed approach is to simplify the aforementioned superstructure by 

considering multi-stage sharp separation of the involved species and allocation to a set of 

chemical reactions. This approach  builds on the representation proposed by Bao et al. 

(2011) which was developed to target primary material flowrate allocation and reactions 

for a biorefinery. This technique simplifies modeling material stream allocation by 

representing conversion technologies as reaction nodes that emit products and byproducts 

with complete separation. Reaction nodes can accept and emit certain components 

identified in the sets: 𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 𝐼𝑁𝑟 = [𝑐𝑟
𝑖𝑛|𝑐𝑟

𝑖𝑛 = 1, 2, 𝑁𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛𝑟
] and 

𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 𝑂𝑈𝑇𝑟 = [𝑐𝑟
𝑜𝑢𝑡|𝑐𝑟

𝑜𝑢𝑡 = 1, 2, 𝑁𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑢𝑡𝑟
]. A set of candidate reactions: 

𝑅𝐸𝐴𝐶𝑇𝐼𝑂𝑁𝑆 =  {𝑟 |𝑟 =  1,2, … , 𝑁𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛} is considered to convert the chemical 

reactants into products, byproducts, intermediates, and wastes.  Figure 2.2 gives a 
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structural representation of the reaction path synthesis superstructure. This is an extended 

version of the representation introduced by Bao et al. (2011) which was developed for the 

design of biorefineries. The set of feedstocks, byproducts, and wastes are fed to a series 

of component sorting and reaction stages (Figure 2.2). The stages are represented with the 

set 𝑆𝑇𝐴𝐺𝐸 =  {𝑚|𝑚 = 1, 2, … , 𝑁𝑠𝑡𝑎𝑔𝑒 }. Each sorting cell corresponds to one of the 

chemical species involved in the network. The chemical constituents in each source are 

allocated to the Ncomponent cells representing all the considered chemical species. The 

chemical sorting cells are followed by a stage of Nreaction cells which correspond to the 

candidate chemical reactions that convert these chemical species into products, 

byproducts, intermediates, and wastes. The stages are repeated through the chemical 

sorting followed by reaction arrangement. 

 

 

Figure 2.2: Structural Representation of Reaction Path Superstructure 
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The component flowrate of 𝑐 entering the first stage of this structure is provided 

as 

𝐹𝑐,1
𝑆𝑡𝑎𝑔𝑒

= ∑ 𝐹𝑖
𝑆𝑜𝑢𝑟𝑐𝑒𝑥𝑖,𝑐𝑖   ∀𝑐       (21) 

where 𝐹𝑐,𝑚
𝑆𝑡𝑎𝑔𝑒

 represents the component flowrate of 𝑐 on stage 𝑚. 

The component flowrate 𝑐 on stage 𝑚 is split up into multiple split component 

flowrates directed to each reaction node of 𝑟 that can accept component 𝑐𝑟
𝑖𝑛. These split 

flowrates are termed 𝐹
𝑐𝑟

𝑖𝑛,𝑚
𝑖𝑛 . This relation is shown below 

𝐹𝑐,𝑚
𝑆𝑡𝑎𝑔𝑒

=  ∑ 𝐹
𝑐𝑟

𝑖𝑛,𝑚
𝑖𝑛

𝑟  ∀𝑐, ∀𝑚        (22) 

There are multiple methods to implement the performance of plant process within 

this structural representation. The performance can be applied as input-output, 

fundamental or mechanistic models. This study uses an input-output mole balance with 

process yields included in the form of two equations for input and output. The equation 

for the input of the balance is given below 

𝐹
𝑐𝑟

𝑖𝑛,𝑚
𝑖𝑛 = 𝛼𝑟,𝑐𝑟

𝑖𝑛𝑅𝑟,𝑚 ∀𝑟, ∀𝑐𝑟
𝑖𝑛, ∀𝑚       (23) 

where 𝑅𝑟,𝑚 is the extent of reaction for reaction 𝑟 on stage 𝑚. 

The equation for the output follows as 

𝐹
𝑐𝑟

𝑜𝑢𝑡,𝑚
𝑜𝑢𝑡 = 𝑌𝑟,𝑐𝑟

𝑜𝑢𝑡𝛼𝑟,𝑐𝑟
𝑜𝑢𝑡𝑅𝑟,𝑚  ∀𝑟, ∀𝑐𝑟

𝑜𝑢𝑡      (24) 

where 𝑌𝑟,𝑐, and 𝐹𝑐,𝑚
𝑜𝑢𝑡 are the yield of component 𝑐 of reaction 𝑟 and the emitted component 

flowrate of 𝑐 on stage 𝑚, respectively. 
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Following the conversion of components is the mixing of component 𝑐 exiting the 

reaction 𝑟 on the next stage. This is represented below 

𝐹𝑐,𝑚+1
𝑆𝑡𝑎𝑔𝑒

= ∑ 𝐹 𝑐𝑟
𝑜𝑢𝑡,𝑚

𝑜𝑢𝑡
𝑟   ∀𝑐, ∀𝑚        (25) 

On the terminal stage, the component flowrate of 𝑐 is allocated as a product or 

unutilized byproduct. This is given as 

𝐹𝑐,𝑁𝑆𝑡𝑎𝑔𝑒

𝑆𝑡𝑎𝑔𝑒
= 𝐹𝑐

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 ∀𝑐      (26) 

Equations (19) to (26) are optimized to an objective function. Like the component 

targeting, this formulation is optimized considering variety of criteria. In addition to the 

criteria mentioned in the product targeting technique, metrics for safety, reliability or 

sustainability could be introduced to optimize for those relevant factors. 

The intended use of reaction targeting is to quickly screen and evaluate numerous 

plant processes that can be selected for invitation in to the park expansion system. The 

results of this targeting provide substance to the selection of plant processes and their 

respective capacities as well as simultaneously primary material allocation. 

2.6. Case Study:  Multiscale Targeting and Optimization of a CHOSYN with Two 

Anchors for the Production of Butadiene and Benzene from Shale Gas 

Two anchor plants are to be established as the nucleus for a shale-gas monetization 

industrial city. The two plants are: 

Anchor 1: Methane conversion to butadiene: The process is based on the following 

three primary reactions (Özinan and El-Halwagi, 2017):  

Methane cracking to acetylene: 

2CH4 → C2H2 + 3H2 
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Hydrogenation of acetylene to ethylene: 

C2H2 + H2 → C2H4 

Dimerization of ethylene to butadiene: 

2C2H4 → C4H6 + H2 

Anchor 2: Methane aromatization to benzene: The process involves the following 

main reaction (Pérez-Uresti et al., 2017): 

6 CH4 → C6H6 + 9 H2 

Naphthalene and hydrogen are the two major byproducts of the process.  

Table 2.1 shows the data for the chemical species discharged from the two anchor 

plants. Available for purchase are three external sources: methane, oxygen, and steam.  

 

Table 2.1: Flowrates (in kmol/h) of the Chemical Species Discharged from the Two 

Anchor Plants 

Species 
Butadiene 

Plant 

Benzene 

Plant 

Total 

 

H2 225 300 525 

CO2 160 40 200 

C2H2 30 0 30 

C2H4 25 0 25 

C4H6 25 0 25 

C6H6 0 25 25 

C10H8 0 80 80 

 

 

Table 2.2 summarizes the potential products for the tenants along with the basic 

chemical reactions for the proposed processes and their relevant cost data.  
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Table 2.2: Potential Products for the Tenants and Relevant Data 

Reaction 

Index 

Main Product Basic 

Chemistry 

Non-

Feedstock 

Op. Cost 

($/kmol 

product) 

Annualized 

Fixed Cost 

($/yr)* 

Comments 

1 Acetaldehyde C2H2 + 

H2O → 

CH3CHO 

17.5 6.8*105*P0.70 98% of 

maximum 

theoretical yield 

is obtained 

2 Ethylene 

Oxide 

C2H4 + 

 0.5 O2 → 

C2H4O 

11.1 8.5*105*P0.65 95% of 

maximum 

theoretical yield 

is obtained 

3 Methanol 

(via partial 

oxidation) 

CH4 +  

½ O2 → 

CH3OH  

7.6 9.8*105*P0.60 90% of 

maximum 

theoretical yield 

is obtained 

4 Methanol 

(via CO2 

hydrogenation) 

CO2 + 3 

H2 → 

CH3OH + 

H2O 

13.9 3.6*105*P0.63 85% of 

maximum 

theoretical yield 

is obtained 

5 Propylene CH3OH 
→  

1/3 C3H6 

+ H2O 

19.2 1.7*105*P0.70 0.4 tonne of 

propylene and 

ethylene is 

produced per 

tonne of 

methanol.**  

6 Phthalic 

Anhydride 

C10H8 + 

4.5 O2 → 

C8H4O3 + 

2 CO2 +  

2 H2O 

41.3 23.1*105*P0.60 93% of 

maximum 

theoretical yield 

is obtained 

7 Styrene 

Butadiene 

Rubber 

C6H6 + 

C2H4 → 

C8H10 

C8H10 → 

C8H8 + H2 

C4H6 + 

C8H8 → 

C12H14 

36.7 17.6*105*P0.60 97% of 

maximum 

theoretical yield 

is obtained 

*Based on a 10-year linear depreciation scheme with P being the flowrate of the main product in kmol/h 

**Propylene and ethylene are assumed to be valued at the same price 
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Table 2.3, Table 2.4 and Table 2.5 respectively show the prices for purchasing the 

external (fresh) sources, the values of the species in the streams discharged from the 

anchor plants, and the selling prices of the main products from the tenants. 

 

Table 2.3: External Source Price and Availability 

Fresh 

Source 

Purchased Price 

($/kmol) 

Maximum 

Available Supply 

(kmol/h) 

CH4 2.1 300 

O2 6.4 150 

H2O 

(steam) 
0.1 250 

 

 

Table 2.4: Values* of Species in Streams Discharged from Anchor Plants 

Species 
Value 

($/kmol) 

H2 0.35 

CO2 0.00 

C2H2 0.20 

C2H4 0.15 

C4H6 0. 20 

C6H6 0.30 

C10H8 0.10 
*The value of the species is also what another plant would pay to obtain the species from another plant  
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Table 2.5: Selling Prices for Main Products of Prospective Tenants 

Potential 

Main Products 

for Tenants 

Selling 

Price 

($/kmol) 

Maximum 

Market Demand 

(kmol/h) 

Acetaldehyde 

CH3CHO 
43 150 

Ethylene 

Oxide  

C2H4O 

77 100 

Methanol 

CH3OH 
39 450 

Propylene 

C3H6 
69 100 

Phthalic 

Anhydride 

C8H4O3 

265 75 

Styrene 

Butadiene 

Rubber 

C12H14 

278 50 

 

 

In order to ensure the economic viability of the participants, a minimum return on 

investment (𝑅𝑂𝐼) of 10 yr-1% is required for each tenant. A 10-year linear depreciation 

scheme with no salvage value is assumed. Additionally, the fixed capital investment is 

assumed to be 85% of the total capital investment. 

The objective is to maximum the sum of the annual profits for all the tenants while 

satisfying the technical, economic, and environmental constraints. The carbon footprint 

for the whole EIP (anchors and tenants) is limited to a maximum CO2 discharge of 150 

kmol/h. 
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2.7. Results and Discussion 

2.7.1. Targeting Approach 

Product targeting was first applied to the case study to determine the optimal 

portfolio of products to manufacture and to elucidate the competitive and cooperative 

linkages when manufacturing multiple products. At this stage of screening, capital 

investment and non-feedstock operating costs are not considered and so the product 

portfolio is determined through maximizing the difference of product sales and feedstock 

cost subject to the constraint on carbon dioxide. Product targeting applied to the case study 

is implemented in GAMS as a linear program and solved using CPLEX (Brooke et al., 

2006). Table 2.6, seen below, shows the maximized gross margin which is the difference 

of product sales and feedstock cost. The results obtained from the targeting step are 

summarized by Table 2.7 and Table 2.8 which respectively show the flowrates of the 

products as well as the utilized internal and external sources. 

 

Table 2.6: Objective Function and Related Financial Information in Product Targeting 

 Item $/hr 

Product Sales  26,771 

Feedstock Cost  1,726 

Gross Margin  25,045 
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Table 2.7: Targeted Products and Produced Quantities in Product Targeting 

Product Component 
Flowrate 

(kmol/hr) 

Acetaldehyde 30 

Ethylene Oxide 0 

Methanol 450 

Propylene 0 

Phthalic Anhydride 3.7 

Styrene Butadiene 

Rubber 
25 

 

 

 

Table 2.8: Internal and External Sources Usage Quantities in Product Targeting 

Internal Source 

Component 

Flowrate 

(kmol/hr) 

Hydrogen Gas 525 

Carbon Dioxide 200 

Acetylene 30 

Ethylene 25 

Butadiene 25 

Benzene 25 

Naphthalene 3.7 

External Source 

Component 
 

Methane 266.7 

Oxygen Gas 150 

Water 0 
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Using the solution obtained from the targeting step, the flows of the various 

reactants and products are augmented to create the following overall reaction for the EIP: 

525𝐻2 + 175.9𝐶𝑂2 + 30𝐶2𝐻2 + 30𝐶2𝐻2 + 25𝐶2𝐻4 + 25𝐶4𝐻6 + 25𝐶6𝐻6 + 3.7𝐶10𝐻8

+ 266.7𝐶𝐻4 + 150𝑂2

→ 160.7𝐻2𝑂 + 30𝐶𝐻3𝐶𝐻𝑂 + 450𝐶𝐻3𝑂𝐻 + 3.7𝐶8𝐻4𝑂3 + 25𝐶12𝐻14 

 

In addition to the specific targets obtained by the benchmarking step, additional 

insights are also obtained. An example in this case study is observed at the oxygen atom 

balance. Oxygen gas is a limited resource and is required to manufacture ethylene oxide, 

methanol and phthalic anhydride. Before applying product targeting, Table 2.5 would 

indicate that the phthalic anhydride production is prioritized over methanol and ethylene 

oxide. Closer analysis on the oxygen gas component balance with an atomic perspective 

shows that the margin generated per atom of oxygen consumed is greater in methanol 

rather than in phthalic anhydride. Ethylene oxide manufacture is not considered here as 

the available ethylene is allocated to the production of styrene butadiene rubber, a more 

profitable product. Atomic perspective insights are also apparent in the analysis of the 

carbon atom balance. The optimal portfolio of products omits propylene manufacture as 

methanol is valued higher than propylene on a carbon atom basis. An analogous analysis 

on component values in Table 2.5 would show that the MTP route would give a negative 

margin and therefore, further consideration of this route is disregarded in this case study. 

It is expected from the case study product targeting that acetaldehyde is selected in the 

optimal product portfolio because there is an available byproduct stream of acetylene, 

water is generated as a byproduct in excess and the margin gained in acetaldehyde is 

positive. As water is available in excess as a byproduct from Reactions 4 and 6, 160.7 
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kmol/hr is emitted from the park expansion system. The carbon dioxide emitted from the 

park expansion systems is well below the limit imposed by the emissions constraint 

described in the case study. The remaining excess carbon dioxide that is emitted from the 

system highlights the complete use of byproduct hydrogen in the CO2 hydrogenation 

reaction.  

The results of product targeting are also analyzed from an atom economy point of 

view. This is significant as the chemical industry has placed increasing emphasis on 

atomic throughput and dematerialization. An additional metric is defined below. 

𝐴𝑡𝑜𝑚𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑎 =
∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐

𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑐

∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑

𝑐
∗ 100%     (27) 

The application of this metric to the results provides Table 2.9 which is shown 

below.  

 

Table 2.9: Atomic Fluxes In and Out of Park Expansion System in Product Targeting 

(quantities in kmol/hr) 

Atom Feedstocks Wastes Products 

Atomic 

Efficiency (%) 

C 863.704 24.074 839.63 97.21 

H 2606.296 321.481 2284.815 87.67 

O 700 208.889 491.111 70.16 

 

Emphasis is made on the high carbon efficiency for this system. The significance 

of the 97% carbon efficiency shows that the majority of feedstocks for the park expansion 

system are converted into salable products rather than exiting in the form of carbon dioxide 

emissions. Hydrogen and oxygen efficiencies are less as the main waste product leaving 
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the park expansion system is water. The oxygen efficiency tends to be lowest as less 

oxygen is supplied and oxygen atoms usually exit the chemical systems as waste products 

such as carbon dioxide and water.  

2.7.2. Superstructure Approach 

The next step is to synthesize a superstructure which shows the details of the 

interactions among the different entities in the EIP while accounting for the interception 

processes, the fixed cost of the system and the non-feedstock operating costs (in addition 

to the feedstock costs and values of sold products which were included in the targeting 

step). Results from the targeting step are used as initial guesses for the solution. The 

aforementioned superstructure representation and optimization formulation are used to a 

mixed-integer nonlinear program (MINLP) which was coded using GAMS and solved to 

global optimality using BARON with CPLEX and MINOS as the LP and NLP sub-solvers 

(Brooke et al., 2006; Tawarmalani & Sahinidis, 2005). This formulation contains 363 

constraints and 497 variables, of which 7 are binary. This reaction targeting formulation 

could be applied as a mixed integer linear program (MILP) by discretizing the capital cost 

functions but this is not seen as necessary given the size of the formulation and solvers 

available for use. The solution time is 3 s using an Intel i5-6500 CPU at 3.2 GHz. In this 

program, the collective after-tax profits of all participating tenant were maximized subject 

to a carbon dioxide emissions constraint and a minimum ROI constraint for invited plants. 

The screened financial outputs and the flowsheet component allocation are provided 

below in Table 2.10 and Figure 2.3.  
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Table 2.10: Key Results from the Optimal Solution of the Case Study 

Reaction 

Index 

Production 

Capacity (kton/yr) 

Annual After-Tax 

Profit (MM$/yr) 

ROI 

(%) 

1 0 0 0 

2 0 0 0 

3 66 43 14.2 

4 44 24 23.8 

5 0 0 0 

6 5 6 10 

7 34 37 26.7 

  

As seen in Figure 2.3, much of the product and used resources obtained from the 

superstructure solution are close to the ones obtained from the targeting solution. A 

notable difference between the two solutions is the reaction and resource allocation for 

acetaldehyde manufacture. This is explained as the ROI earned by including acetaldehyde 

manufacture at the production capacity predicted by the product targeting did not meet the 

minimum 10% ROI held for invited plants. The inclusion of the annualized fixed cost and 

non-feedstock operating cost of acetaldehyde manufacture are significant enough to 

outweigh the benefit gained from acetaldehyde product sales despite having a competitive 

feedstock advantage.  
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Figure 2.3: Superstructure Solution (all flows are in kmol/h) 

 

It is significant to emphasize that the majority of tenants chosen to be added to the 

industrial park show a great deal of material exchange through anchor-tenant and/or 

tenant-tenant collaboration. This is seen with styrene-butadiene rubber, phthalic anhydride 

and a fraction of methanol manufacturing. The predicted hydrogen exchange from styrene-

butadiene and methanol manufacturing elucidates a possibility for collaboration between 
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tenants in addition with that of anchors. In contrast to the cooperation between tenants is 

the competition between methanol and phthalic anhydride production made apparent in 

product targeting and exhibited again in reaction targeting. Implied in the results shown 

by reaction targeting, the priority for distributing oxygen gas is based on the after-tax 

profit gain per oxygen atom. Figure 2.3 indicates clearly that oxygen use for methanol 

production is prioritized over phthalic anhydride production but not much so that phthalic 

anhydride is excluded from the selection of tenants; the phthalic anhydride ROI in Table 

10 implies that the incremental after-tax profit gained by allocating all oxygen resources 

to methanol production is less than what is gained from inviting phthalic anhydride 

production. Additional benefits accrue from industrial symbiosis. As shown in Table 2.11, 

the tenant participation in the EIP potentially avoids 64.2 kton/yr of fresh hydrocarbon 

use. Using byproducts and waste streams allows for the potential of saving 44.3 MM$ in 

feedstock costs. 70.6 kton/yr of carbon dioxide emissions are avoided as carbon dioxide 

could potentially be sequestered and utilized as a feedstock in the methanol production. 

