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Abstract 

Discharge of industrial wastes represents one of the paramount threats to the 

environment. The adoption of integration and monetization schemes presents a 

sustainable approach to handling industrial wastes through the utilization of an eco-

industrial park (EIP). One particular case of an EIP involving hydrocarbons is known 

as the carbon-hydrogen-oxygen symbiosis network (CHOSYN). Distinctive 

characteristics of the CHOSYN include converting the wastes into value-added 

chemicals and the ability to perform multiscale targeting that benchmarks the 

performance from the atomic scale to the large-scale implementation. 

In this research, it is desired to design a sustainable CHOSYN. Several models were 

formulated to address various research gaps and design areas within the CHOSYN.  For 

instance, the current approaches focused on incorporating mass and economic 

objectives to guide the synthesis of the CHOSYN. Major criteria such as safety and 

sustainability were not included as driving objectives for the CHOSYN design. 

Therefore a rigorous model was developed to guide the design of a CHOSYN based on 

multi-criteria such as economic, safety and sustainability. The previous criteria are 

optimized simultaneously to reach a sustainable CHOSYN design. A recycling 

framework was also integrated into the CHOSYN design to elevate the economic and 

sustainability performance of the proposed CHOSYN 

Next, research on water integration was not covered in the CHOSYN design. 

Additionally, in most cases, mass and water networks are designed separately. Water 

can exist in mass networks as a raw material or waste, while it can also exist in water 

networks as a utility for cooling or heating purposes.  Thus, a universal model was 

developed to design mass and water integration networks simultaneously in the 

CHOSYN. The model is also embedded with economic and sustainability criteria for 

multi-criteria optimization.  

Finally, the existing approaches assumed steady-state operations in the design of 

CHOSYNs. Various plants can have multiple operation modes. For instance, 

biorefineries may have more than one operation period depending on the raw material 

availability. Thereupon, a model was formulated to address multiperiod operations in 

the CHOSYN design. A storage and dispatch system has been integrated to provide 

valuable degrees of freedom for the CHOSYN design and operation 
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It is anticipated that the formulated mathematical models are applicable for the design 

of any future CHOSYN project. The developed models can also be used as a 

preliminary design tool to assist engineers during the initial design phase. 
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Chapter 1 Introduction 

1.1  Overview  

1.1.1 Sustainable development  

Sustainable development is a concept that emerged in 1987, which can be defined as 

“development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs“ [1]. Sustainability possesses three 

reinforcing pillars, which are often used as sustainability indicators for industries. The 

first pillar is environmental sustainability, which prevents nature from being used as an 

inexhaustible resource and ensures its protection and rational usage. The second pillar 

is social sustainability, which points to the development of people, communities, and 

cultures in order to achieve reasonably, and fairly distributed quality of life, healthcare, 

and education across the globe. The third and final pillar is economic sustainability, 

which focuses on equal economic growth, thereby generating wealth for all individuals 

without harming the environment.  

Within the chemical industry, numerous literature reviews attempted to quantify the 

three pillars of sustainability [2-4]. For instance, Azapgic et al. [5] introduced a 

framework that entails environmental (environmental impacts and efficiency), 

economical (financial and human capital indicators) and social (ethics and welfare 

indicators) aspects in the plant design. Later, a categorization framework with 

sustainability assessment tools based on indicators/indices, product-related assessment, 

and integrated assessment tools was reported [6]. Additionally, critical review and 

analysis for environmental indicators were performed [7-9]. 