This case study illustrates the benefits gained by the invited plants underline how waste-

utilizing chemical facilities and downstream chemical facilities are suited for invitation 

and integration into a chemical industrial park. 
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Table 2.11: Potential Mitigated Impact with Park Integration 

Reaction 

Index 

Feedstock Cost 

Savings 

(MM$/yr) 

Avoided Fresh 

Hydrocarbon 

Use (kton/yr) 

1 0 0 

2 0 0 

3 0 0 

4 6.31 24.3 

5 0 0 

6 2.72 4.8 

7 34.32 35.1 
1Assuming product methanol is produced using CH4 and O2 
2Taking market prices for ethylene, butadiene, benzene and naphthalene to be $0.17/lb, $0.8/lb, $2.2/gal and 

$552/ton, respectively 

 

Atom economy is also employed at this stage of targeting. Table 2.12 shows the 

updated fluxes of carbon, hydrogen and oxygen atoms in reaction targeting. In comparison 

to Table 2.9, lesser efficiencies are observed. This is explained by the inclusion of reaction 

yields in the reaction targeting. Atoms that are introduced as feedstocks are lost to 

unaccounted byproducts at this stage of targeting. It still remains that a high efficiency is 

observed for carbon atoms while loses in oxygen and hydrogen are explained by the 

emission of water out of the park expansion system.  
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Table 2.12: Atomic Fluxes In and Out of Park Expansion System After Superstructure 

Optimization (quantities in kmol/hr) 

 Feedstocks Wastes Products 

Atomic 

Efficiency (%) 

C 804.287 24.891 713.791 88.75 

H 2529.961 327.19 1919.029 75.85 

O 700 213.376 402.856 57.55 

 

2.8. Conclusion 

A new approach has been introduced for the grass-root design of CHOSYN with 

known anchors and candidate tenants. Three approaches have been proposed: a general 

superstructure, a simplified superstructure, and stoichiometric-economic targeting. The 

general superstructure uses a source-interceptor-sink representation, accounts for all 

configurations and interconnections of interest, and uses detailed modeling of the 

technologies and the associated capital and operating costs. The simplified superstructure 

approach uses a multi-stage sorting of species followed by reactions. The targeting 

approach uses atomic targeting and high-level economic data to eliminate losing tenants 

and to prioritize promising candidates. The use of the targeting technique is useful in 

providing valuable benchmarks and insights, narrowing down the search space, and 

offering an initial solution to the superstructure-based approaches. A case study for has 

been solved to illustrate the use of this approach and to demonstrate the gained insights.  
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3. INTEGRATING MASS AND ENERGY THROUGH THE ANCHOR-TENANT 

APPROACH FOR THE SYNTHESIS OF CARBON-HYDROGEN-OXYGEN 

SYMBIOSIS NETWORKS 

 

3.1. Introduction 

Future economic development in the petrochemical industries grows to be more 

difficult as time progresses. This attributed to present challenges such as resource scarcity, 

the use of unconventional and remote resources, a push to reduce emissions to limit global 

warming and combinations thereof. Often, a solution that meets one of the challenges may 

exacerbate others. A wholistic solution is necessary in addressing these challenges while 

maintaining lucrative economic development. Solutions that meets the aforementioned 

challenges could be attained through the application of industrial symbiosis practices such 

as the development and operation of Eco-Industrial Parks (EIPs).  

Industrial symbiosis is defined as collection of disparate industries taking a 

collective approach to benefit themselves via the exchange of materials, energy, wastes 

and byproducts (Chertow, 2007). An EIP is a collection of separate businesses collocating 

in a central location that collaborate in the manufacture of goods and services through the 

exchange of material and energy streams to create synergistic opportunities that would 

improve economic and sustainable performance of its participants while reducing the 

environmental impact of the EIP on the surrounding communities. The benefits of 

participating in an EIP is the reduction of raw material cost, reduced environmental impact 

and an increase of capital productivity through the sharing of unit operating equipment 
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(Lowe, 2001). Examples of EIPs were initially identified in Kalundborg, Denmark 

(Ehrenfeld and Gertler, 1997), and subsequently around the world (Gibbs and Deutz, 

2007).  

Much of the initial EIP development is executed through self-organization rather 

than planned design (Chertow, 2007). However, there is much focus on developing 

methods that facilitate the design of EIPs to advantage economic and sustainable benefits 

of EIP participation. Chertow (2012) provides several qualitative models to synthesize 

Eco-Industrial parks. These models include the planned EIP model, the retrofit model, the 

self-organizing systems model, the circular economy model and the “build and recruit” or 

“Anchor-Tenant” model. Of these models, the Anchor Tenant will be discussed later in 

detail.  

Quantitative models for EIP development have been established through multiple 

process systems engineering studies. Spriggs et al. (2004) proposed a source-sink 

representation of EIPs of which pinch analysis could be applied to determine minimum 

resource consumption targets (El-Halwagi et al., 2003). These process systems 

engineering models have approached the development of EIPs through the source-sink 

representation and its derivatives while considering applications to water, energy and 

material sharing networks, and combinations thereof. Applications to develop interplant 

water networks have been comprehensively addressed in the literature. Chew et al. (2008) 

introduced an optimization framework to synthesize direct and indirect interplant water 

integration schemes. Chew (2009) extended this study by incorporating a game theory 

approach into the decision making for designing the interplant water network among 
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multiple plants. Lovelady and El-Halwagi (2009) employed the source interceptor sink 

framework and optimized the design of EIP water sharing networks. Aviso et al. (2010a, 

2010b) introduced fuzzy programming approaches into the design of interplant water 

network with and without the existence of a central park authority. Rubio-Castro et al. 

(2010) proposed a formulation to design an EIP water sharing network and an approach 

to solve it to global optimality. This study was followed by an extension including the 

effects of multiple pollutants in the water network design (Rubio-Castro et al., 2011). The 

effect of considering multiple objectives in the interplant water network design was 

investigated by Boix et al (2012). Very few studies on the design of interplant material 

sharing networks exist outside of water sharing networks. However, there are studies that 

exist on the material sharing of a chemical species or group of chemical species among a 

group of processes. Alves and Towler (2002) presented a method for developing hydrogen 

sharing networks. Roddy (2013) proposed opportunities to reduce carbon footprint by 

suggesting the development of a syngas network. Hasan et al. (2011) developed a 

superstructure for the design of fuel gas networks. 

Another field of EIP development is through energy integration, but through the 

terminology of “Total Site” which is defined as a collection of plants or processes in a 

given area. Dhole and Linnhoff (1993) applied energy integration across multiple plants 

by establishing the concept of “Total Site” and developing a procedure for energy 

targeting. Hu and Ahmad (1994) applied pinch and exergy analysis to design the central 

utility system among multiple plants. This was followed up by Klemes et al. (1997), which 

presented a methodology for the simultaneous optimization of the production heat 
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exchanger networks and the utility generation system. Concerns on the practicality of total 

site heat integration was addressed through the development of approaches that led the 

design of direct and indirect heat exchanger networks, and multi-purpose heat exchanger 

networks that allowed for dependent and independent operation of the participating plants 

(Rodera & Bagajewicz, 1999, 2001), (Bagajewicz and Rodera, 2000, 2002). Other 

consideration such as the effect of distances between plants (Stijepovic and Linke, 2011) 

and non-uniform minimum approach temperatures (Varbanov et al., 2012) across plants 

were considered in previous total site heat integration studies. Wang et al. (2015) 

consolidated approaches developed by Bagajewicz and Rodera (2000) for the design of 

direct and indirect heat exchanger networks into a combined approach while also 

considering the effect of distance. Opportunities for enhancing heat integration between 

multiple plants was investigated by Song et al. (2016) where plant heat exchanger 

networks are modified to obtain higher grade heating and cooling without compromising 

the plant’s heat recovery. A screening algorithm and optimization model was developed 

to decompose the heat integration of a site of n plants into smaller heat exchanger networks 

involving pairs and triplets of plant (Song et al., 2017a, 2017b).  

Previous EIP literature developed methods to design EIPs where material streams 

are shared among multiple plants. These methods establish material sharing networks 

where material streams containing a component or group of similar components are 

transferred between plants after intermediate processing. This intermediate processing 

includes services such as mixing, splitting, separation and exchange of material streams.  
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Recently, the novel problem of designing Carbon-Hydrogen-Oxygen SYmbiosis 

Networks (CHOSYNs) was introduced (Noureldin and El-Halwagi, 2015) with the 

following unique characteristics:  

• It focuses on hydrocarbon processing plants 

• In addition to exchanging species, CHOSYN extend these services to 

include the chemical conversion of components containing C, H and O 

atoms and transforming them to intermediates, final products, and wastes 

• It determines a maximum resource efficiency through atomic level analysis 

prior to performing the detailed process flowsheet design. Minimum 

resource targets are determined through performing an atomic balance 

around C, H, and O atoms over the process design system and achieved 

through the detailed network design methods that include reactive 

processes 

• It uses multi-scale targeting and optimization to generate integrated 

schemes among the participating plants with different levels of details 

Several contributions have been made in the area of systematizing the design of 

CHOSYNs. Noureldin and El-Halwagi (2015) developed a multi-scale optimization 

approach to the targeting and implementation of CHOSYNs. El-Halwagi (2017) 

introduced an algebraic approach for utilizing atomic information to benchmark the 

performance of a CHOSYN and to generate alternate pathways. The problem of handling 

flexible operations in the design of CHOSYNs to meet seasonal variations of product 

demand and source availability was approached by Al-Fadhli et al. (2018). Mukherjee and 
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El-Halwagi (2018) addressed the problem of designing CHOSYNs under uncertainty of 

source streams. Disjunctive programming techniques were used in the targeting and design 

of CHOSYNs (Juárez-García, 2018). In addition to integrating existing plants, it is also 

beneficial to consider the grassroots design of a new CHOSYN. Recently, Topolski et al. 

(2018) developed an optimization approach to address the grassroots synthesis of 

CHOSYNs through an anchor-tenant model. The anchor-tenant model recognizes that the 

plants that exist or are “first-to-build” are foundational to the growth of the EIP and thus 

termed as “anchors”. The plants that are to be invited for construction and integration 

around these anchors are termed as “tenants”. This anchor-tenant model addressed the 

selection of tenants through a multiscale approach that first addresses the screening of 

products to manufacture and then the screening of tenants before the detailed design of the 

material sharing network within the CHOSYN. Product and tenant screening is 

accomplished through the use of techniques that incorporate fundamental chemical 

processing information. These techniques are applied prior to the detailed design of the 

material sharing network to reduce design problem size by eliminating potential sub-

optimal solutions.  

Notwithstanding the value of the aforementioned contributions, there is a 

limitation in these research efforts: focus was limited to integrating mass among the 

participating plants. In addition to the value of integrating mass, substantial benefits can 

accrue as a result of integrating energy as well. The objective of this work is to introduce 

a systematic approach for the grassroots design of CHOSYNs while accounting for both 

mass and energy integration among the participating facilities. In addition to atomic 
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benchmarking and multi-scale mass integration, intra- and inter-plant heat and power 

integration are considered.  

The organization of this chapter is as follows: First, the statement of inviting tenant 

facilities while considering their respective material and energy throughputs is presented. 

This is followed by the description of the proposed methodology that decomposes this 

problem into techniques to reduce the search space of tenants to invite. A case study that 

illustrates a growth opportunity to build a CHOSYN around existing anchor plants is 

presented. This is followed by the result and discussion from the application of the 

proposed approach and the conclusion. 

3.2. Problem Statement 

This study considers a group of manufacturing facilities collocated in a general 

area to form an CHOSYN. Each facility is represented by the set 𝑃𝐿𝐴𝑁𝑇 = {𝑝|𝑝 =

1, 2, … , 𝑁𝑃𝑙𝑎𝑛𝑡} which is divided into the following subsets 𝐴𝑁𝐶𝐻𝑂𝑅 =  {𝑝|𝑝 =

1, 2, … , 𝑁𝐴𝑛𝑐ℎ𝑜𝑟}, 𝑇𝐸𝑁𝐴𝑁𝑇 =  {𝑝|𝑝 = 𝑁𝐴𝑛𝑐ℎ𝑜𝑟 + 1, 𝑁𝐴𝑛𝑐ℎ𝑜𝑟 + 2, … , 𝑁𝑇𝑒𝑛𝑎𝑛𝑡}, and 

𝑈𝑇𝐼𝐿𝐼𝑇𝑌 = {𝑝|𝑝 = 𝑁𝑇𝑒𝑛𝑎𝑛𝑡 + 1, 𝑁𝑇𝑒𝑛𝑎𝑛𝑡 + 2, … , 𝑁𝑃𝑙𝑎𝑛𝑡. Anchor facilities are either 

existing or the “first to build” plants that will provide byproduct material and energy 

streams that tenant facilities could supplement their operation with. Utility facilities are 

those that provide material and energy streams at a cost.  

A set 𝑆𝑂𝑈𝑅𝐶𝐸𝑝 = {𝑠𝑝|𝑠𝑝 = 1, 2, … , 𝑁𝑆𝑜𝑢𝑟𝑐𝑒𝑝
} is defined to represent the group of 

external raw material, byproduct and waste streams from plant 𝑝 that are available for 

service. These three streams are differentiated by the subsets defined as 

𝐸𝑋𝑇𝐸𝑅𝑁𝐴𝐿 𝑆𝑂𝑈𝑅𝐶𝐸𝑝 = {𝑠𝑝|𝑠𝑝 = 1, 2, … , 𝑁𝑝𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙
}, 𝐴𝑁𝐶𝐻𝑂𝑅 𝐵𝑌𝑃𝑅𝑂𝐷𝑈𝐶𝑇𝑝 =
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{𝑠𝑝|𝑠𝑝 = 𝑁𝑝𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙
+ 1, 𝑁𝑝𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙

+ 2, … , 𝑁𝑝𝐵𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡
} and 𝐴𝑁𝐶𝐻𝑂𝑅 𝑊𝐴𝑆𝑇𝐸𝑝 =

{𝑠𝑝|𝑠𝑝 = 𝑁𝑝𝐵𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡
+ 1, 𝑁𝑝𝐵𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡

+ 2, … , 𝑁𝑝𝑆𝑜𝑢𝑟𝑐𝑒
}. Each of these source streams 

are described by their flowrate 𝐹𝑠𝑝
 and composition 𝑥𝑠𝑝,𝑐. The set 𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 =

{𝑐|𝑐 = 1, 2, … , 𝑁𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡} is defined to represent the components that the source streams 

are composed of. In turn, these components are composed of atoms which are represented 

by the set 𝐴𝑇𝑂𝑀 {𝑎|𝑎 = 1, 2, … , 𝑁𝐴𝑡𝑜𝑚}. It is worth noting that 𝐸𝑋𝑇𝐸𝑅𝑁𝐴𝐿 𝑆𝑂𝑈𝑅𝐶𝐸𝑝 

and 𝐴𝑁𝐶𝐻𝑂𝑅 𝐵𝑌𝑃𝑅𝑂𝐷𝑈𝐶𝑇𝑝 represents purchasable material streams originating from 

the external utility and anchor, respectively. 𝐴𝑁𝐶𝐻𝑂𝑅 𝑊𝐴𝑆𝑇𝐸𝑝 represents waste streams 

from anchor plants that are given away for free or at a negative cost.  

These plants may designate additional process streams to provide heating and 

cooling to supplement their utility needs. Such streams are defined with the sets 𝐻𝑆𝑝 =

{𝑖𝑝|𝑖𝑝 = 1, 2, … , 𝑁𝐻𝑜𝑡 𝑆𝑡𝑟𝑒𝑎𝑚𝑝
} for hot streams and 𝐶𝑆𝑝 = {𝑗𝑝|𝑗𝑝 =

1, 2, … , 𝑁𝐶𝑜𝑙𝑑 𝑆𝑡𝑟𝑒𝑎𝑚𝑝
} for cold streams. These streams are characterized by their target 

temperatures and supply temperatures which are represented for hot streams, 𝑇𝑖𝑝

𝐼𝑛and 𝑇𝑖𝑝

𝑂𝑢𝑡, 

and for cold streams, 𝑇𝑗𝑝

𝐼𝑛and 𝑇𝑗𝑝

𝑂𝑢𝑡, respectively. Furthermore, these streams possess a heat 

capacity flowrate 𝐹𝐶𝑝𝑖𝑝
 for hot streams and 𝐹𝐶𝑝𝑗𝑝

 for cold streams. Streams that entail 

latent heat effects are included for consideration where the enthalpy as approximated as 

the heat capacity with a degree difference in temperature. The heat capacity flowrates are 

known for anchors and are to be determined for tenants as part of the design and 

optimization. 
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Combined heat, power and refrigeration is also considered in addition to mass and 

heat integration. A Steam Rankine Cycle (SRC), an Organic Rankine Cycle (ORC) and 

an Absorption Refrigeration (AR) cycle are available technologies for integration. The 

SRC and ORC are defined systems that can accept process heat as their energy sources 

and convert it into electricity at an efficiency 𝜇. Residual heat from the SRC and low-

grade heat from the CHOSYN plants can be directed to the ORC to produce additional 

electricity or to an Absorption Refrigeration (AR) cycle to produce sub-ambient cooling. 

The AR cycle is defined as a single effect cycle and with a coefficient of performance 

(COP). 

The aim of this study to develop a systematic approach that considers mass and 

energy integration for the multi-scale targeting, design and optimization of the grassroots 

EIP. The specific outcomes of this approach include the optimized selection of tenants and 

stream allocation for their respective material and energy needs. Conceptual flowsheets 

detailing the flow of mass and energy among anchor, tenants and utilities are developed 

as a result of this approach. The sizing and costing of facilities to build in the grassroots 

EIP are also determined. 

3.3. Synthesis Approach 

The problem of synthesizing an CHOSYN is decomposed and solved in a 

multiscale sequential optimization approach. This approach is developed to aid in the 

synthesis of a CHOSYN by recommending tenant plants to build and integrate into the 

CHOSYN while considering their material and energy stream characteristics. The 

sequential approach addresses the topic of CHOSYN design by screening candidate tenant 



 

49 

plants through mass integration principles and then follows with reinforcing the tenant 

screening with energy integration. Figure 3.1 illustrates this approach in a stepwise 

manner.  

 

Figure 3.1: High-level Overview of the Proposed Approach 

 

The outcome of this proposed approach is a selection of sized tenant facilities, a 

preliminary material sharing network and a shared heat exchanger network integrated with 

a centralized utility system. These details are subject to further scrutiny prior to the 

detailed CHOSYN design phase. If the tenant selection and material and energy sharing 

network are deemed unsatisfactory, design alternatives can be generated through looping 
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back to the Species Sorting-Reaction Stages (SSRS) superstructure step with updated 

design criteria. The detailed descriptions of the techniques that make up this approach are 

provided in the following subsections. 

3.3.1. Mass Targeting and Initial Tenant Screening 

The procedure to target products and screen tenants is illustrated in Figure 3.1 as 

the first two steps in this approach. The decision to apply mass integration principles to 

select tenants before energy integration is made knowing that raw material costs are 

typically the largest contributor to the total cost of production. Therefore, it is assumed 

that raw material allocation will have the dominant influence when determining ideal 

tenant plants to invite.  

Material streams from anchor plants are identified for participation in the 

CHOSYN synthesis. The material stream flowrates and compositions are analyzed to 

determine the quantities of C, H and O atoms that are entering the CHOSYN design 

system. Likewise, externalities such as raw materials and potential products are analyzed 

for their supply/demand, prices and atomic composition. Potential production pathways 

are surveyed for consideration in the CHOSYN development. The data concerning raw 

materials, products, anchor streams and potential production pathways serve as inputs to 

the Atomic and Economic Targeting of Production Pathways (AETPP) targeting step to 

obtain a screened list of products for the CHOSYN. This becomes an input along with the 

capital expenditures (CAPEX), operating expenses (OPEX) and yield data relating to the 

aforementioned production pathways for the SSRS superstructure technique as seen in 
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Figure 1. The result of the SSRS superstructure technique is a network of the screened 

tenant plants where component flowrates are transferred between plants. 

3.3.1.1. Atomic and Economic Targeting of Production Pathways (AETPP) 

The scope of the AETPP technique is to determine attractive production pathways 

while considering economic data, stoichiometric conversion of chemical species and other 

additional constraints of interest. An outcome of this technique is a prioritized list of 

products and tenants that provides the optimal result of the objective pursued. The result 

is an overall stoichiometric reaction for the CHOSYN design system that illustrates the 

conversion of the system starting materials into end products and that could be 

decomposed into sub-reactions that elucidate the utilized production pathways. 

The technique to address this problem is stated as follows: Given the sets of 

sources, products and the characteristic reactions representing the tenants, develop an 

optimal target that determines ideal products to pursue, the starting materials to purchase 

and the tenants to facilitate the production of those products. Chemical species that could 

be sold outside of the design system are identified in subset of 𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇, 

𝑃𝑅𝑂𝐷𝑈𝐶𝑇 =  {𝑐|𝑐 = 1, 2, … , 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡}. The subset of 𝑇𝐸𝑁𝐴𝑁𝑇 is also utilized in this 

technique where the members in the set 𝑇𝐸𝑁𝐴𝑁𝑇 are correlated to a characteristic reaction 

that represents the throughput of each tenant being considered.  

The source steams entering the CHOSYN design system are segregated into 

component flowrates defined as 𝐹𝑐
𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

. This is provided with the following 

relation: 

𝐹𝑐
𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = ∑ 𝐹𝑠𝑝

𝑆𝑜𝑢𝑟𝑐𝑒𝑥𝑠𝑝,𝑐𝑠𝑝
   ∀𝑐    (1) 
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These component flowrates are disaggregated further into quantities of atoms 

which is defined as 𝐴𝑡𝑜𝑚𝑎
𝑆𝑜𝑢𝑟𝑐𝑒. These quantities are determined as follows: 

𝐴𝑡𝑜𝑚𝑎
𝑆𝑜𝑢𝑟𝑐𝑒 = ∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐

𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
𝑐    ∀𝑎   (2) 

where 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎 is the predefined quantity of atoms 𝑎 in component 𝑐. 

Similarly, the quantities of atoms 𝑎 leaving the CHOSYN design system as 

products and unutilized byproducts are defined as 𝐴𝑡𝑜𝑚𝑎
𝐷𝑒𝑚𝑎𝑛𝑑  and 𝐴𝑡𝑜𝑚𝑎

𝐿𝑒𝑓𝑡𝑜𝑣𝑒𝑟
, 

respectively. The relations to determine these values are: 

𝐴𝑡𝑜𝑚𝑎
𝐷𝑒𝑚𝑎𝑛𝑑 = ∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐

𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑐∈𝑃𝑅𝑂𝐷𝑈𝐶𝑇   ∀𝑎   (3) 

𝐴𝑡𝑜𝑚𝑎
𝐿𝑒𝑓𝑡𝑜𝑣𝑒𝑟

= ∑ 𝐴𝑡𝑜𝑚 𝑆𝑒𝑡𝑐,𝑎𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑

𝑐    ∀𝑎    (4) 

where 𝐹𝑐
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 and 𝐹𝑐

𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 are the component flowrates of products and unutilized 

byproducts leaving the CHOSYN design system, respectively. 

The amounts of atoms that entering and leaving the CHOSYN design system are 

subject to the conservation of mass law which is provided as: 

𝐴𝑡𝑜𝑚𝑎
𝑆𝑜𝑢𝑟𝑐𝑒 − 𝐴𝑡𝑜𝑚𝑎

𝐷𝑒𝑚𝑎𝑛𝑑 − 𝐴𝑡𝑜𝑚𝑎
𝐿𝑒𝑓𝑡𝑜𝑣𝑒𝑟

= 0   ∀𝑎   (5) 

The overall conversion of the component 𝑐, Θ𝑐 , is determined as the difference 

between the quantities of product and unutilized byproducts leaving and the starting 

materials entering the CHOSYN system. A negative value for Θ𝑐  denotes that the 

component 𝑐 is consumed within the design system and a positive value denotes the 

generation of component 𝑐. The relationship determining Θ𝑐  is given as: 

𝐹𝑐
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐹𝑐

𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 − 𝐹𝑐
𝑆𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = Θ𝑐   ∀𝑐   (6) 
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The net generation or consumption of component 𝑐 is also defined as the sum of 

the characteristic reactions that facilitate the conversion of component 𝑐 into component 

𝑐′. This is represented as: 

Θ𝑐 = ∑ 𝛼𝑝,𝑐𝜉𝑝𝑝∈𝑇𝑒𝑛𝑎𝑛𝑡    ∀𝑐      (7) 

where 𝛼𝑝,𝑐 is a parameter that describes the stoichiometric coefficient of component c of 

the characteristic reaction representing tenant 𝑝, and 𝜉𝑝 is the extent of the characteristic 

reaction representing tenant 𝑝. 

Constraints on the supply of starting materials, demand of products and limits of 

exiting unutilized byproduct are defined as follows: 

𝐹𝑠𝑝

𝑆𝑜𝑢𝑟𝑐𝑒 ≤ 𝐹𝑠𝑝

𝑆𝑢𝑝𝑝𝑙𝑦
  ∀𝑠𝑝        (8) 

𝐹𝑐
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ≤ 𝐹𝑐

𝐷𝑒𝑚𝑎𝑛𝑑    ∀𝑐 ∈ 𝑃𝑅𝑂𝐷𝑈𝐶𝑇     (9) 

𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 ≤ 𝐹𝑐

𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 𝐿𝑖𝑚𝑖𝑡   ∀𝑐     (10) 

where 𝐹𝑠𝑝

𝑆𝑢𝑝𝑝𝑙𝑦
, 𝐹𝑐

𝐷𝑒𝑚𝑎𝑛𝑑  and 𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 𝐿𝑖𝑚𝑖𝑡 are the limiting values for supply, demand 

and byproduct emissions, respectively. 

Equations (1) to (10) are subject to an objective function and additional constraints 

that are optimized in pursuit of a policy in mind. The recommended objectives include but 

are not limited to the maximization of the gross margin (defined as the difference of 

product sales and raw material costs), minimization of unutilized byproducts, and 

minimization of virgin raw materials. Combinations of these objectives could be pursued 

with an objective being defined and subject to additional constraints on other criteria. 
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3.3.1.2. Species Sorting Reaction Stages (SSRS) Superstructure 

Following the AETPP technique in Figure 3.1 is the SSRS superstructure 

technique (Bao, 2011), which involves another layer of detailed targeting for determining 

which tenants to invite and integrate. This technique considers the multi-stage sharp 

separation of the involved chemical species and the allocation of those species to a set of 

characteristic reactions representing the tenants. The tenants are represented as reaction 

nodes that can accept and emit component flowrates as well as convert component 𝑐 into 

component 𝑐′. These reaction nodes are defined to accept and emit certain components 

which are given in the sets 𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 𝐼𝑁𝑝 = [𝑐𝑝
𝑖𝑛|𝑐𝑝

𝑖𝑛 = 1, 2, 𝑁𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐼𝑛𝑝
] and 

𝐶𝑂𝑀𝑃𝑂𝑁𝐸𝑁𝑇 𝑂𝑈𝑇𝑝 = [𝑐𝑝
𝑜𝑢𝑡|𝑐𝑝

𝑜𝑢𝑡 = 1, 2, 𝑁𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑂𝑢𝑡𝑝
]. The component allocation, 

conversion and segregation are represented over multiple stages as seen in Figure 3.2. 

These stages are represented by the set 𝑆𝑇𝐴𝐺𝐸 = {𝑚|𝑚 = 1, 2, … , 𝑁𝑆𝑡𝑎𝑔𝑒}. 
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Figure 3.2: Structural Representation of the SSRS Superstructure (adapted from 

Topolski et al., 2018) 

 

Material streams from anchor plant and raw material sources are discretized into a 

stage of chemical species sorting cells. Each sorting cell corresponds to a chemical species 

that is defined in the CHOSYN system. These sorting cells are followed by a stage of 

reaction nodes that accept and convert these chemical species. Both stages of sorting cells 

and reaction are defined as a processing stage 𝑚 and is repeated over 𝑁𝑆𝑡𝑎𝑔𝑒  stages in this 

structure. 

Material streams defined in 𝑆𝑂𝑈𝑅𝐶𝐸𝑝 are divided into component flowrates, 

𝐹𝑐,𝑚
𝑆𝑡𝑎𝑔𝑒

, which represent the chemical species sorting cells. This is represented by the 

following relation where the element of 𝑚 represents the first stage of the superstructure: 
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𝐹𝑐,1
𝑆𝑡𝑎𝑔𝑒

= ∑ ∑ 𝐹𝑠𝑝
𝑆𝑜𝑢𝑟𝑐𝑒𝑥𝑠𝑝,𝑐𝑠𝑝𝑝   ∀𝑐      (11) 

The component flowrates of each stage are divided further into component split 

flowrates 𝐹
𝑐𝑝

𝑖𝑛,𝑚
𝐼𝑛  directed to a reaction node for tenant 𝑝 on stage 𝑚. The relation for 

component flowrate splitting is provided as: 

𝐹𝑐,𝑚
𝑆𝑡𝑎𝑔𝑒

=  ∑ 𝐹
𝑐𝑝

𝑖𝑛,𝑚
𝐼𝑛

𝑝∈𝑇𝑒𝑛𝑎𝑛𝑡  ∀𝑐, ∀𝑚       (12) 

There are several methods to model the conversion of materials within a tenant. 

Options include modeling the throughput of tenants while considering input-output, 

fundamental or mechanistic methods. This study employs stoichiometric reactions to 

model tenants with process yield information incorporated. The relation representing the 

tenants receiving component split flowrate at stoichiometric ratio is: 

𝐹
𝑐𝑝

𝑖𝑛,𝑚
𝐼𝑛 = 𝛼𝑝,𝑐𝑝

𝑖𝑛𝑅𝑝,𝑚 ∀𝑝 ∈ 𝑇𝑒𝑛𝑎𝑛𝑡, ∀𝑐𝑝
𝑖𝑛, ∀𝑚     (13) 

where 𝑅𝑝,𝑚 and 𝛼𝑝,𝑐𝑝
𝑖𝑛 represent the conversion of the characteristic reaction representing 

tenant 𝑝 on stage 𝑚 and the stoichiometric coefficient of component 𝑐𝑝
𝑖𝑛 within said 

characteristic reaction, respectively. 

The relationship for tenant outputs is: 

𝐹𝑐𝑝
𝑜𝑢𝑡,𝑚

𝑂𝑢𝑡 = 𝑌𝑝,𝑐𝑝
𝑜𝑢𝑡𝛼𝑝,𝑐𝑝

𝑜𝑢𝑡𝑅𝑝,𝑚  ∀𝑝 ∈ 𝑇𝑒𝑛𝑎𝑛𝑡, ∀𝑐𝑝
𝑜𝑢𝑡 , ∀𝑚    (14) 

where 𝑌𝑝,𝑐𝑝
𝑜𝑢𝑡 and 𝐹𝑐𝑝

𝑜𝑢𝑡,𝑚
𝑂𝑢𝑡  are the yield of component 𝑐𝑝

𝑜𝑢𝑡 for the characteristic reaction 

representing tenant 𝑝 and the exiting component split flowrate of 𝑐𝑝
𝑜𝑢𝑡 from the 

characteristic reaction representing tenant 𝑝 on stage 𝑚, respectively. 
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Subsequent to the conversion of materials by the reaction node 𝑝 is the mixing of 

the component split flowrate of component 𝑐𝑝
𝑜𝑢𝑡 on stage 𝑚 + 1. This is provided as: 

𝐹𝑐,𝑚+1
𝑆𝑡𝑎𝑔𝑒

= ∑ 𝐹 𝑐𝑝
𝑜𝑢𝑡,𝑚

𝑂𝑢𝑡
𝑝∈𝑇𝑒𝑛𝑎𝑛𝑡   ∀𝑐, ∀𝑚       (15) 

Component flowrates for component 𝑐 are allocated as a product or an unutilized 

byproduct upon the terminal stage. This relation is given as: 

𝐹𝑐,𝑁𝑆𝑡𝑎𝑔𝑒

𝑆𝑡𝑎𝑔𝑒
= 𝐹𝑐

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐹𝑐
𝑈𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 ∀𝑐      (16) 

Equations (8) to (16) are optimized to an objective function and additional 

constraints representing the policy for CHOSYN development. Much like the previous 

techniques, these equations could be optimized while using a variety of different criteria 

or combinations of criteria. Examples of criteria that could be included are metrics on 

safety, reliability and/or sustainability.  

The purpose of the SSRS superstructure is to screen and evaluate numerous plant 

processes to invite into the CHOSYN design system. The outcome of this technique is a 

preliminary superstructure illustrating the main process flowrates from each plant 

involved in the design system as well as sized capacities of the selected tenants. 

3.3.2. Energy Targeting, Utility Generation and Network Analysis 

The intent of the energy integration techniques following the mass integration 

targeting in Figure 3.1 is to reinforce the selection of tenant plants by providing an 

opportunity to increase profit, reduce emissions and to operate sustainably via the 

reduction of utility usage. The energy integration of the screened tenants with the anchors 

is decomposed further into an iterative procedure shown in Figure 3.3. It is assumed in the 

Energy Targeting, Utility Generation and Network Analysis (ETUGNA) step that anchor 
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plants are internally heat integrated and will discharge low grade hot and cold streams. As 

tenant plants are not built and their heat exchanger networks not established, there are 

opportunities for economic and environmental benefits by designing tenant heat exchanger 

networks while considering the later interplant energy integration. Figure 3.3 illustrates 

the procedure for the internal tenant heat integration followed by interplant energy 

integration. 

 

 

Figure 3.3: Procedure for Tenant and Interplant Heat Integration 
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Temperature and heat capacities of both the anchor’s and screened tenant’s 

candidate streams for integration are identified for the ETUGNA targeting step. An 

iterative pinch analysis procedure is applied to the heat integration of the tenants to 

identify opportunities to generate electricity in the interplant energy integration. This 

iterative process looks to extract high-grade process heat for later energy integration 

without significantly affecting the benefits gained from internal heat integration.  

The motive to modify tenant heat exchanger network designs is to reserve high 

grade hot streams that could be utilized for lucrative electricity generation while also 

reducing cooling utilities for that tenant. This is accomplished through the iterative heat 

integration procedure, shown in sub-picture within Figure 3.3, where the first round of 

heat integration is applied to the tenant main process to determine the maximum heat 

recovery, 𝑄𝑅𝑒𝑐
𝑀𝑎𝑥 . Subsequent rounds are applied with tenant hot streams extracted to 

determine a nominal heat recovery, 𝑄𝑅𝑒𝑐 . The hot stream with the highest inlet temperature 

in the tenant hot stream inventory is extracted upon iteration. A hot stream is extracted 

when the exclusion of the hot stream does alter the nominal heat recovery such that it is 

sufficiently close to the maximum tenant heat recovery. The parameter 𝛿 represents the 

acceptable tolerance between the nominal and maximum heat recovery of which a tenant 

heat exchanger network design can be applied to the interplant energy integration, 

After the tenant internal heat integration, interplant energy integration is applied 

using the waste and high-grade heat from all plants involved in the CHOSYN system to 

develop an interplant heat exchanger network with a centralized utility system to support 

anchor and tenant plant operation. The resulting intra- and inter-plant energy integration 
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network provides participating plants further reductions in utility usage as well as provide 

a sustainable means to produce electricity. 

3.3.2.1. Internal Tenant Heat Integration 

The heat integration superstructure shown in Figure 3.4 is used to develop the heat 

exchanger networks for each tenant and evaluate hot stream extraction (Yee and 

Grossmann, 1990) (Lira, 2014).  

 

 

Figure 3.4: Proposed Superstructure for the Heat Integration of Tenant Plants 

 

The proposed superstructure shown in Figure 3.4 considers the exchange of heat 

for any match on each stage between the hot and cold streams indicated by the sets 𝐻𝑆𝑝 

and 𝐶𝑆𝑝, respectively. After the hot streams transfer their energy to cold streams, the hot 

streams can transfer their remaining heat loads through coolers employing cooling water, 
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absorption refrigeration and compression refrigeration on the stages denoted as CW, 𝐴𝑅 

and 𝐶𝑅 in Figure 3.4, respectively. It should be noted that the coolers in the 𝐴𝑅 and 𝐶𝑅 

stages are employed when the hot streams require refrigeration below ambient 

temperature. Alternatively, the cold streams can complete their heating after matching 

with hot streams through heaters using high pressure steam on the stage denoted as 𝐻𝑃𝑆. 

The following equations in this section describe the mathematical representation of Figure 

3.4 for a given tenant 𝑝. This mathematical system is optimized for each given tenant 𝑝 to 

determine the internal heat exchanger network, recoverable high-grade heat for interplant 

integration and waste heat streams that would require utilities. 

The heat load of hot stream 𝑖𝑝 is equal to the sum of the heat exchanged with all 

cold streams in 𝐶𝑆𝑝  over all stages in 𝑆𝑇 and with the cooling utilities. This relation is 

presented as:  

(𝑇𝑖𝑝

𝐼𝑛 − 𝑇𝑖𝑝

𝑂𝑢𝑡) 𝐹𝐶𝑝𝑖𝑝
= ∑ ∑ 𝑞𝑖𝑝,𝑗𝑝,𝑘𝑗𝑝∈𝐶𝑆𝑝

+ 𝑞𝑖𝑝

𝐶𝑊 + 𝑞𝑖𝑝

𝐴𝑅 + 𝑞𝑖𝑝

𝐶𝑅
𝑘∈𝑆𝑇   𝑖𝑝 ∈ 𝐻𝑆𝑝 (17) 

where 𝑞𝑖𝑝,𝑗𝑝,𝑘 represents the energy transferred from hot stream 𝑖𝑝 to cold stream 𝑗𝑝 on 

stage 𝑘. 𝑞𝑖𝑝

𝐶𝑊, 𝑞𝑖𝑝

𝐴𝑅 , and 𝑞𝑖𝑝

𝐶𝑅 represents the energy transferred from hot stream 𝑖𝑝 to cooling 

water, absorption and compression refrigeration utilities, respectively. 