1.1.2 Integrated biorefinery  

Despite the necessity for being sustainable, there exists a huge gap between the global 

energy demand and its supply, in addition to a sharp increase in greenhouse gas 

emissions [10]. The global energy demand is forecasted to progressively escalate by 

1.3% each year till 2040 [10]. The international energy agency [10] predicted a sharp 

decrease in 2040 in oil demand by up to 50%. Renewable energy, on the other hand, is 

expected to provide up to 2260 Mtoe in 2040 [10]. These significant changes in energy 

consumption are primarily due to the non-renewable fossil fuel contributing massively 

to carbon emissions [11]. As a result, global energy researchers are veering towards 
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sustainability and renewable sources of energy [12]. To alleviate these detrimental 

effects, significant initiatives have been launched in order to generate fuels from 

renewable resources (e.g., biofuels) and upgrade current designs to achieve 

environmental sustainability. An emerging solution to increase economic performance 

while acquiring sustainability is the formation of integrated biorefineries based on eco-

industrial park (EIP) concept. 

The concept of biorefinery arose in the late 1990s due to the scarcity of fossil fuels and 

the increasing tendency of biomass usage as a renewable feedstock for the production 

of biofuels [13]. Green biorefinery is defined as “A complex (to fully integrated) 

systems of sustainable, environmentally and resource-friendly technologies for the 

comprehensive (holistic) material and energetic utilization as well as the exploitation 

of biological raw materials in the form of green and residue biomass from a targeted, 

sustainable regional land utilization” [14]. The term biorefinery was also defined by the 

American National Renewable Energy Laboratory (NREL) as “A facility that integrates 

biomass conversion processes and equipment to produce fuels, power and chemicals 

from biomass” [15]. The early development of biorefineries was confined to individual 

feedstocks of biomass. Later, integrated biorefineries that can handle multiple biomass 

feedstocks were developed. The goal of such a system is to supply a sustainable biofuel 

in addition to the production of biochemicals (e.g., methanol, syngas, glycerol, ether, 

etc.) with minimum wastes [16]. To date, immense well-established bioconversion 

technologies have been proposed for the conversion of biomass into a wide range of 

value-added products [17]. As a result, the need for systematic screening tools to filter 

the available numerous reaction pathways into optimum pathways has increased [17]. 

Numerous mathematical optimization techniques have been developed for the design 

of integrated biorefineries, as well as insight-based approaches [17]. For instance, Ng 

et al. developed several methods to synthesize and screen the potential alternatives for 

an integrated biorefinery [18-21]. 

Despite the various studies on biorefineries design, it is not yet as competitive as 

petrochemical refineries. This is generally due to the costs stemming from the design 

and technologies used to convert the biomasses to value-added products. One of the 

main prevailing technologies in biorefineries is the production of biodiesel. Although 

the biodiesel production route is very attractive than the petro-diesel, it is faced with 

several economic hurdles. One way to overcome these hurdles is glycerol valorization, 
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a by-product of the biodiesel production process. For that particular reason, the general 

EIP design model proposed in this research can be utilized in order to improve the 

competitiveness of biorefineries in terms of profit, sustainability, and safety. 

Additionally, glycerol valorization has been integrated as part of the case study solved. 

1.2 Research objectives  

The proposed research aims to achieve the following objectives: 

• To synthesize a carbon-hydrogen-oxygen symbiosis network (CHOSYN) 

via multi-objective mathematical optimization modeling with minimal 

resource consumption. 

• To synthesize a simultaneous mass and water network in the CHOSYN.  

• To synthesize a multiperiod CHOSYN via the incorporation of a storage and 

dispatch system. 

1.3 Research gaps and contribution   

• A special case of EIPs is known as carbon-hydrogen-oxygen symbiosis 

network (CHOSYN). The CHOSYN is based on the same concept as the 

EIP, but it focuses on hydrocarbon processing plants and chemical species 

that have carbon, hydrogen and oxygen atoms in their atomic constituents. 

Currently, the focal point of most of the approaches in the design of 

CHOSYNs is economics. Safety and sustainability criteria were not 

embraced in the CHOSYNs design as driving objectives in the early process 

development phase. Therefore in this research, a universal mathematical 

model has been developed to synthesize a CHOSYN via multi-criteria 

optimization. The model reconciles multiple criteria, including economic, 

safety and sustainability criteria. The solutions output of the model can not 

only show the number of collaborating plants and the extent of the 

collaboration but also the chemistry needed to transform the by-products 

and wastes into value-added products and the allocation of the products to 

participating plant sinks. 

• Various researches addressed mass and energy integration within the 

CHOSYN design. However,  water integration was not studied before in the 

CHOSYN design. In general, water and mass networks are predominantly 
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designed separately.  Water may be regarded as either raw material, by-

product or waste in mass networks, while it can be used for heating and 

cooling purposes in the water network. Consequently, a rigorous model was 

developed to synthesize mass and water networks within the CHOSYN 

simultaneously. The model performs multi-objective optimization based on 

economic and environmental aspects to pinpoint the preferable integrated 

mass-water CHOSYN design.  

• Almost all the research in the area of the design of CHOSYN assumed 

steady-state operations. This is may not be the actual case for some of the 

plants. For instance, biorefineries depend on the seasonal availability of 

biomass feedstock. Therefore, in the present research, a model has been 

formulated to design a CHOSYN with multiple operation periods. The 

model embeds the time variability in the CHOSYN design. Subsequently, a 

storage and dispatch system has been included in the multiperiod CHOSYN 

to increase the design degrees of freedom and elevate the economic and 

sustainability performance of the CHOSYN. 
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1.4 Research strategy   

 

 

Figure 1.1: Research overview 
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Chapter 2 Literature review 

2.1 Process system engineering 

Sustainability implementation became more and more of a necessity in modern process 

design due to resources diminishing, environmental agitation, and global warming. 

Process system engineering (PSE) incorporates the field of process integration (PI), 

which is a systematic tool that can be used to tackle sustainability issues in EIP. PI is 

defined as a “holistic approach to process design, retrofitting, and operation, which 

emphasizes the unity of the process” [22]. The focal point of PI is the optimization 

techniques applied for resource conservation and wastes reduction to facilitate the 

design of sustainable systems such as an EIP. 

There have been several studies that employed PSE to synthesis an EIP through 

mathematical optimization techniques. For instance, Ng et al. [23] developed a generic 

approach for the synthesis and optimization of the integrated palm oil processing 

complex. Numerous other researches further employed a fuzzy optimization method to 

synthesize sustainable biorefineries [24-30]. Bao et al. [31] introduced a shortcut 

method for the synthesis and optimization of integrated biorefineries. In the same year, 

Pham et al. [32] addressed the optimization of biorefineries using a forward-backward 

approach. Andiappan et al. [33] adopted a multi-objective optimization approach to 

synthesize a biorefinery considering energy requirements, economic performance, and 

environmental impact simultaneously. It is evident from the above literature that several 

PSE tools were employed to develop sustainable biorefineries and EIPs, given their 

beneficial ability. As such, the main objective of this research is the employment of 

process integration and optimization techniques in order to synthesize a sustainable 

EIP. 

2.2 Eco-industrial park  

Sustainable development can be attained through the implementation of an EIP. An EIP 

can be defined as a cluster of manufacturing companies located together in the same 

vicinity. The companies seek to share their resources, by-products, and wastes, thereby 

enhancing the overall environmental, economic, and social performance [34]. One 

crucial concept of EIPs is that working collectively is better than working as a 

standalone facility [34]. The fundamental principle behind the operation of an EIP is 
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the exchange of mass (raw materials, by-products) and energy (electricity, heat), a 

principle known as industrial symbiosis. Multiple felicitous EIPs have been initiated in 

numerous locations, in particular, the Kalundborg and NISP EIPs in Denmark and UK, 

respectively [35-37]. Previously, governmental authorities were not involved in the 

EIPs initiation and EIPs design was rather initiated spontaneously. Nonetheless, the 

Kalundborg EIP  successfulness has promoted the development of EIPs worldwide,  

notably in Korea [38-39], Europe [40] and China [41]. The most prominent difference 

is the encouragement of governmental authorities towards the systematic planning and 

design of EIPs to meet sustainable and environmental goals.  