For any cold stream 𝑗𝑝, the cooling load is equal to the sum of the heat exchanged 

with all hot streams 𝐻𝑆𝑝 over all stages in 𝑆𝑇 in addition to the heat received from the 

high pressure steam utility. This is provided as: 

(𝑇𝑗𝑝

𝐼𝑛 − 𝑇𝑗𝑝

𝑂𝑢𝑡) 𝐹𝐶𝑝𝑗𝑝
= ∑ ∑ 𝑞𝑖𝑝,𝑗𝑝,𝑘𝑖𝑝∈𝐻𝑆𝑝𝑘∈𝑆𝑇 + 𝑞𝑗𝑝

𝐻𝑃𝑆  𝑗𝑝 ∈ 𝐶𝑆𝑝  (18) 

where 𝑞𝑗𝑝

𝐻𝑃𝑆 represents the energy transferred from high pressure steam to cold stream 𝑗𝑝. 
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The following relationships are required to determine the internal temperatures 

between each stage 𝑘 of the proposed superstructure. For hot stream 𝑖𝑝, the energy balance 

is stated as follows: 

(𝑡𝑖𝑝,𝑘 − 𝑡𝑖𝑝,𝑘+1) 𝐹𝐶𝑝𝑖𝑝
= ∑ 𝑞𝑖𝑝,𝑗𝑝,𝑘𝑗𝑝∈𝐶𝑆𝑝

  𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑘 ∈ 𝑆𝑇   (19) 

where 𝑡𝑖𝑝,𝑘 is the internal temperature of hot stream 𝑖𝑝 at the beginning of stage 𝑘. 

For the cold stream 𝑗𝑝: 

(𝑡𝑗𝑝,𝑘 − 𝑡𝑗𝑝,𝑘+1) 𝐹𝐶𝑝𝑗𝑝
= ∑ 𝑞𝑖𝑝,𝑗𝑝,𝑘𝑖𝑝∈𝐻𝑆𝑝

  𝑗𝑝 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇    (20) 

where 𝑡𝑗𝑝,𝑘 is the internal temperature of cold stream 𝑗𝑝 at the end of stage 𝑘. 

The proposed superstructure considers the use of cold utilities on hot streams over 

the three terminal stages. Subsequent to exchanging heat with cold streams, hot stream 𝑖𝑝 

is able to transfer heat to cooling water. This is provided as: 

(𝑡𝑖𝑝,𝑁𝑂𝐾+1 − 𝑡𝑖𝑝

𝐴𝑅) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐶𝑊  𝑖𝑝 ∈ 𝐻𝑆𝑝     (21) 

where 𝑡𝑖𝑝

𝐴𝑅 is the temperature of hot stream 𝑖𝑝 after passing the cooling water utility. 

The next stage corresponds to the heat of hot stream 𝑖𝑝 exchanged with the 

absorption refrigeration utility. This is given as: 

(𝑡𝑖𝑝

𝐴𝑅 − 𝑡𝑖𝑝

𝐶𝑅) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐴𝑅    𝑖𝑝 ∈ 𝐻𝑆𝑝     (22) 

where 𝑡𝑖𝑝

𝐶𝑅 is the temperature of hot stream 𝑖𝑝 after passing the absorption refrigeration 

utility. 

The option to use compression refrigeration to cool hot stream 𝑖𝑝 to below freezing 

is made available on the terminal stage. This is represented as: 
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(𝑡𝑖𝑝

𝐶𝑅 − 𝑇𝑖𝑝

𝑂𝑢𝑡) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐶𝑅  𝑖𝑝 ∈ 𝐻𝑆𝑝      (23) 

The option to use high pressure steam to heat cold stream 𝑗𝑝 is included on the 

initial stage of the superstructure. This is provided with: 

(𝑇𝑗𝑝

𝑂𝑢𝑡 − 𝑡𝑗𝑝,1) 𝐹𝐶𝑝𝑗𝑝
= 𝑞𝑗𝑝

𝐻𝑃𝑆  𝑗𝑝 ∈ 𝐶𝑆𝑝     (24) 

A boundary condition for the proposed superstructure is given where the inlet 

temperature of hot stream 𝑖𝑝 is equal to the internal temperature on the first stage of the 

superstructure: 

𝑇𝑖𝑝

𝐼𝑛 = 𝑡𝑖𝑝,1  𝑖𝑝 ∈ 𝐻𝑆𝑝        (25) 

Alternatively, the inlet temperature of cold stream 𝑗𝑝 is equal to the internal 

temperature on stage 𝑁𝑂𝐾 + 1 of the superstructure: 

𝑇𝑗𝑝

𝐼𝑛 = 𝑡𝑗𝑝,𝑁𝑂𝐾+1  𝑗𝑝 ∈ 𝐶𝑆𝑝       (26) 

An important aspect of the proposed superstructure is the equality or decrease of 

temperatures upon successive stages. This behavior is modeled through the following 

relationships: 

𝑡𝑖𝑝,𝑘 ≥ 𝑡𝑖𝑝,𝑘+1  𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑘 ∈ 𝑆𝑇       (27) 

𝑡𝑖𝑝,𝑁𝑂𝐾+1 ≥ 𝑡𝑖𝑝

𝐴𝑅  𝑖𝑝 ∈ 𝐻𝑆𝑝       (28) 

𝑡𝑖𝑝

𝐴𝑅 ≥ 𝑡𝑖𝑝

𝐶𝑅  𝑖𝑝 ∈ 𝐻𝑆𝑝        (29) 

𝑡𝑖𝑝

𝐶𝑅 ≥ 𝑇𝑖𝑝

𝑂𝑢𝑡  𝑖𝑝 ∈ 𝐻𝑆𝑝        (30) 

𝑇𝑗𝑝

𝑂𝑢𝑡 ≥ 𝑡𝑗𝑝,1  𝑗𝑝 ∈ 𝐶𝑆𝑝        (31) 

𝑡𝑗𝑝,𝑘 ≥ 𝑡𝑗𝑝,𝑘+1  𝑗𝑝 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇       (32) 
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It is significant to determine the existence of all potential heat exchange matches. 

A binary variable is employed to associate the existence of each match and is set to one if 

the match exists. Otherwise, the binary variable is zero when a match is not required. The 

following relation is provided for indicating matches between hot and cold streams: 

𝑞𝑖𝑝,𝑗𝑝,𝑘 − 𝑄𝑖𝑝,𝑗𝑝

𝑀𝑎𝑥𝑧𝑖𝑝,𝑗𝑝,𝑘 ≤ 0   𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑗𝑝 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇   (33) 

where 𝑄𝑖𝑝,𝑗𝑝

𝑀𝑎𝑥  and 𝑧𝑖𝑝,𝑗𝑝,𝑘 represents the maximum heat exchanged between hot stream 𝑖𝑝 

and cold stream 𝑗𝑝 and the binary variable indicating the existence of a match between hot 

stream 𝑖𝑝 and cold stream 𝑗𝑝 on stage 𝑘, respectively. 

For the coolers employing cooling water: 

𝑞𝑖𝑝

𝐶𝑊 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐶𝑊 ≤ 0  𝑖𝑝 ∈ 𝐻𝑆𝑝       (34) 

where 𝑄𝑖𝑝

𝑀𝑎𝑥  and 𝑧𝑖𝑝

𝐶𝑊 represents the maximum heat exchanged by hot stream 𝑖𝑝 and the 

binary variable indicating the existence of a match between hot stream 𝑖𝑝 and cooling 

water. 

For coolers employing absorption refrigeration: 

𝑞𝑖𝑝

𝐴𝑅 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐴𝑅 ≤ 0  𝑖𝑝 ∈ 𝐻𝑆𝑝        (35) 

where 𝑧𝑖𝑝

𝐴𝑅 represents the binary variable indicating the existence of a match between hot 

stream 𝑖𝑝 and the absorption refrigeration utility. 

For coolers employing compression refrigeration: 

𝑞𝑖𝑝

𝐶𝑅 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐶𝑅 ≤ 0  𝑖𝑝 ∈ 𝐻𝑆𝑝        (36) 

where 𝑧𝑖𝑝

𝐶𝑅 represents the binary variable indicating the existence of a match between hot 

stream 𝑖𝑝 and the compression refrigeration utility. 
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For the cold streams employing high pressure steam: 

𝑞𝑗𝑝

𝐻𝑃𝑆 − 𝑄𝑗𝑝

𝑀𝑎𝑥𝑧𝑗𝑝

𝐻𝑃𝑆 ≤ 0   𝑗𝑝 ∈ 𝐶𝑆𝑝      (37) 

where 𝑄𝑗𝑝

𝑀𝑎𝑥  and 𝑧𝑗𝑝

𝐻𝑃𝑆 represents the maximum cooling exchanged by cold stream 𝑗𝑝 and 

the binary variable indicating the existence of a match between cold stream 𝑗𝑝 and high 

pressure steam. 

An important criterion when designing heat exchanger networks is the minimum 

temperature difference which directly affects the utilities cost and the capital costs of the 

heat exchanger network. Any exchanger of the superstructure indicated in the optimal 

solution must satisfy the minimum temperature difference constraints. The following 

logical relationships are provided to determine the temperature differences for all potential 

heat exchangers.  

For the heat exchanger between hot stream 𝑖𝑝 and cold stream 𝑗𝑝 on stage 𝑘: 

𝑑𝑡𝑖𝑝,𝑗𝑝,𝑘 ≤ 𝑡𝑖𝑝,𝑘 − 𝑡𝑗𝑝,𝑘 + ∆𝑇𝑖𝑝,𝑗𝑝

𝑀𝑎𝑥(1 − 𝑧𝑖𝑝,𝑗𝑝,𝑘)  𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑗 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇 (38) 

𝑑𝑡𝑖𝑝,𝑗𝑝,𝑘+1 ≤ 𝑡𝑖𝑝,𝑘+1 − 𝑡𝑗𝑝,𝑘+1 + ∆𝑇𝑖𝑝,𝑗𝑝

𝑀𝑎𝑥(1 − 𝑧𝑖𝑝,𝑗𝑝,𝑘)  𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑗𝑝 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇

           (39) 

where 𝑑𝑡𝑖𝑝,𝑗𝑝,𝑘 and ∆𝑇𝑖𝑝,𝑗𝑝

𝑀𝑎𝑥 represents the temperature difference between hot stream 𝑖𝑝 

and cold stream 𝑗𝑝 on stage 𝑘 and the maximum temperature difference between hot 

stream 𝑖𝑝 and cold stream 𝑗𝑝, respectively. 

For the coolers employing cooling water: 

𝑑𝑡𝑖𝑝

𝐶𝑊−1 ≤ 𝑡𝑖𝑝,𝑁𝑂𝐾+1 − 𝑇𝐶𝑊
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐶𝑊𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐶𝑊)  𝑖𝑝 ∈ 𝐻𝑆𝑝  (40) 

𝑑𝑡𝑖𝑝

𝐶𝑊−2 ≤ 𝑡𝑖𝑝

𝐴𝑅 − 𝑇𝐶𝑊
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐶𝑊𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐶𝑊)   𝑖𝑝 ∈ 𝐻𝑆𝑝  (41) 
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where 𝑑𝑡𝑖𝑝

𝐶𝑊−1 and 𝑑𝑡𝑖𝑝

𝐶𝑊−2 are the temperature differences between hot stream 𝑖𝑝 and 

cooling water at the 𝑁𝑂𝐾 + 1 and 𝐴𝑅 temperature locations, respectively. ∆𝑇𝑖𝑝

𝐶𝑊𝑀𝑎𝑥 

represents the maximum temperature difference between hot stream 𝑖𝑝 and cooling water. 

For the absorption refrigeration coolers: 

𝑑𝑡𝑖𝑝

𝐴𝑅−1 ≤ 𝑡𝑖𝑝

𝐴𝑅 − 𝑇𝐴𝑅
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐴𝑅𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐴𝑅)  𝑖𝑝 ∈ 𝐻𝑆𝑝   (42) 

𝑑𝑡𝑖𝑝

𝐴𝑅−2 ≤ 𝑡𝑖𝑝

𝐶𝑅 − 𝑇𝐶𝑅
𝐼𝑛 + ∆𝑇𝑖𝑝

𝐴𝑅𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐴𝑅)   𝑖𝑝 ∈ 𝐻𝑆𝑝   (43) 

where 𝑑𝑡𝑖𝑝

𝐴𝑅−1 and 𝑑𝑡𝑖𝑝

𝐴𝑅−2 are the temperature differences between hot stream 𝑖𝑝 and the 

absorption refrigeration utility at the 𝐴𝑅 and 𝐶𝑅 temperature locations, respectively. 

∆𝑇𝑖𝑝

𝐴𝑅𝑀𝑎𝑥 represents the maximum temperature difference between hot stream 𝑖𝑝 and the 

absorption refrigeration utility. 

For the compression refrigeration coolers: 

𝑑𝑡𝑖𝑝

𝐶𝑅−1 ≤ 𝑡𝑖𝑝

𝐶𝑅 − 𝑇𝐶𝑅
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐶𝑅𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐶𝑅)  𝑖𝑝 ∈ 𝐻𝑆𝑝   (44) 

where 𝑑𝑡𝑖𝑝

𝐶𝑅−1 and ∆𝑇𝑖𝑝

𝐶𝑅𝑀𝑎𝑥 are the temperature differences between hot stream 𝑖𝑝 and the 

compression refrigeration utility at 𝐶𝑅 temperature location and maximum temperature 

difference between hot stream 𝑖𝑝 and the compression refrigeration utility, respectively. 

Notice that the end of the CR stage is the boundary of the superstructure where the 

temperatures are known parameters (𝑇𝑖𝑝

𝑂𝑢𝑡 − 𝑇𝐶𝑅
𝐼𝑛). Therefore, this additional temperature 

difference constraint is not necessary. 

For the hot utility: 

𝑑𝑡𝑗𝑝

𝐻𝑃𝑆−2 ≤ 𝑇𝐻𝑃𝑆
𝑂𝑢𝑡 − 𝑡𝑗𝑝,1 + ∆𝑇𝑗𝑝

𝐻𝑃𝑆𝑀𝑎𝑥(1 − 𝑧𝑗𝑝

𝐻𝑃𝑆)  𝑗𝑝 ∈ 𝐶𝑆𝑝   (45) 
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where 𝑑𝑡𝑗𝑝

𝐻𝑃𝑆−2 and ∆𝑇𝑗𝑝

𝐻𝑃𝑆𝑀𝑎𝑥 are the temperature differences between cold stream 𝑗𝑝 and 

the high pressure steam at stage one temperature location and maximum temperature 

difference between cold stream 𝑗𝑝 and the high pressure steam, respectively. Similarly, it 

should be noted that the temperature difference constraint for this stage is not required 

because these temperatures are given by the problem statement (𝑇𝐻𝑃𝑆
𝐼𝑛 − 𝑇𝑗𝑝

𝑂𝑢𝑡). 

Finally, the temperature difference for all heat exchangers must be greater than the 

minimum temperature difference: 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝,𝑗𝑝,𝑘  𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑗𝑝 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇     (46) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐶𝑊−1  𝑖𝑝 ∈ 𝐻𝑆𝑝       (47) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐶𝑊−2  𝑖𝑝 ∈ 𝐻𝑆𝑝       (48) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐴𝑅−1  𝑖𝑝 ∈ 𝐻𝑆𝑝       (49) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐴𝑅−2  𝑖𝑝 ∈ 𝐻𝑆𝑝       (50) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐶𝑅−1  𝑖𝑝 ∈ 𝐻𝑆𝑝       (51) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑗𝑝

𝐻𝑃𝑆−2  𝑗𝑝 ∈ 𝐶𝑆𝑝       (52) 

where ∆𝑇𝑚𝑖𝑛 is the minimum temperature difference. 

3.3.2.2. Interplant Energy Targeting 

The superstructure employed to determine the heat exchanger network for tenants 

is expanded upon for the interplant energy integration. The superstructure for the 

interplant energy integration builds upon the previous superstructure by including the 

option to transfer heat to generate electricity and refrigeration. Whereas the previous 
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superstructure associated a cost to use absorption refrigeration as a cooling service, this 

superstructure allows for the transfer of low grade heat to generate below ambient cooling.  

 

 

Figure 3.5: Schematic Representation of the Proposed Integrated System 

 

The proposed superstructure shown in Figure 3.5 considers the heat exchange for 

any match between hot streams and cold streams on each stage as well as the heat transfer 

from hot streams to the AR cycle, SRC and ORC. The hot streams can satisfy their cooling 

demands by using cooling water and by using absorption and compression refrigeration 

services when they require refrigeration below ambient temperature. The cold streams 

have the possibility to exchange heat with the SRC, ORC and hot process streams on any 

stage of the superstructure. The cold streams can also satisfy their heating loads using high 

pressure steam as a hot utility. 
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The heat load of hot stream 𝑖𝑝 is equal to the sum of the heat exchanged with all 

cold streams in 𝐶𝑆𝑝  over all stages in 𝑆𝑇 and for all plants in 𝑃𝐿𝐴𝑁𝑇, the heat transferred 

to the SRC, ORC and the section of the AR cycle that accepts low grade heat, and the heat 

exchanged with cooling water, compression refrigeration and the section of the AR cycle 

that provides sub-ambient cooling. This is provided as: 

(𝑇𝑖𝑝

𝐼𝑛 − 𝑇𝑖𝑝

𝑂𝑢𝑡) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝑆𝑅𝐶1 + 𝑞𝑖𝑝

𝑂𝑅𝐶1 + 𝑞𝑖𝑝

𝐴𝑅1 + ∑ ∑ ∑ 𝑞𝑖𝑝,𝑗𝑝′ ,𝑘𝑗𝑝′∈𝐶𝑆𝑝′𝑘∈𝑆𝑇𝑝′ + 𝑞𝑖𝑝

𝐶𝑊 +

𝑞𝑖𝑝

𝐴𝑅2 + 𝑞𝑖𝑝

𝐶𝑅   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝      (53) 

where 𝑞𝑖𝑝

𝑆𝑅𝐶1 represents the heat accepted by the SRC, 𝑞𝑖𝑝

𝑂𝑅𝐶1 represents the heat accepted 

by the ORC and  𝑞𝑖𝑝

𝐴𝑅1 and 𝑞𝑖𝑝

𝐴𝑅2 represents the heating accepted and cooling provided by 

the AR cycle, respectively. 

The cooling load of cold stream 𝑗𝑝 is equal to the sum of heat exchanged with all 

hot streams in 𝐻𝑆𝑝 over all stages in 𝑆𝑇 and for all plants in 𝑃𝐿𝐴𝑁𝑇 and with the heat 

received from the SRC, ORC and high pressure steam utility. This is given as: 

(𝑇𝑗𝑝

𝑂𝑢𝑡 − 𝑇𝑗𝑝

𝐼𝑛) 𝐹𝐶𝑝𝑗𝑝
= ∑ ∑ ∑ 𝑞𝑖𝑝′ ,𝑗𝑝,𝑘𝑖𝑝′∈𝐻𝑆𝑝′𝑘∈𝑆𝑇𝑝′ + 𝑞𝑗𝑝

𝑂𝑅𝐶2 + 𝑞𝑗𝑝

𝑆𝑅𝐶2 + 𝑞𝑗𝑝

𝐻𝑃𝑆  𝑝 ∈

𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝         (54) 

where 𝑞𝑗𝑝

𝑆𝑅𝐶2 and 𝑞𝑗𝑝

𝑂𝑅𝐶2 represents the heat provided by the SRC and ORC. 