Since the beginning of this century, process integration and optimization techniques 

have been widely used in designing water, hydrocarbons and hydrogen networks within 

EIPs. The magnitude of the EIP utility depends on the configuration and connections 

among the participating plants [42]. Therefore it is crucial to make proper process 

integration to achieve maximum advantages. Consequently, a massive amount of data 

related to participating plant operations and available technologies are essential, which 

makes the EIP configuration more complex [42]. To help decision makers in planning 

and designing these complex configurations, process integration techniques were 

employed [42]. Two particular cases were the focal point of EIPs research, i.e., water 

networks and mass networks.  

2.3 Water integration - Eco-industrial park  

Although 70% of the planet is covered with water, only 2.5% of the available water 

sources are freshwater.  From this 2.5%, only 0.4% is available and accessible to people 

like rivers and lakes. There is no proper replacement for water as compared to oil, gas 

and other resources that have several energy forms and substitutes [43]. Due to the 

unprecedented augmentation of human activities, the depletion of earth freshwater 

hyoed [44]. The continual increase of these activities can lead to human survival be 

jeopardized [44]. Consequently, the need for sustainable development and sustainable 

solutions implementation increased due to the growing environmental concerns [44]. 

EIPs have been one of the major initiatives to reach sustainable development in water 

integration.  

A plethora of research was centered on water integration within the EIPs. Water 

integration can be optimized through two main approaches, i.e., pinch technology and 
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mathematical modeling [44-45]. According to Yo et al. [45], pinch technologies have 

every easy-to-understand solution, but it is unable to design water networks involving 

more than one containment and performing multi-objective optimization, which is the 

usual case for EIPs. Within the context of mathematical modeling approaches, a mixed-

integer linear model for direct and indirect wanter integration within the EIP was 

developed by Chew et al. [46].  The same authors later introduced a game theory 

approach for the analysis of interactions among different participating plants, given that 

each firm prioritizes its individual benefits and goals [47]. Lovelady et al. [48] further 

investigated the design of EIPs water networks by introducing a mathematical model 

capable of determining the optimum recycling and separating strategies while reducing 

overall costs concomitantly. Since the synthesis of water networks necessitate the 

availability of the process data of each participating plant, a fuzzy mixed-integer linear 

model was proposed to design water networks while anticipating that the process data 

may be incomplete [49]. Another work was reported by Binshne et al. [50], who 

proposed a multiperiod water planning framework since previous research assumed a 

single operation mode. Jui et al. [51] introduced a mathematical model for mixer 

continuous and batch inter-plant networks. Cheng et al. [52] introduced a novel scheme 

incorporating centralized and decentralized water mains, which are interconnected with 

the individual plants.  

The preceding research focal point was the design of water networks within the EIP. 

Therefore, the environmental impact of industrial water discharged into watersheds was 

analyzed [53].  The work introduced an optimization model considering the influence 

of wastewater on the environment [54] and the number of pipelines in the water network 

[55]. From the above literature, we can deduce that the main objectives in the water 

integration models focused on two main objectives, i.e., economic and environmental 

objectives. The economic indicators have been the most studied and developed as 

compared to the environmental objectives [44,55]. For instance, several works 

considered the costs of purchasing, treating, and transporting water between plants [56-

58]. Other studies considered minimizing the consumption of water by the EIP, which 

was then converted into financial savings and economic objectives [46, 48, 57, 59, 60]. 

On the other hand, the studies focusing on the environmental indicators considered the 

volume of freshwater consumed [45, 46], wastewater discharged [61] and the quality 

of water [44], were initiated. 
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2.4 Mass network - Eco-industrial park  

Another substantial application of the EIP was hydrocarbon networks where by-

products and wastes are transformed to valued-added chemical species, leading to 

augmented economic, environmental and sustainable benefits [62]. Consequently, 

various frameworks and approaches were introduced for the design of hydrocarbon 

EIPs. For instance, a non-linear mathematical model was developed for the synthesis 

of a fuel gas network [63]. Furthermore, two mathematical models were formulated for 

the design of a syngas network [64] and a low carbon integration network [65] as a 

means of contributing toward greenhouse gas mitigation.  Additionally, a plethora of 

work has been reported for the synthesis of interplant hydrogen networks. The majority 

of these works were based on the previous work on in-plant hydrogen integration [66-

67]. The interplant hydrogen network design methods are divided into either pinch-

based or mathematical modeling approaches. The focal point of pinch-based methods 

is to establish minimum targets for fresh resource and waste flowrates for an interplant 

hydrogen reuse/recycle network [68] and hydrogen utility consumption [69] or to set 

targets for purifier capacity for a regeneration network [70]. Contrarily, the 

mathematical modeling approaches were inaugurated for handling complex systems 

such as intermediate headers [71-72], pressure ratio and adsorbent selectivity [73], 

purification techniques selectivity [74], multiperiod operations with regeneration 

schemes [75], and design of multiperiod interplant hydrogen networks while taking into 

consideration the fluctuation of operating conditions in each participating plant [76]. 

Over and above that, multiple types of research were reported on combined pinch-based 

and mathematical programming techniques [77]. 

2.5 Carbon-hydrogen-oxygen symbiosis network   

The aforesaid EIPs research has predominantly focused on designing mass and energy 

networks within an EIP on species and plant levels. Noureldin [78] introduced a 

multiscale approach for the synthesis of carbon-hydrogen–oxygen symbiosis networks 

(CHOSYN) on an atomic level. The CHOSYN is a particular case of the EIPs centering 

around hydrocarbon chemical species. The CHOSYN can be defined as “a cluster of 

manufacturing plants with centralized shared facilities to enable the exchange, 

conversion, separation, treatment, splitting, mixing and allocation of streams containing 

C-H-O compounds” [78]. The CHOSYN is synthesized through the employment of the 
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atomic targeting technique [78]. The atomic targeting technique is a multiscale 

approach that allows the tracking of individual carbon, hydrogen, and oxygen atoms 

through a mass integration framework. A special feature of atomic targeting is enabling 

us to utilize the atomic-level information to identify performance benchmarks at 

multiple levels ranging from atomic, molecular and equipment levels up to process and 

macroscopic levels [78]. Multiple studies focused on addressing several design areas 

within the CHOSYN. El-Halwagi [79] developed an algebraic atomic targeting 

framework for synthesizing the CHOSYN. Based on the atomic targeting approach, 

Topolski et al. [80] introduced the anchor–tenant approach for synthesizing a  

CHOSYN based on both new (tenant) and existing (anchor) plants. Later, the anchor–

tenant approach was enhanced to further optimize mass and energy within the 

CHOSYN simultaneously [81]. An optimization model was developed by Al-Fadhli et 

al. [82] to design a CHOSYN with multiperiod operations. Later, Al-Fadhli et al. 

developed an optimization model to synthesize a CHOSYN over a time horizon and 

with capacity planning [83-84]. Juárez-García et al. [85] introduced two optimization 

disjunctive programming approaches for the synthesis of the CHOSYN. The first 

approach is based on two stages, initially calculating the CHO atomic targets followed 

by economic disjunctive optimization modeling. The second approach entails 

determining the atomic targets and network configuration simultaneously using a 

disjunctive optimization model. Mukherjee [86] addressed the uncertainty associated 

with the exchanged streams during the synthesis of the CHOSYN.  In more recent work, 

Panu et al. [87] tackled the problem of industrial CO2  footprint reduction within the 