The next relationships are used to determine the internal temperatures for each 

stage of the proposed superstructure. For each hot stream, the energy balances are stated 

as follows: 

(𝑇𝑖𝑝

𝐼𝑛 − 𝑡𝑖𝑝

𝑂𝑅𝐶1) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝑆𝑅𝐶1   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝  (55) 
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(𝑡𝑖𝑝

𝑂𝑅𝐶1 − 𝑡𝑖𝑝

𝐴𝑅1) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝑂𝑅𝐶1  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝    (56) 

(𝑡𝑖𝑝

𝐴𝑅1 − 𝑡𝑖𝑝,1) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐴𝑅1  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (57) 

(𝑡𝑖𝑝,𝑘 − 𝑡𝑖𝑝,𝑘+1) 𝐹𝐶𝑝𝑖𝑝
= ∑ ∑ 𝑞𝑖𝑝,𝑗𝑝′ ,𝑘𝑗𝑝′∈𝐶𝑆𝑝′𝑝′   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑘 ∈ 𝑆𝑇

           (58) 

where 𝑡𝑖𝑝

𝑂𝑅𝐶1 and 𝑡𝑖𝑝

𝐴𝑅1 are the internal temperatures of hot stream 𝑖𝑝 at the beginning of 

the stages hosting exchangers that can accept heat to drive the ORC and AR cycle, 

respectively. 

The hot streams can transfer their energy to cooling water at the internal stage 

section exit of the superstructure. This is given as: 

(𝑡𝑖𝑝,𝑁𝑂𝐾+1 − 𝑡𝑖𝑝

𝐴𝑅2) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐶𝑊  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝    (59) 

where 𝑡𝑖𝑝

𝐴𝑅2 is the internal temperature of hot stream 𝑖𝑝 leaving the stage hosting the 

cooling water exchanger. 

Subsequent to the cooling water stage, the hot streams that require refrigeration 

can be cooled exchanging their energy with the AR cycle and compression refrigeration 

utility. This is provided by the following: 

(𝑡𝑖𝑝

𝐴𝑅2 − 𝑡𝑖𝑝

𝐶𝑅) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐴𝑅2  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (60) 

(𝑡𝑖𝑝

𝐶𝑅 − 𝑇𝑖𝑝

𝑂𝑢𝑡) 𝐹𝐶𝑝𝑖𝑝
= 𝑞𝑖𝑝

𝐶𝑅 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (61) 

where 𝑡𝑖𝑝

𝐶𝑅 is the internal temperature of hot stream 𝑖𝑝 at the entrance of the compression 

refrigeration cooling stage. 

For the cold streams: 
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(𝑡𝑗𝑝,𝑘 − 𝑡𝑗𝑝,𝑘+1) 𝐹𝐶𝑝𝑗𝑝
= ∑ ∑ 𝑞𝑖𝑝′,𝑗𝑝,𝑘𝑖𝑝′∈𝐻𝑆𝑝′𝑝′   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇 

           (62) 

After the cold streams have exchanged heat on the inner stages of the 

superstructure, the cold stream target temperatures can be achieved by obtaining heat from 

the SRC, ORC and high pressure steam utility. These relations are given as: 

(𝑡𝑗𝑝

𝑆𝑅𝐶2 − 𝑡𝑗𝑝,1) 𝐹𝐶𝑝𝑗𝑝
= 𝑞𝑗𝑝

𝑂𝑅𝐶2,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝   (63) 

(𝑡𝑗𝑝

𝐻𝑃𝑆 − 𝑡𝑗𝑝

𝑆𝑅𝐶2) 𝐹𝐶𝑝𝑗𝑝
= 𝑞𝑗𝑝

𝑆𝑅𝐶2,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝   (64) 

(𝑇𝑗𝑝

𝑂𝑢𝑡 − 𝑡𝑗𝑝

𝐻𝑃𝑆) 𝐹𝐶𝑝𝑗𝑝
= 𝑞𝑗𝑝

𝐻𝑃𝑆,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝   (65) 

where 𝑡𝑗𝑝

𝑆𝑅𝐶2 is the internal temperature of cold stream 𝑗𝑝 as it exits the stage hosting the 

exchanger that provides heat from the SRC. 

It is significant to state that the inlet temperature for cold stream 𝑗𝑝 is equal to the 

temperature of stage 𝑁𝑂𝐾 + 1 in the superstructure. This is provided as: 

𝑇𝑗𝑝

𝐼𝑛 = 𝑡𝑗𝑝,𝑁𝑂𝐾+1,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝      (66) 

The temperatures in the superstructure decrease upon successive stages. This 

behavior is modeled through the next relationships: 

𝑇𝑖𝑝

𝐼𝑛 ≥ 𝑡𝑖𝑝

𝑂𝑅𝐶1,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝       (67) 

𝑡𝑖𝑝

𝑂𝑅𝐶1 ≥ 𝑡𝑖𝑝

𝐴𝑅1,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝       (68) 

𝑡𝑖𝑝

𝐴𝑅1 ≥ 𝑡𝑖𝑝,1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝      (69) 

𝑡𝑖𝑝,𝑘 ≥ 𝑡𝑖𝑝,𝑘+1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑘 ∈ 𝑆𝑇     (70) 

𝑡𝑖𝑝,𝑁𝑂𝐾+1 ≥ 𝑡𝑖𝑝

𝐴𝑅2,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (71) 
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𝑡𝑖𝑝

𝐴𝑅2 ≥ 𝑡𝑖𝑝

𝐶𝑅, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝      (72) 

𝑡𝑖𝑝

𝐶𝑅 ≥ 𝑇𝑖𝑝

𝑂𝑢𝑡, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝       (73) 

𝑇𝑗𝑝

𝑂𝑢𝑡 ≥ 𝑡𝑗𝑝

𝐻𝑃𝑆,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝       (74) 

𝑡𝑗𝑝

𝐻𝑃𝑆 ≥ 𝑡𝑗𝑝

𝑆𝑅𝐶2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝       (75) 

𝑡𝑗𝑝

𝑆𝑅𝐶2 ≥ 𝑡𝑗𝑝,1,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝       (76) 

𝑡𝑗𝑝,𝑘 ≥ 𝑡𝑗𝑝,𝑘+1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝, 𝑘 ∈ 𝑆𝑇     (77) 

The following constraints are used to determine the existence of heat exchangers. 

A binary variable is employed and is equal to one if a exchanger exists. The following 

relationships are given for the existence of the heat exchangers that draw heat from hot 

stream 𝑖𝑝 to drive the ORC and SRC: 

𝑞𝑖𝑝

𝑆𝑅𝐶1 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝑆𝑅𝐶1 ≤ 0,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝    (78) 

𝑞𝑖𝑝

𝑂𝑅𝐶1 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝑂𝑅𝐶1 ≤ 0,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝    (79) 

where 𝑧𝑖𝑝

𝑆𝑅𝐶1 and 𝑧𝑖𝑝

𝑂𝑅𝐶1 are the binary variables indicating the existence of heat exchangers 

accepting heat from hot stream 𝑖𝑝 to power the SRC and ORC, respectively. 

For the heat transferred from hot stream 𝑖𝑝 to the AR cycle: 

𝑞𝑖𝑝

𝐴𝑅1 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐴𝑅1 ≤ 0,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝   (80) 

Where 𝑧𝑖𝑝

𝐴𝑅1 is the binary variable indicating if the heat exchanger accepting low grade 

from hot stream 𝑖𝑝 to drive the AR cycle exists. 

For the heat exchanger matching hot stream 𝑖𝑝 with cold stream 𝑗𝑝: 
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𝑞𝑖𝑝,𝑗𝑝′ ,𝑘 − 𝑄𝑖𝑝,𝑗𝑝′
𝑀𝑎𝑥 𝑧𝑖𝑝,𝑗𝑝′ ,𝑘 ≤ 0, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑝′ ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝′ ∈ 𝐶𝑆𝑝′, 𝑘 ∈ 𝑆𝑇  

           (81) 

For the cooler using cooling water on hot stream 𝑖𝑝: 

𝑞𝑖𝑝

𝐶𝑊 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐶𝑊 ≤ 0,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝   (82) 

For the cooler refrigerating hot stream 𝑖𝑝 through via the AR cycle: 

𝑞𝑖𝑝

𝐴𝑅2 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐴𝑅2 ≤ 0,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝   (83) 

where 𝑧𝑖𝑝

𝐴𝑅2 is the binary variable indicating if the exchanger providing sub-ambient 

cooling from the AR cycle to hot stream 𝑖𝑝 exists. 

For the cooler refrigerating hot stream 𝑖𝑝 through the compression refrigeration 

utility: 

𝑞𝑖𝑝

𝐶𝑅 − 𝑄𝑖𝑝

𝑀𝑎𝑥𝑧𝑖𝑝

𝐶𝑅 ≤ 0,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝    (84) 

Binary variables are employed denoting the existence of a heat exchanger for cold 

stream 𝑗𝑝 receiving heat from the SRC and ORC. These are given as: 

𝑞𝑗𝑝

𝑂𝑅𝐶2 − 𝑄𝑗𝑝

𝑀𝑎𝑥𝑧𝑗𝑝

𝑂𝑅𝐶2 ≤ 0,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝     (85) 

𝑞𝑗𝑝

𝑆𝑅𝐶2 − 𝑄𝑗𝑝

𝑀𝑎𝑥𝑧𝑗𝑝

𝑆𝑅𝐶2 ≤ 0,  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝     (86) 

where 𝑧𝑗𝑝

𝑆𝑅𝐶2 and 𝑧𝑗𝑝

𝑂𝑅𝐶2 are the binary variables indicating the existence of heat exchangers 

providing heat to cold stream 𝑗𝑝 from the SRC and ORC, respectively. 

For the high pressure steam heater employed to heat cold stream 𝑗𝑝: 

𝑞𝑗𝑝

𝐻𝑃𝑆 − 𝑄𝑗𝑝

𝑀𝑎𝑥𝑧𝑗𝑝

𝐻𝑃𝑆 ≤ 0,   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝    (87) 
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Each heat exchanger in the interplant energy superstructure shown in Figure 5 is 

required to maintain a minimum temperature difference if applied. However, it is not 

necessary to fulfill of the minimum temperature difference constraints for the heat 

exchangers in the superstructure that do not exist in the optimal solution. This is modeled 

through the following logical relationships. 

For the exchanger transferring heat from hot stream 𝑖𝑝 to the SRC: 

𝑑𝑡𝑖
𝑆𝑅𝐶1−2 ≤ 𝑡𝑖𝑝

𝑂𝑅𝐶1 − 𝑇𝑆𝑅𝐶1
𝐼𝑛 + ∆𝑇𝑖𝑝

𝑆𝑅𝐶𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝑆𝑅𝐶1),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝

           (88) 

where 𝑑𝑡𝑖𝑝

𝑆𝑅𝐶1−2 and ∆𝑇𝑖𝑝

𝑆𝑅𝐶𝑀𝑎𝑥 are the temperature difference between hot stream 𝑖𝑝 at 

the 𝑂𝑅𝐶 temperature location and the inlet to the SRC heat exchanger and maximum 

temperature difference between hot stream 𝑖𝑝 and the SRC stream inlet, respectively. 

Notice in Figure 5 for the other end of this heat exchanger, the temperatures are known 

parameters (𝑇𝑖𝑝

𝐼𝑛 − 𝑇𝑆𝑅𝐶1
𝑂𝑢𝑡 ). Therefore, this constraint is not required.  

For the heat exchanger transferring heat from hot stream 𝑖𝑝 to the ORC: 

𝑑𝑡𝑖𝑝

𝑂𝑅𝐶1−1 ≤ 𝑡𝑖𝑝

𝑂𝑅𝐶1 − 𝑇𝑂𝑅𝐶1
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝑂𝑅𝐶1𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝑂𝑅𝐶1),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝

           (89) 

𝑑𝑡𝑖𝑝

𝑂𝑅𝐶1−2 ≤ 𝑡𝑖𝑝

𝐴𝑅1 − 𝑇𝑂𝑅𝐶1
𝐼𝑛 + ∆𝑇𝑖𝑝

𝑂𝑅𝐶1𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝑂𝑅𝐶1),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝

           (90) 

where 𝑑𝑡𝑖𝑝

𝑂𝑅𝐶1−1 and 𝑑𝑡𝑖𝑝

𝑂𝑅𝐶1−2 are the temperature difference between hot stream 𝑖𝑝 and 

the ORC stream outlets and inlets, respectively. ∆𝑇𝑖𝑝

𝑂𝑅𝐶1𝑀𝑎𝑥 is the maximum temperature 

difference between hot stream 𝑖𝑝 and the ORC streams. 
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For the heat exchanger withdrawing heat from hot stream 𝑖𝑝 to power the AR 

cycle: 

𝑑𝑡𝑖𝑝

𝐴𝑅1−1 ≤ 𝑡𝑖𝑝

𝐴𝑅1 − 𝑇𝐴𝑅1
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐴𝑅1𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝐴𝑅1), 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝 (91) 

𝑑𝑡𝑖𝑝

𝐴𝑅1−2 ≤ 𝑡𝑖𝑝,1 − 𝑇𝐴𝑅1
𝐼𝑛 + ∆𝑇𝑖𝑝

𝐴𝑅1𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝐴𝑅1),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝 (92) 

where 𝑑𝑡𝑖𝑝

𝐴𝑅1−1 and 𝑑𝑡𝑖𝑝

𝐴𝑅1−2 are the temperature difference between hot stream 𝑖𝑝 and the 

AR cycle stream outlets and inlets, respectively. ∆𝑇𝑖𝑝

𝐴𝑅1𝑀𝑎𝑥 is the maximum temperature 

difference between hot stream 𝑖𝑝 and the AR cycle streams. 

For the heat exchanger between hot stream 𝑖𝑝 and cold stream 𝑗𝑝′ : 

𝑑𝑡𝑖𝑝,𝑗𝑝′ ,𝑘 ≤ 𝑡𝑖𝑝,𝑘 − 𝑡𝑗𝑝′ ,𝑘 + ∆𝑇𝑖𝑝,𝑗𝑝′
𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝,𝑗𝑝′,𝑘),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑝′ ∈

𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝′ ∈ 𝐶𝑆𝑝′, 𝑘 ∈ 𝑆𝑇          (93) 

𝑑𝑡𝑖𝑝,𝑗𝑝′ ,𝑘+1 ≤ 𝑡𝑖𝑝,𝑘+1 − 𝑡𝑗𝑝′ ,𝑘+1 + ∆𝑇𝑖𝑝,𝑗𝑝′
𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝,𝑗𝑝′,𝑘),   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈

𝐻𝑆𝑝, 𝑝′ ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝′ ∈ 𝐶𝑆𝑝′, 𝑘 ∈ 𝑆𝑇       (94) 

For the coolers employing cooling water for hot stream 𝑖𝑝: 

𝑑𝑡𝑖𝑝

𝐶𝑊−1 ≤ 𝑡𝑖𝑝,𝑁𝑂𝐾+1 − 𝑇𝐶𝑊
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐶𝑊𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐶𝑊),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝

           (95) 

𝑑𝑡𝑖𝑝

𝐶𝑊−2 ≤ 𝑡𝑖𝑝

𝐴𝑅2 − 𝑇𝐶𝑊
𝐼𝑁 + ∆𝑇𝑖𝑝

𝐶𝑊𝑀𝑎𝑥 (1 − 𝑧𝑖𝑝

𝐶𝑊),   𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝

           (96) 

For the AR cycle heat exchanger providing sub-ambient cooling to hot process 

stream 𝑖𝑝: 

𝑑𝑡𝑖𝑝

𝐴𝑅2−1 ≤ 𝑡𝑖𝑝

𝐴𝑅2 − 𝑇𝐴𝑅2
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐴𝑅2𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝐴𝑅2),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝 (97) 
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𝑑𝑡𝑖𝑝

𝐴𝑅2−2 ≤ 𝑡𝑖𝑝

𝐶𝑅 − 𝑇𝐴𝑅2
𝐼𝑛 + ∆𝑇𝑖𝑝

𝐴𝑅2𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝐴𝑅2),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝 (98) 

where 𝑑𝑡𝑖𝑝

𝐴𝑅1−1 and 𝑑𝑡𝑖𝑝

𝐴𝑅1−2 are the temperature difference between hot stream 𝑖𝑝 and the 

AR cycle stream outlets and inlets, respectively. ∆𝑇𝑖𝑝

𝐴𝑅1𝑀𝑎𝑥 is the maximum temperature 

difference between hot stream 𝑖𝑝 and the AR cycle streams. 

For the compression refrigeration heat exchanger used to cool hot stream 𝑖𝑝: 

𝑑𝑡𝑖𝑝

𝐶𝑅−1 ≤ 𝑡𝑖𝑝

𝐶𝑅 − 𝑇𝐶𝑅
𝑂𝑢𝑡 + ∆𝑇𝑖𝑝

𝐶𝑅𝑀𝑎𝑥(1 − 𝑧𝑖𝑝

𝐶𝑅),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝 (99) 

As with the tenant heat integration superstructure, the temperatures are known 

parameters (𝑇𝑖𝑝

𝑂𝑢𝑡 − 𝑇𝐶𝑅
𝐼𝑛). Therefore, this constraint is not required. 

For the ORC heat exchanger providing heat to cold stream 𝑗𝑝: 

𝑑𝑡𝑗𝑝

𝑂𝑅𝐶2−1 ≤ 𝑇𝑂𝑅𝐶2
𝐼𝑛 − 𝑡𝑗𝑝

𝑆𝑅𝐶2 + ∆𝑇𝑗𝑝

𝑂𝑅𝐶2𝑀𝑎𝑥(1 − 𝑧𝑗𝑝

𝑂𝑅𝐶2),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝 

           (100) 

𝑑𝑡𝑗𝑝

𝑂𝑅𝐶2−2 ≤ 𝑇𝑂𝑅𝐶2
𝑂𝑢𝑡 − 𝑡𝑗𝑝,1 + ∆𝑇𝑗𝑝

𝑂𝑅𝐶2𝑀𝑎𝑥(1 − 𝑧𝑗𝑝

𝑂𝑅𝐶2),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝 

           (101) 

where 𝑑𝑡𝑗𝑝

𝑂𝑅𝐶2−1 and 𝑑𝑡𝑗𝑝

𝑂𝑅𝐶2−2 are the temperature differences between cold stream 𝑗𝑝 and 

the ORC outlets and inlets, respectively. ∆𝑇𝑖𝑝

𝑂𝑅𝐶2𝑀𝑎𝑥 is the maximum temperature 

difference between cold stream 𝑗𝑝 and the ORC streams. 

For the SRC exchanger providing heat to cold stream 𝑗𝑝: 

𝑑𝑡𝑗𝑝

𝑆𝑅𝐶2−1 ≤ 𝑇𝑆𝑅𝐶2
𝐼𝑛 − 𝑡𝑗𝑝

𝐻𝑃𝑆 + ∆𝑇𝑗𝑝

𝑆𝑅𝐶2𝑀𝑎𝑥(1 − 𝑧𝑗𝑝

𝑆𝑅𝐶2),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝 

           (102) 
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𝑑𝑡𝑗
𝑆𝑅𝐶2−2 ≤ 𝑇𝑆𝑅𝐶2

𝑂𝑢𝑡 − 𝑡𝑗𝑝

𝑆𝑅𝐶2 + ∆𝑇𝑗𝑝

𝑆𝑅𝐶2𝑀𝑎𝑥(1 − 𝑧𝑗𝑝

𝑆𝑅𝐶2),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝 

           (103) 

where 𝑑𝑡𝑗𝑝

𝑆𝑅𝐶2−1 and 𝑑𝑡𝑗𝑝

𝑆𝑅𝐶2−2 are the temperature differences between cold stream 𝑗𝑝 and 

the SRC stream outlets and inlets, respectively. ∆𝑇𝑖𝑝

𝑆𝑅𝐶2𝑀𝑎𝑥 is the maximum temperature 

difference between cold stream 𝑗𝑝 and the SRC streams. 

For the high pressure steam heaters providing heat to cold stream 𝑗𝑝: 

𝑑𝑡𝑗𝑝

𝐻𝑃𝑆−2 ≤ 𝑇𝐻𝑃𝑆
𝑂𝑢𝑡 − 𝑡𝑗𝑝

𝐻𝑃𝑆 + ∆𝑇𝑗𝑝

𝐻𝑃𝑆𝑀𝑎𝑥(1 − 𝑧𝑗𝑝

𝐻𝑃𝑆),  𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝 ∈ 𝐶𝑆𝑝  (104) 

Notice in Figure 5 that the temperatures for the cold stream 𝑗𝑝 outlet and the high 

pressure steam inlet are given by the data of the problem (𝑇𝑗𝑝

𝑂𝑢𝑡 − 𝑇𝐻𝑃𝑆
𝐼𝑛 ). 

All the temperature differences for the heat exchangers in the superstructure must 

be greater than the minimum temperature difference: 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝑆𝑅𝐶1−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (105) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝑂𝑅𝐶1−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (106) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝑂𝑅𝐶1−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (107) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐴𝑅1−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (108) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐴𝑅1−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (109) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝,𝑗
𝑝′ ,𝑘, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝, 𝑝′ ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗𝑝′ ∈ 𝐶𝑆𝑝′, 𝑘 ∈ 𝑆𝑇 (110) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐶𝑊1−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (111) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐶𝑊1−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (112) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐴𝑅2−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (113) 
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∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐴𝑅2−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (114) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑖𝑝

𝐶𝑅−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑖𝑝 ∈ 𝐻𝑆𝑝     (115) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑗𝑝

𝑂𝑅𝐶2−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗 ∈ 𝐶𝑆𝑝      (116) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑗𝑝

𝑂𝑅𝐶2−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗 ∈ 𝐶𝑆𝑝      (117) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑗𝑝

𝑆𝑅𝐶2−1, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗 ∈ 𝐶𝑆𝑝      (118) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑗𝑝

𝑆𝑅𝐶2−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗 ∈ 𝐶𝑆𝑝      (119) 

∆𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡𝑗𝑝

𝐻𝑃𝑆−2, 𝑝 ∈ 𝑃𝐿𝐴𝑁𝑇, 𝑗 ∈ 𝐶𝑆𝑝      (120) 

This work considers efficiency factors to model the operation of both power cycles 

and a coefficient of performance to model the AR cycle. 𝐶𝑂𝑃𝐴𝑅 is defined as the 

coefficient of performance for the AR cycle. The model defines the efficiency factors for 

the SRC and ORC as 𝜇𝑆𝑅𝐶  and 𝜇𝑂𝑅𝐶 , respectively. The proposed superstructure considers 

the interactions between the thermodynamic cycles considered and the process streams to 

achieve an integrated scheme.  

The power generated by the SRC depends on an efficiency factor to represent the 

performance of this cycle. Thus, the power produced by the SRC is directly related with 

the external heat supplied as follows: 

𝑃𝑜𝑤𝑒𝑟𝑆𝑅𝐶 = 𝜇𝑆𝑅𝐶 ∑ ∑ 𝑞𝑖𝑝

𝑆𝑅𝐶1
𝑖𝑝∈𝐻𝑆𝑝𝑝         (121) 

where 𝑃𝑜𝑤𝑒𝑟𝑆𝑅𝐶 is the power produced by the SRC. 

After the external energy is used to produce power, the steam is generated at the 

exit of the turbine of the SRC is available to provide energy to the AR cycle, the ORC and 

cold streams. This is provided as: 
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𝑄𝑆𝑅𝐶
𝑀𝑃𝑆 = 𝑄𝐴𝑅

𝑀𝑃𝑆 + 𝑄𝑂𝑅𝐶
𝑀𝑃𝑆 + ∑ ∑ 𝑞𝑗𝑝

𝑆𝑅𝐶2
𝑗𝑝∈𝐶𝑆𝑝𝑝        (122) 

where 𝑄𝑆𝑅𝐶
𝑀𝑃𝑆 is the heat provided by the steam generated by the exit of the SRC turbine. 

𝑄𝐴𝑅
𝑀𝑃𝑆 and 𝑄𝑂𝑅𝐶

𝑀𝑃𝑆 is the heat from the SRC allocated to the AR cycle and ORC, respectively.  

The overall energy balance for the SRC is represented by the following equation: 

𝑃𝑜𝑤𝑒𝑟𝑆𝑅𝐶 = ∑ ∑ 𝑞𝑖𝑝

𝑆𝑅𝐶1
𝑖𝑝∈𝐻𝑆𝑝𝑝 − (𝑄𝑆𝑅𝐶

𝑀𝑃𝑆 + 𝑄𝑆𝑅𝐶
𝐶𝑊 )      (123) 

where 𝑄𝑆𝑅𝐶
𝐶𝑊  is the heat that the SRC rejects to cooling water. 

The desired functionality of the AR cycle is that it supplies a cooling load below 

the ambient temperature to be used by hot streams. The excess heat of the hot streams as 

well as part of the energy provided by the SRC are used to drive the AR cycle. This energy 

balance is stated as follows: 

∑ ∑ 𝑞𝑖𝑝

𝐴𝑅2
𝑖𝑝∈𝐻𝑆𝑝𝑝 = 𝐶𝑂𝑃𝐴𝑅(∑ ∑ 𝑞𝑖𝑝

𝐴𝑅1
𝑖𝑝∈𝐻𝑆𝑝𝑝 + 𝑄𝐴𝑅

𝑀𝑃𝑆 + 𝑄𝐴𝑅
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙)   (124) 

where 𝑄𝐴𝑅
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙  denotes the supplemental heat supplied to drive the AR cycle. 

The power produced by the ORC is given by the equation as follows: 

𝑃𝑜𝑤𝑒𝑟𝑂𝑅𝐶 = 𝜇𝑂𝑅𝐶(∑ ∑ 𝑞𝑖𝑝

𝑂𝑅𝐶1
𝑖𝑝∈𝐻𝑆𝑝𝑝 + 𝑄𝑂𝑅𝐶

𝑀𝑃𝑆)      (125) 

where 𝑃𝑜𝑤𝑒𝑟𝑂𝑅𝐶 is the power produced by the ORC. 

The next energy balance models the performance of the ORC. This is given as:  

𝑃𝑜𝑤𝑒𝑟𝑂𝑅𝐶 = (∑ ∑ 𝑞𝑖𝑝

𝑂𝑅𝐶1
𝑖𝑝∈𝐻𝑆𝑝𝑝 + 𝑄𝑂𝑅𝐶

𝑀𝑃𝑆) − (∑ ∑ 𝑞𝑗𝑝

𝑂𝑅𝐶2
𝑗𝑝∈𝐶𝑆𝑝𝑝 + 𝑄𝑂𝑅𝐶

𝐶𝑊 )   (126) 

where 𝑄𝑂𝑅𝐶
𝐶𝑊  is the heat removed from the ORC via cooling water. 

3.4. Case Study 

The case study developed by Topolski et al. (2018) is used to demonstrate the 

application of the proposed approach. This case study entails the construction of a 
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CHOSYN near a stranded natural gas field to efficiently produce commodity chemicals. 

The two plants proposed as anchor plants include those that convert methane into 

butadiene and benzene. Table 3.1 details the components flowrates of the identified 

byproduct and waste streams for mass integration.  

 

Table 3.1: Flowrates (in kmol/h) of the Chemical Species Discharged from the Two 

Anchor Plants (reprinted from Topolski et al., 2018) 

Species 
Butadiene 

Plant 

Benzene 

Plant 

Total 

 

H2 225 300 525 

CO2 160 40 200 

C2H2 30 0 30 

C2H4 25 0 25 

C4H6 25 0 25 

C6H6 0 25 25 

C10H8 0 80 80 

 

Table 3.2 provides the candidate tenants and products that are considered for 

invitation and to manufacture, respectively. These tenants are represented by their 

characteristic reactions and have an associated annual capital cost, non-feedstock 

operating cost and process yield.  
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Table 3.2: Potential Products for the Tenants and Relevant Data (adapted from Topolski 

et al., 2018) 

Tenant 

Index 

Main Product Basic 

Chemistry 

Non-

Feedstock 

Op. Cost 

($/kmol 

product) 

Annualized 

Fixed Cost 

($/yr)* 

Comments 

1 Acetaldehyde C2H2 + 

H2O → 

CH3CHO 

17.5 6.8*105*P0.7 98% of maximum 

theoretical yield 

is obtained 

2 Ethylene 

Oxide 

C2H4 + 

 0.5 O2 → 

C2H4O 

11.1 8.5*105*P0.65 95% of maximum 

theoretical yield 

is obtained 

3 Methanol 

(via partial 

oxidation) 

CH4 +  

½ O2 → 

CH3OH  

7.6 9.8*105*P0.6 90% of maximum 

theoretical yield 

is obtained 

4 Methanol 

(via CO2 

hydrogenation) 

CO2 +  

3 H2 → 

CH3OH + 

H2O 

13.9 3.6*105*P0.63 85% of maximum 

theoretical yield 

is obtained 

5 Propylene CH3OH 
→  

1/3 C3H6 

+ H2O 

19.2 1.7*105*P0.7 0.4 tonne of 

propylene and 

ethylene is 

produced per 

tonne of 

methanol.**  

6 Phthalic 

Anhydride 

C10H8 + 

4.5 O2 → 

C8H4O3 + 

2 CO2 +  

2 H2O 

41.3 23.1*105* 

P0.6 

93% of maximum 

theoretical yield 

is obtained 

7 Styrene 

Butadiene 

Rubber 

C6H6 + 

C2H4 → 

C8H10 

C8H10 → 

C8H8 + H2 

C4H6 + 

C8H8 → 

C12H14 

36.7 17.6*105* 

P0.6 

97% of maximum 

theoretical yield 

is obtained 

*Based on a 10-year linear depreciation scheme with P being the flowrate of the main product in kmol/h 

**Propylene and ethylene are assumed to be valued at the same price 
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Table 3.3, Table 3.4 and Table 3.5 provide the external raw material price and 

availability, the transfer pricing for components traded between plants and the candidate 

product prices with their respective demand. 

 

Table 3.3: External Source Price and Availability (reprinted from Topolski et al., 2018) 

Fresh 

Source 

Purchased Price 

($/kmol) 

Maximum 

Available Supply 

(kmol/h) 

CH4 2.1 300 

O2 6.4 150 

H2O 

(steam) 
0.1 250 

 

Table 3.4: Values* of Species in Streams Discharged from Anchor Plants (reprinted 

from Topolski et al., 2018) 

Species 
Value 

($/kmol) 

H2 0.35 

CO2 0.00 

C2H2 0.20 

C2H4 0.15 

C4H6 0.20 

C6H6 0.30 

C10H8 0.10 
*The value of the species is also what another plant would pay to obtain the species from another plant 
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Table 3.5: Selling Prices for Main Products of Prospective Tenants with respective 

Market Demands (reprinted from Topolski et al., 2018) 

Potential 

Main 

Products for 

Tenants 

Selling 

Price 

($/kmol) 

Maximum 

Market Demand 

(kmol/h) 

Acetaldehyde 

CH3CHO 
43 150 

Ethylene 

Oxide  

C2H4O 

77 100 

Methanol 

CH3OH 
39 450 

Propylene 

C3H6 
69 100 

Phthalic 

Anhydride 

C8H4O3 

265 75 

Styrene 

Butadiene 

Rubber 

C12H14 

278 50 

 

Table 3.6 provides the anchor hot and cold streams that are identified for interplant 

energy integration. These plants are assumed to be built and internally heat integrated. 

Table 6 displays the hot and cold streams from those plants that are consuming utilities 

which could be used in later energy integration. Table 3.7 shows the types of utilities 

available for all the plants at this location with their respective cost. 
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Table 3.6: Anchor Plant Heat Stream Inventory (Abedi, 2007, Özinan and El-Halwagi, 

2018, and Pérez-Uresti et al., 2017) 

Anchor 

Anchor 

Index 

𝑝 

Stream 

Index 

𝑖𝑝, 𝑗𝑝  

Inlet 

Temperature 

[K] 

Outlet 

Temperature 

[K] 

𝐹𝐶𝑝 

[kW/K] 

Methane 

to 

Butadiene 

Plant 

A1 

𝐻1𝐴1 423 298 187.5 

𝐻2𝐴1 273 200 118.3 

𝐻3𝐴1 396.1 313 304.5 

𝐻4𝐴1 365 313 393.8 

𝐻5𝐴1 381 313 1580.4 

𝐻6𝐴1 423 313 136.6 

𝐻7𝐴1 391 322 34.9 

𝐶1𝐴1 667.7 755 156.3 

𝐶2𝐴1 726 755 67.8 

Methane 

to 

Benzene 

Plant 

A2 

𝐻1𝐴2 598.8 473 249 

𝐻2𝐴2 410.9 293 158 

𝐶1𝐴1 1063 1073 223 

 

Table 3.7: Available Utilities and Service Cost 

Utility  

Cost ($/yr-

kW) 

Cooling Water 20 

Absorption 

Refrigeration 50 

Compression 

Refrigeration 160 

High Pressure Steam 150 

Absorption External 

Cooling 25 

 

The following parameters were considered in the tenant heat integration. The film 

coefficient for all hot streams, ℎ𝐻𝑃, is 2 kW/m2 K and for all cold streams, ℎ𝐶𝑃, is 0.5 
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kW/m2 K. Additionally, the film coefficients defined for cooling water streams, absorption 

refrigeration streams providing sub-ambient cooling, compression refrigeration streams 

and for high pressure steam streams which represented by the parameters ℎ𝐶𝑊, ℎ𝐴𝑅2, ℎ𝐶𝑅, 

and ℎ𝐻𝑃𝑆, respectively. The value of these coefficients are 2.5, 2.3, 0.3 and 5 kW/m2 K, 

respectively The temperatures for the utilities in the proposed superstructure are the 

following: 𝑇CW
𝐼𝑛 = 293𝐾, 𝑇CW

𝑂𝑢𝑡 = 313𝐾; 𝑇AR2
𝐼𝑛 = 263𝐾, 𝑇AR2

𝑂𝑢𝑡 = 264𝐾; 𝑇CR
𝐼𝑛 = 180𝐾, 

𝑇CR
𝑂𝑢𝑡 = 180𝐾 and 𝑇HPS

𝐼𝑛 = 1200𝐾, 𝑇HPS
𝑂𝑢𝑡 = 1199𝐾. 

In addition to the parameters considered for the tenant integration, the following 

parameters are defined for the application of interplant energy integration. An AR cycle 

is available for construction to convert low grade waste heat into sub-ambient cooling. 

The AR cycle uses hot water as heat transfer medium in conjunction with the LiBr-water 

system. The coefficient of performance of absorption refrigeration cycle, 𝐶𝑂𝑃𝐴𝑅, is 0.7. 

The SRC and ORC are also available for construction to convert high and medium grade 

heat into electricity. The efficiency factors involved in the formulation are: 𝜇𝑆𝑅𝐶 = 0.35 

and 𝜇𝑂𝑅𝐶 = 0.3, respectively. The unitary price of the power 𝑆𝑢𝑃𝑃𝑜𝑤𝑒𝑟 = $0.14/𝑘𝑊ℎ  

and the power production costs are 𝑃𝑃𝐶𝑜𝑠𝑡𝑆𝑅𝐶 = $0.10/𝑘𝑊ℎ and 𝑃𝑃𝐶𝑜𝑠𝑡𝑂𝑅𝐶 =

$0.115/𝑘𝑊ℎ for the SRC and ORC, respectively.  

The service temperatures of the exchangers relating to the trigeneration facility in 

the proposed superstructure are the following: 𝑇𝑆𝑅𝐶1
𝐼𝑛 = 653 𝐾, 𝑇𝑆𝑅𝐶1

𝑂𝑢𝑡 = 773 𝐾; 𝑇𝑂𝑅𝐶1
𝐼𝑛 =

333 𝐾, 𝑇𝑂𝑅𝐶1
𝑂𝑢𝑡 = 423 𝐾; 𝑇𝐴𝑅1

𝐼𝑛 = 323 𝐾, 𝑇𝐴𝑅1
𝑂𝑢𝑡 = 353 𝐾; 𝑇𝑂𝑅𝐶2

𝐼𝑛 = 335 𝐾, 𝑇𝑂𝑅𝐶2
𝑂𝑢𝑡 = 333 𝐾; 

and 𝑇𝑆𝑅𝐶2
𝐼𝑛 = 673 𝐾, 𝑇𝑆𝑅𝐶2

𝑂𝑢𝑡 = 653 𝐾. Additional film coefficients are provided for the 

trigeneration plant energy streams which include the AR cycle stream absorbing low grade 
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waste heat, the SRC stream absorbing heat, the SRC stream discharging heat, the ORC 

stream absorbing heat and the ORC stream discharging heat. These coefficients are 

denoted as ℎ𝐴𝑅1, ℎ𝑆𝑅𝐶1, ℎ𝑆𝑅𝐶2, ℎ𝑂𝑅𝐶1 and ℎ𝑂𝑅𝐶2, respectively. The values for these are 2.5, 

2.5, 5, 2.5 and 5, respectively. 

The objective function used for the SSRS superstructure in the mass targeting is 

the maximization of the collective tenant after-tax profits. This equation is stated as 

follows: 

max 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑣𝑒 𝐴𝑓𝑡𝑒𝑟 𝑇𝑎𝑥 𝑃𝑟𝑜𝑓𝑖𝑡 = ∑ (𝑇𝑎𝑥 𝑅𝑎𝑡𝑒 ∗ (𝐴𝑛𝑛𝑢𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑝 −𝑝∈𝑇𝑒𝑛𝑎𝑛𝑡𝑠

𝐴𝑛𝑛𝑢𝑎𝑙 𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐶𝑜𝑠𝑡𝑝 − 𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑝 −

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑝) + 𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑝)   (126) 

The conditions for a tenant to pass the mass targeting include a minimum 10%/yr 

return on investment for each tenant and a collective park CO2 emission limit of 150 

kmol/h. Depreciation is assumed to be linear over 10 years without salvage value. The 

fixed capital investment is assumed to be 85% of the total capital investment. A tax rate 

of 35% is assumed. 