CHOSYN using a mathematical modeling approach. The majority of the approaches 

developed for the design of CHOSYNs had an economic focal point. There has been 

rising interest in consolidating other objectives in the process design, particularly safety 

and sustainability. Additionally, it is worth noting that the aforementioned CHOSYN 

contributions have focused on the conservation of hydrocarbons and energy, but there 

has not been significant work done to tackle the problem of water integration within the 

CHOSYN. Subsequently, the literature reviewed above has delved into the multiperiod 

operations problem in the CHOSYN where only the time variable was incorporated in 

the modeling equations. Consequently, in this research work, a multi-criterion approach 

is utilized to design a CHOSYN while accounting for economic, sustainability and 

safety objectives. Thereafter, a mathematical model has been developed to synthesize 

water and mass integration networks simultaneously within a CHOSYN. Afterward, a 
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mathematical optimization model was developed to integrate a storage and dispatch 

system in the CHOSYN design to address multiperiod operations within the CHOSYN.  
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Chapter 3 Multi-criteria Carbon-hydrogen-oxygen 

symbiosis network   

3.1 Development of a C–H–O Symbiosis Network during Conceptual Design via 

Economic, Sustainability, and Safety Metrics 

 

Amr A. Farouk, Mahmoud M. El-Halwagi, Dominic C.Y. Foo, and Irene Mei Leng Chew 

Published in ACS sustainable chemical engineering, 2021. 

 

The ability to set performance benchmarks ahead of detailed design using the multiscale 

atomic targeting technique allowed us to synthesize the CHOSYN. Various research 

has focused on multiple design areas within the CHOSYN. The journal article in this 

chapter investigated the design of CHOSYN based on multi-criteria optimization. The 

work overcame the limitations of the earlier works in which safety and sustainability 

criteria were not considered during the synthesis of a CHOSYN in addition to the 

introduction of recycling strategies. The model developed in this work was simulated 

in LINGO v.13 to acquire the requisite atomic benchmarks, hence evaluating the 

economic and safety/sustainability metrics in one single step.  Furthermore, a recycling 

framework has been integrated into the model to maximize the efficiency of the 

resulting CHOSYN. The results in the journal article in this chapter demonstrate the 

capability of the developed model. The newly developed approach was applied to a case 

study based on glycerol valorization. The case study elucidated how this model could 

be utilized to cover sustainability and safety aspects for a CHOSYN from the atomic to 

multiple plant level during conceptual design. Two cases were first assessed based on 

economic performance and compared with each other to show the advantages of the 

newly introduced recycling framework. Afterward, two scenarios based on case two 

were investigated to show the merits of the multicriterion objective approach, which is 

based on economic, sustainability, and safety criteria. The first scenario had an 

objective function of maximum annual net profit, while the second scenario had an 

objective function of minimum purchased external sources. The optimized scenario 

with maximum annual net profit as an objective function had the highest ROI of 

23%/year and the SASWROIM of 30%/year compared to ROI of 10%/year and the 

SASWROIM of 12%/year in the second scenario. Thereupon, a sensitivity analysis 

with respect to feedstock market price was carried out on scenario one. 
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ABSTRACT: Discharge of industrial wastes constitutes one of the primary threats to the environment. A sustainable approach to
handling industrial wastes is the adoption of integration and monetization schemes through the concept of an eco-industrial park
(EIP). An EIP involving hydrocarbons is a particular case known as a carbon−hydrogen−oxygen symbiosis network (CHOSYN).
Special features of the CHOSYN involve the conversion of wastes into value-added chemicals and the ability to perform multiscale
targeting that benchmarks the performance from the atomic scale to large-scale implementation. Economic and mass conservation
objectives have been used to guide the design of CHOSYNs. In this work, sustainability and safety are included as part of
multicriterion objectives for the design of CHOSYNs. A rigorous and universal model for the optimization of a CHOSYN is
developed with economic, sustainability, and safety objectives. An economic framework is used for reconciling the multiple criteria
using the safety and sustainability weighted return on investment metric. The solution of the optimization formulation determines which
plants participate and the extent of participation, the chemical pathways to convert wastes into value-added chemicals, and the
allocation of the products to the users. The solution also reconciles the various design objectives. Subsequently, the proposed model
is applied to a case study focusing on glycerol valorization.