The objective function used to drive the synthesis of the heat exchanger networks 

for the tenants is as follows: 

min 𝐻𝑌 (𝐶𝐶𝑊 [∑ 𝑞𝑖𝑝

𝐶𝑊
𝑖𝑝∈𝐻𝑆𝑝

] + 𝐶𝐴𝑅 [∑ 𝑞𝑖𝑝

𝐴𝑅
𝑖𝑝∈𝐻𝑆𝑝

] + 𝐶𝐶𝑅 [∑ 𝑞𝑖𝑝

𝐶𝑅
𝑖𝑝∈𝐻𝑆𝑝

] +

𝐶𝐻𝑃𝑆 [∑ 𝑞𝑗𝑝

𝐻𝑃𝑆
𝑗𝑝∈𝐶𝑆𝑝

]) + 𝐶𝐹𝑖𝑥 (∑ ∑ ∑ 𝑧𝑖𝑝,𝑗𝑝,𝑘𝑘𝑗𝑝𝑖𝑝
+ ∑ [𝑧𝑖𝑝

𝐶𝑊 + 𝑧𝑖𝑝

𝐴𝑅 + 𝑧𝑖𝑝

𝐶𝑅]𝑖𝑝
+ ∑ 𝑧𝑗𝑝

𝐻𝑃𝑆
𝑗𝑝

) 

           (127) 
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where 𝐶𝐶𝑊, 𝐶𝐴𝑅, 𝐶𝐶𝑅, and 𝐶𝐻𝑃𝑆 are the cost per kWh for cooling water, absorption 

refrigeration, compression refrigeration and high-pressure steam services. 𝐻𝑌 and 𝐶𝐹𝑖𝑥 

represents the annual hours of operation and fixed cost to build a heat exchanger. The 

annualized fixed cost, 𝐶𝐹𝑖𝑥, is assumed to be $4,186 per heat exchanger placement. The 

parameter 𝐻𝑌 is 8,760 h/year. The heat recovery tolerance, 𝛿, is set as 90% 

The objective function used to drive the synthesis of the interplant energy network 

is as follows: 

max 𝑃𝑜𝑤𝑒𝑟 𝑆𝑎𝑙𝑒 − 𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 − 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝐶𝑜𝑠𝑡      (128) 

where 𝑃𝑜𝑤𝑒𝑟 𝑆𝑎𝑙𝑒 is the annual revenue created by generating electricity, 𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 is 

the fixed cost associated with building a heat exchanger and 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝐶𝑜𝑠𝑡 is the cost 

associated with using hot and cold utilities. In turn, 𝑃𝑜𝑤𝑒𝑟 𝑆𝑎𝑙𝑒 is represented as follows: 

𝑃𝑜𝑤𝑒𝑟 𝑆𝑎𝑙𝑒 = 𝐻𝑌𝐷𝑆𝐻((𝑆𝑢𝑃𝑃𝑜𝑤𝑒𝑟 − 𝑃𝑃𝐶𝑜𝑠𝑡𝑆𝑅𝐶)𝑃𝑜𝑤𝑒𝑟𝑆𝑅𝐶 + (𝑆𝑢𝑃𝑜𝑤𝑒𝑟 −

𝑃𝑃𝐶𝑜𝑠𝑡𝑂𝑅𝐶)𝑃𝑜𝑤𝑒𝑟𝑂𝑅𝐶)         (129) 

where 𝐷𝑆𝐻 is the conversion factor from kW to kWh and is equal to 3600. 

𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 is represented by the following relation: 

𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 = 𝐶𝐹𝑖𝑥 (∑ ∑ (𝑧𝑖𝑝

𝑆𝑅𝐶1 + 𝑧𝑖𝑝

𝑂𝑅𝐶1 + 𝑧𝑖𝑝

𝐴𝑅1 + 𝑧𝑖𝑝

𝐶𝑊 + 𝑧𝑖𝑝

𝐴𝑅2 + 𝑧𝑖𝑝

𝐶𝑅)𝑖𝑝𝑝 +

∑ ∑ ∑ ∑ ∑ 𝑧𝑖𝑝,𝑗𝑝′ ,𝑘𝑘𝑗𝑝′𝑝′𝑖𝑝𝑝 + ∑ ∑ (𝑧𝑗𝑝

𝑂𝑅𝐶2 + 𝑧𝑗𝑝

𝑆𝑅𝐶2 + 𝑧𝑗𝑝

𝐻𝑃𝑆)𝑗𝑝𝑝 )    (130) 

and 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝐶𝑜𝑠𝑡 is represented as: 

𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝐶𝑜𝑠𝑡 = 𝐻𝑌 (𝐶𝐶𝑊 ((∑ ∑ 𝑞𝑖𝑝

𝐶𝑊
𝑖𝑝𝑝 ) + 𝑄𝑆𝑅𝐶

𝐶𝑊 + 𝑄𝑂𝑅𝐶
𝐶𝑊 ) + 𝐶𝐶𝑅 (∑ ∑ 𝑞𝑖𝑝

𝐶𝑅
𝑖𝑝𝑝 ) +

𝐶𝐻𝑃𝑆 (∑ ∑ 𝑞𝑗𝑝

𝐻𝑃𝑆
𝑗𝑝𝑝 ) + 𝐶𝐴𝑅

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑄𝐴𝑅
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙)       (131) 
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where 𝐶𝐴𝑅
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the external cooling cost for the AR cycle.  

It could be observed that both objective functions for the tenant heat integration 

and the interplant energy integration lack economies of scale capital cost term relating to 

the sizing the heat exchangers. These objective functions do indirectly account for 

reducing the capital costs by minimizing the fixed costs involved to build exchangers. It 

decided that this was sufficient in optimizing the tenant and interplant energy heat 

exchanger networks and thus demonstrating the overall EIP approach without having the 

difficulties involved with optimizing large scale MINLPs. To compensate for this, the heat 

exchanger capital costing was included in the post processing of the tenant heat and 

interplant energy integration optimization results. The exponent to consider the scale 

economies for all heat exchangers is 0.86. The exchanger area cost coefficient is assumed 

as $322/m2. The minimum temperature difference for both the tenant heat integration and 

interplant energy integration is 10 K.  
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3.5. Results and Discussion 

3.5.1. Mass Targeting 

 

 

Figure 3.6: Preliminary Superstructure of Screened Tenants with Primary Component 

Flowrates (adapted from Topolski et al., 2018) 

 

It is shown in Figure 3.6 that the tenants manufacturing methanol, phthalic 

anhydride and styrene-butadiene rubber are screened for invitation into the EIP. This 
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figure highlights significant mass integration between the anchors and Tenants 4, 6 and 7. 

Cooperation among tenants is observed as byproduct hydrogen from the Tenant 7 is sold 

to the Tenant 4. Alternatively, competition is observed between tenants as the Tenant 6 

and Tenant 3 compete for the same raw material, oxygen.  

 

Table 3.8: Anchor and Screened Tenant Economic Summary from Mass Targeting 

(adapted from Topolski et al., 2018) 

Plant 

Sales 

(MM$/

yr) 

Feedstock 

Cost 

(MM$/yr) 

Annualized 

Fixed Cap. 

(MM$/yr) 

Annualized 

Non-

Feedstock 

Op. Cost 

(MM$/yr) 

After-

tax 

Profit 

($MM/

yr) 

Return on 

Investment 

(%) 

Anchor 1 0.77 -- -- -- 0.50 -- 

Anchor 2 0.99 -- -- -- 0.64 -- 

Tenant 3 80.35 12.13 25.95 15.66 43.24 14.17 

Tenant 4 53.17 1.68 8.66 18.95 24.18 23.74 

Tenant 6 9.28 1.09 5.31 1.45 6.24 10.00 

Tenant 7 59.13 0.14 11.92 7.80 37.45 26.70 

 

Table 3.8 illustrates the opportunities presented from the mass targeting 

application. Both anchor plants see modest gains from the sale of their byproducts at this 

stage of screening. However, the sale of these byproducts serves as a benefit for the 

construction of tenants as their feedstock costs are significantly reduced. This allows the 

tenants to be profitable despite having lower plant capacities and the external market 

conditions. The tenants observed in Table 3.8 and Figure 3.6 also pass the screening for 
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the additional constraints placed in the screening which include maintaining a minimum 

10% ROI and a maximum park process-related CO2 emission rate.  

3.5.2. Internal Tenant Heat Integration and Stream Reservation 

The tenant screening from the mass targeting section of the approach alleviates the 

user’s expense for data collection of hot and cold streams by excluding potentially 

uneconomic tenants. As these tenants are screened, further evaluation is made via heat 

integration to increase the profitability and sustainability of each tenant. The iterative heat 

integration procedure is applied to each tenant to determine the internal heat exchanger 

network as well as which hot streams are reserved for the later interplant energy 

integration. Each heat integration iteration is performed by optimizing Eqn (127) subject 

to Eqns (17) – (52). Following the iterative heat integration of each tenant, waste heat and 

reserved heat from hot streams are consolidated into a park stream inventory of which 

interplant energy integration is conducted upon.  

Tenant 3. Stream data is assembled from the methanol plant process design put 

forth by Ehlinger et al. (2013). Heat capacity flowrates are scaled down to match the 

capacity determined in the mass targeting steps. Table 3.9 describes the stream inventory 

for this tenant. 
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Table 3.9: Tenant 3 Stream Inventory (Ehlinger et al., 2013) 

Stream 

Index 

𝑖𝑝, 𝑗𝑝 
Inlet 

temperature [K] 

Outlet 

temperature [K] 

𝐹𝐶𝑝 

[kW/K] 

𝐻1𝑇3 597 313 6.5 

𝐻2𝑇3 420 318 13.2 

𝐻3𝑇3 1544 313 8.3 

𝐻4𝑇3 513 423 17.0 

𝐶1𝑇3 299 473 1.6 

𝐶2𝑇3 313 573 6.3 

 

The iterative heat integration procedure is applied to this tenant and results in the 

heat exchanger network observed in Figure 3.7. The first iteration of heat integration with 

all streams in Table 3.9 included results in a maximum observed heat recovery of 1916.4 

kW. The extraction of hot streams 𝐻3𝑇3 and 𝐻4𝑇3, and subsequent heat integration results 

in a heat exchanger network where the nominal heat recovery is equal to the maximum 

heat recovery. The extraction of 𝐻1𝑇3, 𝐻3𝑇3 and 𝐻4𝑇3 leads to heat exchanger network 

design where nominal heat recovery is 1475.4 kW. This design violates the 90% maximum 

heat recovery tolerance and so this heat exchanger network design is discarded.  
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Figure 3.7: Tenant 3 Heat Exchanger Network 

 

Tenant 4. The stream inventory in Table 10 is developed from Perez-Fortes et al. 

(2016). The capacity from this study is reduced from 1719 kmol/hr to 157 kmol/hr to 

match the capacity of Tenant 4 determined in the mass targeting. 
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Table 3.10: Tenant 4 Stream Inventory (Perez-Fortes et al., 2016) 

Stream 

Index 

𝑖𝑝, 𝑗𝑝 

Inlet 

Temperature 

[K] 

Outlet 

Temperature [K] 

𝐹𝐶𝑝 

[kW/K] 

𝐻1𝑇4 413 303 1.7 

𝐻2𝑇4 409 302 1.7 

𝐻3𝑇4 383 301 1.8 

𝐻4𝑇4 349 308 46.7 

𝐻5𝑇4 340 337 529.3 

𝐻6𝑇4 352 313 42.6 

𝐻7𝑇4 349 308 46.7 

𝐻8𝑇4 561 503 3.2 

𝐻9𝑇4 1473 519 1.5 

𝐶1𝑇4 372 374 562.6 

𝐶2𝑇4 314 335 25.4 

 

Of the streams in Table 3.10, 𝐻8𝑇4 and 𝐻9𝑇4 are extractable to produce electricity. 

Upon the first iteration of the iterative heat integration procedure, the maximum amount 

of heat recovery is determined to be 1658.6 kW. Extracting 𝐻9𝑇4 reduces Tenant 4’s heat 

recovery by 51%. However, extracting 𝐻8𝑇4 shows to have no effect in reducing the 

tenant heat recovery when compared to the maximum heat recovery. It was resolved to 

split 𝐻9𝑇4 into the two hot streams 𝐻9𝑇4 and 𝐻9′𝑇4 where 𝐻9𝑇4 is the higher-grade 

temperature stream with new target temperature of 1092.8 K and 𝐻9′𝑇4 is the lower-grade 

temperature stream with a new supply temperature of 1092.8 K. This stream is split in a 

way such that the higher-grade hot stream is reserved for the possibility of producing 

electricity while the lower-grade hot stream is heat integrated to meet internal heating 

needs while satisfying the minimum 90% of max heat recovery tolerance. Figure 3.8 
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illustrates the final design of Tenant 4’s heat exchanger network with 𝐻8𝑇4 and 𝐻9𝑇4 

extracted.  

 

 

Figure 3.8: Tenant 4 Heat Exchanger Network 

 

Tenant 6. The data in Table 3.11 is taken from Perez-Uresti et al. (2017) and 

adjusted for to meet the capacity of Tenant 6 determined from the mass targeting section 

of the approach. 
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Table 3.11: Tenant 6 Stream Inventory (Perez-Uresti et al., 2017) 

Stream 

Index 

𝑖𝑝, 𝑗𝑝 
Supply 

temperature [K] 

Target 

temperature [K] 

𝐹𝐶𝑝 

[kW/K] 

𝐻1𝑇6 633 433 2.9 

𝐻2𝑇6 464 463 264.8 

𝐶1𝑇6 437 513 2.4 

𝐶2𝑇6 513 514 250.33 

 

The candidate hot streams from Tenant 6 that usable for interplant energy 

integration are 𝐻1𝑇6 and 𝐻2𝑇6. The initial heat integration determined that the maximum 

heat recovery that Tenant 6 could achieve is 432.73 kW. Subsequent iterations entailed 

extracting either hot process stream and performing the heat integration. It was found that 

by extracting 𝐻1𝑇6, the heat recovery potential is reduced by 90%; extracting 𝐻2𝑇6 had 

no impact on the heat recovery potential. Figure 3.9 illustrates the Tenant 6 heat exchanger 

network with 𝐻2𝑇6 extracted.  
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Figure 3.9: Tenant 6 Heat Exchanger Network 

 

Tenant 7. Tenant 7 was modeled as a combination of different processes. Data for 

the ethylbenzene and styrene and styrene butadiene production processes are taken from 

Yen (1967) and Schwaar (1976). The heat capacity flowrates from these data are scaled 

to meet the capacities of the mass targeting section of the approach. 
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Table 3.12: Tenant 7 Stream Inventory (Yen, 1967) (Schwaar, 1976) 

Stream 

Index 

𝑖𝑝, 𝑗𝑝 
Supply 

temperature [K] 

Target 
temperature [K] 

𝐹𝐶𝑝 

[kW/K] 

𝐻1𝑇7 298 294 34.9 

𝐻2𝑇7 355 328 4.8 

𝐻3𝑇7 356 355 63,373.70 

𝐻4𝑇7 378 377 9027.8 

𝐻5𝑇7 377 259 8.6 

𝐻6𝑇7 353.2 352.6 193.6 

𝐻7𝑇7 369.8 369.3 338.8 

𝐻8𝑇7 369.8 313.7 2.6 

𝐻9𝑇7 408.2 407.6 810.7 

𝐻10𝑇7 354.3 353.7 1415.8 

𝐻11𝑇7 366.5 365.9 1815.1 

𝐻12𝑇7 320.9 320.4 2805.9 

𝐻13𝑇7 330.4 329.8 635.3 

𝐶1𝑇7 301 302 249.1 

𝐶2𝑇7 259.0 289 11.8 

𝐶3𝑇7 375 376 2162.3 

𝐶4𝑇7 416 417 7742.4 

𝐶5𝑇7 354.9 355.4 387.2 

𝐶6𝑇7 354.8 369.8 7.2 

𝐶7𝑇7 472.6 473.2 968.1 

𝐶8𝑇7 413.2 413.7 1742.5 

𝐶9𝑇7 432.6 433.2 907.5 

𝐶10𝑇7 369.3 369.8 291.2 

𝐶11𝑇7 389.3 389.8 211.8 

𝐶12𝑇7 360.4 360.9 1985.3 

𝐶13𝑇7 360.4 360.9 661.8 

 

As seen in Table 3.12, no hot process streams meet the criteria for reservation and 

so the iterative heat integration procedure is not conducted. Heat integration is applied to 

the streams in Table 3.12 to give the results shown in Figure 3.10. 
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Figure 3.10: Tenant 7 Heat Exchanger Network 
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3.5.3. Interplant Energy Integration 

Prior to performing the interplant energy integration, Figure 3.7, Figure 3.8, Figure 

3.9 and Figure 3.10 are analyzed to inventory instances of waste heating and cooling. 

Waste heating and cooling is defined in this study as any energy stream or energy stream 

section that employs any form of utilities to satisfy its heating/cooling needs. Data on the 

tenant stream temperatures and their residual heat content are collected and considered in 

the interplant energy integration section of the approach. This data is complemented by 

the data describing the anchor plant energy streams that are available for integration and 

the tenant energy streams that were reserved in the iterative tenant heat integration 

procedure. Table 3.13 provides an inventory of anchor plant energy streams, tenant waste 

energy streams and tenant reserved energy streams.  
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Table 3.13: Park Stream Inventory 

Plant 

𝑝 

Stream 

Index 

𝑖𝑝, 𝑗𝑝 

Supply 

Temperature 

[K] 

Target 

Temperature 

[K] 

𝐹𝐶𝑝 

[kW/K] 

 𝐴1 

𝐻1𝐴1 423 298 187.5 

𝐻2𝐴1 273 200 118.3 

𝐻3𝐴1 396.1 313 304.5 

𝐻4𝐴1 365 313 393.8 

𝐻5𝐴1 381 313 1580.4 

𝐻6𝐴1 423 313 136.6 

𝐻7𝐴1 391 322 341.9 

𝐶1𝐴1 667.7 755 156.3 

𝐶2𝐴1 726 755 67.8 

 𝐴2 

𝐻1𝐴2 598.8 473 249 

𝐻2𝐴2 410.9 293 158 

𝐶2𝐴2 1063 1073 223 

𝑇3 

𝐻1𝑇3 329 313 6.5 

𝐻2𝑇3 407 318 13.2 

𝐻3𝑇3 1544 313 8.3 

𝐻4𝑇3 513 423 17.0 
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Table 3.13: Park Stream Inventory (Continued) 

Plant 

𝑝 

Stream 

Index 

𝑖𝑝, 𝑗𝑝 

Supply 

Temperature 

[K] 

Target 

Temperature 

[K] 

𝐹𝐶𝑝 

[kW/K] 

 𝑇4 

𝐻1𝑇4 382 303 1.7 

𝐻2𝑇4 382 302 1.7 

𝐻3𝑇4 383 301 1.8 

𝐻4𝑇4 337.6 308 46.7 

𝐻5𝑇4 340 337 529.3 

𝐻6𝑇4 352 313 42.6 

𝐻7𝑇4 349 308 46.7 

𝐻8𝑇4 561 503 3.2 

𝐻9𝑇4 1473 1092.8 1.5 

𝐶1𝑇4 373.7 374 562.6 

 𝑇6 
𝐻1𝑇6 483.7 433 2.9 

𝐻2𝑇6 464 463 264.8 

 𝑇7 

𝐻1𝑇7 298 294 34.9 

𝐻2𝑇7 355 328 4.8 

𝐻3𝑇7 356 355 63,373.7 

𝐻4𝑇7 377.8 377 9027.8 

𝐻5𝑇7 369.7 259 8.6 

𝐻6𝑇7 353.2 352.6 193.6 

𝐻8𝑇7 369.8 313.7 2.6 

𝐻10𝑇7 354.3 353.7 1415.8 

𝐻11𝑇7 366.5 365.9 1815.1 

𝐻12𝑇7 320.7 320.4 2805.9 

𝐻13𝑇7 330.4 329.8 635.3 

𝐶3𝑇7 375.1 376 2162.3 

𝐶4𝑇7 416 417 7742.4 

𝐶7𝑇7 472.6 473.2 968.1 

𝐶8𝑇7 413.2 413.7 1742.5 

𝐶9𝑇7 432.6 433.2 907.5 
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Eqns (53) to (126) are optimized subject to Eqns (128) to (131) of which the capital 

costing of the heat exchangers is omitted to reduce computational complexity and expense. 

The interplant energy integration mathematical model is solved as a MILP with CPLEX 

used as the optimization solver. This model consists of 3,236 equations and 3,377 

variables with 867 of those variables are binary. The program took 628 second to achieve 

an optimal solution with negligible tolerance. The value for the objective function is -

$2,113,746.53/yr which includes the terms for the revenue generated from selling 

electricity, fixed capital costs and the cost of utilities needed to satisfy the heating and 

cooling needs of all plants that the interplant energy integration cannot meet. 

Figure 3.11 displays the result of the interplant energy integration. This figure 

shows a significant reduction in cooling water and high-pressure steam use as well as 

significant energy integration among anchors, tenants and the trigeneration facility. It is 

important to highlight the heat integration between anchors and tenants as well as between 

tenants. Tenant 7 is especially focused upon as it possesses medium grade cooling streams 

and therefore, provides numerous opportunities for heat integration among the other 

plants. All plants illustrated in this figure are energy integrated in various extents with the 

trigeneration facility. Streams that were reserved from the previous iterative tenant heat 

integration procedures are allocated to the SRC and ORC to produce electricity with the 

exception of stream 𝐻8𝑇4 which is used to further satisfy the internal heat requirements 

of Tenant 4 and Tenant 7. Much of the waste heat from the involved plants is used to drive 

the AR cycle to provide sub-ambient cooling in the energy integration network. Tenant 7 
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sees much integration for its possession of medium grade cooling which serves as a major 

sink of the park’s waste heat.  

 

 

Figure 3.11: Interplant Energy Exchanger Network 
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It is observed that Anchor 1 is not included in any integration between other plants 

with the exception of the trigeneration facility. This is attributed to Anchor 1 possessing 

lower grade hot and cold streams which limits the extent of heat integration. There are 

opportunities that exist in this model to transfer high-grade heat from other plants to 

Anchor 1’s cold streams but it is more economical to utilize that high-grade heat to 

produce electricity. Alternatively, cooling utility savings are gained in Anchor 2’s 

operation as heat from Anchor 2’s hot streams are transferred to Tenant 7 cold streams. 

The one cold stream within Anchor 2 is of low quality and will need high-pressure steam 

to meet its target temperature. 

Tenant 7 is significantly integrated among the other tenant plants as well due to 

the high heat capacities of 𝐶3𝑇7 and 𝐶4𝑇7, and their low supply and target temperatures. 

It is significant to highlight that the inclusion of this tenant brings a significant reduction 

of cooling water use when paired with other plants. Integrating this tenant with other plants 

with medium grade hot streams leads to the reduction of high-pressure steam use for 

Tenant 7 when compared to the internal tenant heat integration. Further heat integration 

among partners could be achieved if other plants with a multitude of cold streams available 

for integration. 

The trigeneration facility serves as a significant part of the energy integration 

network due to its abilities to manufacture electricity from high and medium grade heat 

and to produce refrigeration from low grade waste heat. As seen in Figure 3.11, significant 

amounts of low-grade waste heat are allocated to the AR cycle to produce sub-ambient 

cooling which displaces the use of cooling water in the previous internal tenant heat 
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exchanger networks. In this mathematical model, it is determined that it is cheaper to pay 

for the infrastructure to provide this refrigeration rather than pay the external cost for 

cooling water. There are many instances in the energy integration superstructure when low 

grade heat from a hot stream is used to produce refrigeration to cool that said hot stream.  

Figure 3.11 shows that the streams reserved in the previous iterative tenant heat 

integration procedure are allocated for electricity generation with the exception of 𝐻8𝑇4, 

which is used to meet an internal tenant heating requirement. 33 MWh is extracted from 

the anchor and tenant plants to drive the SRC and ORC to produce 12 MWe. The 

reservation of high and medium grade heat during the tenant heat integration in this case 

study confirms the benefits that can be obtained from applying this approach as that high- 

and medium-grade heat may be improperly used if the hot streams were not reserved in 

this approach. The effect of implementing the iterative tenant heat integration procedure 

is the heat exchanger network design where the anchor/tenant plant experiences a 

reduction of cooling utility cost and the trigeneration plant obtains a free carbonless source 

of fuel to generate electricity for sale.  



 

107 

Table 3.14: Economic Summary of Plant Participation in Park through Energy Targeting 

Plant 

Utility 

Cost: 

Internal 

Integration 

($MM/y) 

Utility Cost: 

Interplant 

Integration 

($MM/y) 

Annualized 

Capital Cost: 

Interplant 

Integration 

($MM/y) 

Savings 

($MM/y) 

Anchor 1 8.06 3.96 0.03 4.07 

Anchor 2 1.38 0.35 0.015 1.02 

Tenant 3 0.26 0.0021 0.009 0.25 

Tenant 4 0.18 0.028 0.013 0.14 

Tenant 6 0.0082 0 0.0076 0.0006 

Tenant 7 3.32 0.029 0.017 3.27 

 

In order to determine the magnitude of the shared costs of the heat exchangers, this 

study employs a method that balances capital cost through using a proportional 

relationship of the utility prices of a plant that would pay for heating/cooling a given 

stream if unintegrated. This is represented in this work by the following equations: 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑖𝑝

𝑆ℎ𝑎𝑟𝑒𝑑 = (
𝐶𝐶𝑊

𝐶𝐶𝑊+𝐶𝐻𝑃𝑆
) ∗ 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑖𝑝,𝑗𝑝′    (132) 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑗𝑝

𝑆ℎ𝑎𝑟𝑒𝑑 = (
𝐶𝐻𝑃𝑆

𝐶𝐶𝑊+𝐶𝐻𝑃𝑆
) ∗ 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑖𝑝′,𝑗𝑝

   (133) 

Table 3.14 illustrates the benefits that each plant enjoys if participating in the 

interplant energy integration. The benefactors that have the most to gain their participation 

are both anchors and Tenant 7. Although Tenant 6 has eliminated their heating and cooling 

cost for its participating streams, its annualized capital cost is at parity with its annual 

utility costs prior to integration and so sees little benefit in participating. The remaining 

tenants see modest gains in their participation and the high relative savings may validate 

their participation. 
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Table 3.15: Economic and Sustainability Summary of Trigeneration Facility Targeting 

Total Power Sale (MM$/yr) 14.19 

ORC Production Costs (MM$/yr) 2.78 

SRC Production Costs (MM$/yr) 2.42 

AR Production Costs (MM$/yr) 0.70 

Net Income (MM$/yr) 8.30 

Avoided Natural Gas Consumption 

(kton/yr) 141.79 

 

The costing of all the trigeneration-related exchangers that are trading heat with 

the anchor and tenant plants are included in the economic evaluation of the trigeneration 

facility. As seen in Table 3.15, the trigeneration appears to be a profitable enterprise at 

this level of screening. It is important to highlight that the circumstances of the screening 

include linear correlations to determine production costs of electricity as well as the direct 

access to free waste heat that would drive the equipment. Utilizing the waste heat as a fuel 

to generate electricity avoids the use of 140 kton/yr of natural gas use, assuming a natural 

gas heating value of 13.1 kWh/kg. It is recommended to proceed into the detailed design 

of the facility in this case study.   
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Table 3.16: Percent Reduction of Utilities Use of the Participating Streams from Each 

Plant in the Interplant Energy Integration (in %) 

Plant CW CR HPS 

Anchor 1 94.6 0 0 

Anchor 2 100 0 0 

Tenant 3 99.2 0 0 

Tenant 4 81.8 0 100 

Tenant 6 100 0 0 

Tenant 7 99.3 0 100 

 

The interplant energy integration network succeeds in converting the tenant waste 

heat into valuable utilities as well as reducing their respective cooling duty and reducing 

the expensive heating duty for tenants. As seen in Table 3.16, there were no opportunities 

to reduce the utility use of compression refrigeration as there are no high-quality cold 

streams that could accept that low grade heat. Few opportunities are available to reduce 

the high-pressure steam use as seen in Figure 3.11 for Tenant 4 and Tenant 7. Much of the 

cost saving is driven by the reduction of cooling water use and the production of absorption 

refrigeration from waste heat to supplement the need for hot stream cooling.  

3.5.4. Combined Economic Assessment of Mass and Energy Targeting 

It is significant to iterate that although potential tenants are screened, and mass and 

energy superstructures are developed, the user of this approach has the final decision on 

what tenants to invite. As seen in in Figure 3.1, the user can decide to reiterate the approach 

with updated criteria if it is determined if the result(s) deem unsatisfactory. For this study, 
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a decision on which tenants to invite for the next stage of design is made based on their 

economic merits. 

 

Table 3.17: Economic Assessment of Mass and Energy Targeting in the Approach for 

Selecting Tenants to Invite and Integrate 

Plant 

Sales 

(MM$/yr) 

Feedstock 

Cost 

(MM$/yr) 

Annualized 

Fixed Cap. 

(MM$/yr) 

Annualized 

Op. Cost 

(MM$/yr) 

After Tax 

Profit 

($MM/yr) 

Return 

on 

Investme

nt (%) 

Anchor 1 0.767 -- 0.029 -4.073 3.156 929.65 

Anchor 2 0.989 -- 0.015 -1.016 1.309 719.19 

Tenant 3 80.348 12.132 25.955 15.408 43.409 14.22 

Tenant 4 53.166 1.684 8.669 18.806 24.273 23.80 

Tenant 6 9.28 1.088 5.313 1.445 6.245 9.99 

Tenant 7 59.13 0.142 11.939 4.525 39.579 28.18 
* Negative values indicate savings 

 

With Table 3.8, Table 3.14 and Table 3.17, it is observed that different participants 

benefited from different sections of the approach. Tenants 3 and 4 benefited from the mass 

targeting section of the approach while both anchors benefited from the energy targeting 

section of the approach. Tenant 7 is the only screened plant to enjoy benefits from both 

sections of the approach. In Table 17, anchor participation in the park integration is 

rewarded with the payback periods of 1.29 and 1.67 months for Anchors 1 and 2, 

respectively. This is driven by the energy targeting step of the approach. When comparing 

Table 3.8 with Table 3.17, a small uptick of ROI observed for Tenants 3 and 4 due to 

relatively low impact of the energy targeting. Tenant 3 is especially highlighted as it is 

involved in the park through a low degree integration among other park participants as 
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seen in Figure 3.6 and Figure 3.11. Also seen in Figure 3.6 and Figure 3.11 is that the 

benefits that Tenant 7 reaped are mirrored in its level of integration with other plants.  

All tenants previously screened in the mass targeting section of the approach would 

be recommended for invitation into the EIP with the exception of Tenant 6. When 

comparing Table 3.8 with Table 3.17, it is observed that the ROI of Tenant 6 decreases 

when applying the park energy targeting. Also, whereas a minimum 10% ROI is deemed 

necessary for consideration to be included into the EIP in the mass targeting section of the 

approach, it may not be a sufficient condition for invitation into the EIP. The impact of 

excluding Tenant 6 on other participating plants is predicted to be minimal as seen in 

Figure 3.6 and Figure 3.11 where there is little energy integration and that Tenant 6 is a 

benefactor in obtaining its raw materials from the Anchor 2. Tenants that are excluded are 

done so on the basis that they should possess stable economic health as the invited tenants 

may feature as anchor plants in future park expansion projects. Unstable economic health 

of one plant may compromise the health of other participating plants in the park.  

The demonstration of the approach to this case study illustrates the richness of 

solutions that could be obtained when considering additional tenants for invitation. This 

demonstration shows that despite the limited benefits that are accrued by some 

participating plants from the mass targeting section of the approach, these benefits could 

be bolstered significant through additional energy targeting. A limitation of this approach 

is that tenants that rely heavily on utilities rather than raw materials for operation may be 

unnecessarily ruled out as the tenants did not meet the criteria established in the mass 

targeting section of the approach. The development of alternative approaches in selecting 
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tenants are necessary when addressing the invitation of tenants that rely on utility usage 

for operation. This may be accomplished via developing a sequential approach that 

considers energy targeting for tenant selection first followed by mass targeting or a 

simultaneous approach that selects tenants to invite while considering both mass and 

energy characteristics. 

3.6. Conclusion 

This chapter has addressed the problem of designing CHOSYNs with mass and 

energy considerations. A hierarchical approach has been introduced to establish 

performance benchmarks, to guide the selection of tenants to invite, and to create 

synergistic opportunities for integrating mass and energy among the participating plants. 

Atomic targeting and multi-scale optimization approaches are coupled with multi-plant 

heat and power integration. The proposed approach decomposes the CHOSYN design task 

of selecting tenants to invite into a series of sub-problems that address high level decisions 

before proceeding into the detailed network designs. Decisions on screening potential 

tenants are first through mass targeting techniques and then is followed with energy 

targeting techniques. The mass targeting techniques employ fundamental chemical 

processing information to screen tenants. The energy targeting techniques apply 

superstructures to reserve high grade heat streams for the subsequent interplant energy 

integration where the production of utilities is considered. The culmination of this 

approach is a set of tenant plants that are sized and integrated among themselves and the 

anchors. A case study is solved to demonstrate the application of this approach. The results 

of the case study illustrate each participating plant gaining significant benefits from 



 

113 

different sections of the approach. These results also illustrate that among the selected set 

of screened tenants, invitation of certain tenants might be withheld and therefore, excluded 

from further detailed design.  
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4. CONCLUSIONS 

In this study, methodological approaches are proposed for the synthesis of EIPs. 

These approaches are inspired by the Anchor-Tenant Model for EIPs synthesis where 

Tenants are screened prior to selection for construction and integration with the Anchors. 

Process systems engineering techniques are incorporated into these approaches where 

performance benchmarking is used to determine the viability of a Tenant being included 

into the EIP. Chapter II addressed the screening of Tenants based on the material 

throughputs of both Anchors and Tenants in a multi-scale process systems approach. 

Chapter III expanded process systems approach introduced by Chapter II to include the 

consideration of the Anchor and Tenant energy throughputs within in the screening of 

Tenants. The culmination of the approach application indicates unique plant synergies and 

significant economic and sustainable benefits. 

The multi-scale process systems approach introduced in Chapter II addresses 

Tenant screening through employing multiple mass integration techniques. Products to 

manufacture are screened by optimizing the overall atom balance of the EIP design 

system. Product screening is followed by optimizing a preliminary superstructure that 

screens Tenants as well as determines the flowrates of significant chemical species 

transferred between plants. These techniques are presented as flexible frameworks where 

the objective function being optimized could include considerations for economics, safety, 

pollution prevention and etc. The approach applied to the case study in Chapter II 

considered economics in the objective functions and constraints with an emissions limit 

placed on carbon dioxide. The demonstration of the approach on the case study indicates 
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the potential interaction between EIP participants as examples of synergism and 

competition being present. The case study results also showed the potential profitability 

of lower capacity Tenants as their raw material costs are substantially lower when 

compared to their unintegrated counterparts.  

It is also significant to consider the energy throughput characteristics of each plant 

participating in the EIP as additional interactions could be accounted for. The approach in 

Chapter III expands the approach from Chapter II by including energy integration 

techniques to screen tenants subsequent to the screening performed by mass integration 

techniques. This approach extension recognizes that there are opportunities to convert 

Tenant high grade heat into profitable electricity. This extension establishes the heat 

exchanger networks for the screened Tenants such that high grade hot streams are 

extracted without compromising the extent of heat integration for the said Tenants. These 

hot streams along with the residual hot and cold streams are applied in an interplant energy 

integration technique to determine the allocation of heat in an interplant heat exchanger 

network and the sizing of a trigeneration facility that provides electricity, steam and 

refrigeration. The case study from Chapter II is extended to demonstrate the application 

of this approach extension. The results of the case study elucidate additional areas for EIP 

participant interaction as well as increased economic and sustainable benefits. 

This work has generated new ideas of interest to pursue for further investigation. 

Chapter III elucidates the deficiencies of the proposed approach when it comes to 

evaluating the fit of Tenants in an EIP when the Tenants rely heavily on energy for their 

operation. These Tenants may be excluded from the mass integration section of the 
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approach but would serve as a good fit in situations where there is a bountiful source of 

waste energy. One research direction to approach this is to modify the approach such that 

energy targeting is conducted first, followed by mass targeting. The emissions determined 

from the energy targeting could be used as an input for the subsequent mass targeting. 

Another direction could be the development of a process systems engineering technique 

that addresses the screening of tenants via simultaneous mass and energy targeting. This 

technique should also consider the option to use byproduct and waste material streams as 

a fuel gas to supply energy to EIP participants. Likewise, burning fuel gas results in carbon 

dioxide as a waste product which should also be considered. 

The question of EIP participant reliability is also significant to the formation of the 

EIP complex. What participating plants in the EIP will experience adverse economic 

effects if another EIP participant shuts down for maintenance? In light of these situations, 

would it make economic sense to retrofit the participating plant or EIP to provide a 

material stream that the plant in shutdown would otherwise provide? Could flexibility be 

enabled through the invitation of additional tenants that provides key byproduct material 

streams that other EIP participants can use to continue operation?  

These questions could be addressed through the development of a mass targeting 

technique that considers the reliability of each plant via the on-stream factor. The mass 

targeting superstructure of the SSRS technique could be complemented with a targeting 

formulation for developing a gantt chart. Certain tenants could be invited to enable better 

EIP operation flexibility by taking this approach. Possible tenants may be a process that 

provides a single byproduct stream or processes that can provide different byproducts 
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depending on its mode of operation. An example of the latter is an ethane steam cracker 

which could maximize its production of ethylene or maximize the generation of 

byproducts such as propylene and butadiene. Any excess byproduct hydrocarbons not 

utilized in park operation could be delivered to a furnace to generate steam in order to 

generate an energy credit for the material source plant.  

An analog to the iterative heat integration procedure in Chapter III that addresses 

the selection of material sinks of tenants to participate in the mass integration could be 

developed. Heuristic rules assessing the cost/benefit of including given material sink from 

a plant could be used to determine that sinks participation in the subsequent mass 

integration. The consideration of material sinks rather than material source is significant 

as not meeting the requirements of the sinks will have negative effects on the participating 

plants on-stream factor and economic performance. The intent on reserving material sinks 

is to improve sustainable outcomes from sharing byproduct and waste streams while 

maintaining a given on-stream factor or economic performance.  

Lastly, it may be of interest to extend the application of fundamental chemical 

processing information in Chapter II to include energetic phenomena such as the heats of 

reaction. It is recognized as the heat of reaction is not an accurate indicator of the energy 

characteristic of a plant. However, this could be used as a high-level method to screen 

possible tenants to invite into the EIP. This method could also be used to screen potential 

reactor combinations to generate novel intensified processes. Smaller process system 

scales would be of interest to determine synergistic mass and energy phenomena between 

reactions to identify novel chemical processes to investigate further in detail.  
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