KEYWORDS: eco-industrial park, multicriterion optimization, atomic targeting, industrial symbiosis, process integration

■ INTRODUCTION

Industrial wastes pose a substantial negative impact on the
environment and also represent a major source of wasted energy.
As such, there is an enormous gap between global energy
demand and supply with an epic hike in greenhouse gas
emissions.1 The global energy demand is forecasted to escalate
by 1.3% each year to 2040.1 The International Energy Agency1

predicted a sharp decrease in 2040 in oil demand up to 50%. On
the other hand, renewable energy is expected to provide up to
2260 Mtoe in 2040. These significant changes in energy
consumption are due to fossil fuels contributing massively to
CO2 emissions in addition to being nonrenewable.2 As a result,
global energy researchers are veering toward sustainability and
renewable energy sources.3 Concurrent to this, various
initiatives of sustainable design have been proposed and

practiced in the process industry. One way to realize
sustainability is the employment of an eco-industrial park (EIP).
An EIP is formed by the integration of material and energy

resources among multiple plants in close vicinity, thereby
enhancing the overall environmental, economic, and social
performance.4 Currently, there are more than 250 EIPs
worldwide, either operating or under development.5 One of
the most successful EIPs is arguably the Ulsan Mipo and Onsan
industrial park in South Korea.5 The latter has more than 1000
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companies with diverse background, including those in vehicle
manufacturing, shipbuilding, and oil refining industries.5 The
investments in the Ulsan Mipo and Onsan industrial park
reached $520 million, which yielded $554 million in savings.5

The participating companies, on the other hand, gained $91.5
billion in revenues, alongside the recycling of 79,357 tons per
year of water and the reduction of 665,712 tons per year of CO2
emissions.5

Since the beginning of this century, process integration (PI)
approaches were adopted in the EIP design, such as for water,
hydrocarbon, and hydrogen networks. Spriggs et al.6 proposed
an EIP framework that adopts a mass integration approach using
the graphical pinch approach proposed by El-Halwagi et al.6

Within the context of water systems, Chew et al.8 developed a
mixed-integer linear program for direct and indirect water
integration schemes within an EIP. A follow-up work was later
reported using a game theory approach to analyze the
interactions among the participating plants, as each firm
typically tends to prioritize its own benefits.9 The previous
concept was further developed by Lovelady and El-Halwagi.10

They investigated the design of water networks within an EIP
using a mathematical model to determine optimum recycle and
separation strategies while minimizing overall costs simulta-
neously.10 The synthesis of water networks within an EIP
requires process data of the participating plants, which can be
incomplete for some plants. Therefore, a fuzzy mixed-integer
linear programming model incorporating these design aspects
was introduced.11 Another work on EIP water systems involving
continuous and batch production modes was also reported.12

Bishnu et al.13 proposed a multiperiod water planning approach
owing to the fact that preceding research focused solely on a
single period. Instead of focusing on the design of water
networks in the EIP only, the environmental impact of industrial
water discharged into watersheds was studied.14 Consequently,
a mathematical optimization model was formulated for water
integration considering the environmental impact of discharged
water from the network14 and the number of pipelines in the
network,15 thus bringing forth further optimization and
complexity.
Another important application of an EIP was reported on

hydrocarbon networks, where intermediate products, by-
products, and wastes were converted into value-added
chemicals; this leads to increased economic and sustainable
benefits.16 As such, synthesis approaches were proposed for the
design of EIPs handling hydrocarbons. For instance, a nonlinear
model was formulated to synthesize a fuel gas network.17 Two
other models for synthesizing a syngas network from renewable
sources18 and a low carbon integration network19 were
introduced as a means of contributing toward the reduction of
greenhouse gases.
Moreover, plenty of work has been reported for the design of

interplant hydrogen networks. Most of these works were rooted
based on the earlier work on in-plant hydrogen integration.7,20,21

The design approaches for interplant hydrogen networks are
divided into pinch-based and mathematical programming
methods. Pinch-based approaches focused mainly on setting
targets such as minimum hydrogen utility consumption21 and
minimum fresh resource and waste flow rates for an interplant
hydrogen reuse/recycle network22 or purifier capacity for a
regeneration network.23 On the other hand, mathematical
programming approaches were proposed to handle complex
systems such as intermediate headers,24 pressure ratio and
adsorbent selectivity,25 selection of purification techniques,26 a

multiperiod with regeneration schemes,27 and multiperiod
interplant hydrogen integration taking into consideration the
fluctuation of operating conditions in each participating plant.28

Additionally, some research veering toward combined mathe-
matical programming and pinch-based approaches has also been
reported.29

The aforementioned EIP studies have mainly pertained to
material and energy exchange within an EIP on species and plant
levels. Noureldin and El-Halwagi30 introduced a multiscale
atomic targeting approach to address the problem of synthesiz-
ing carbon−hydrogen−oxygen symbiosis networks (CHOSYN)
within the EIP on an atomic level. This approach is based on
tracking individual carbon, hydrogen, and oxygen atoms through
a mass integration framework. The main advantage of this
method is that atomic-level information can be utilized to
identify benchmarks for the purpose of determining the overall
reactions necessary to achieve the preset targets of the
participating plants. El-Halwagi31 further introduced a shortcut
approach to multiscale atomic targeting for synthesizing the
CHOSYN. Using the atomic targeting methodology, Topolski
et al.32 synthesized the CHOSYN based on both new (tenant)
and existing (anchor) plants based on the anchor−tenant
approach. A follow-up work by Topolski et al.33 enhanced the
anchor−tenant approach to further account for both mass and
energy within a CHOSYN. Al-Fadhli et al.34 developed an
optimization model based on atomic targeting to account for
multiperiod operations in the CHOSYN. Al-Fadhli et al.
introduced an optimization approach to design a CHOSYN
over a time horizon and with capacity planning.35,36 Juaŕez-
Garciá et al.37 described two optimization approaches based on
disjunctive programming for the design of the CHOSYN. The
first approach entails two steps, initially determining the targets
of the CHO atoms followed by disjunctive economic
optimization. The second approach is based on a disjunctive
optimizationmodel where the targets and network configuration
are determined simultaneously. Mukherjee and El-Halwagi38

tackled the problem of the uncertainty associated with the
exchanged streams during the design of the CHOSYN. In more
recent work, Panu et al.39 addressed the reduction in the
industrial CO2 footprint using an atomic targeting and
optimization model.
It is worth noting that the aforementioned CHOSYN

contributions have focused on the economic objectives as well
as conservation of mass and energy. There has been growing
interest in incorporating other objectives in engineering design,
especially safety and sustainability. Within the context of
sustainability, several metrics were proposed for assessing the
sustainability aspects in terms of costs. For example,
sustainability metrics were measured40 and included in process
design.41,42 Additionally, a variety of studies aimed at including
safety and sustainability during the design and optimization of
different industries and processes such as syngas from shale
gas,43 ethylene technologies,44 biorefineries,45 solvent selec-
tion,46 synthesis of an algae processing network,47 energy
systems,48 and pollution trading.49 El-Halwagi50 introduced a
new sustainability weighted return on investment metric
(SWROIM). This metric is an extension of the traditional
return on investment (ROI) that includes the sustainability
factors of a process. Guillen-Cuevas et al.51 amended the
SWROIM to the safety and sustainability weighted return on
investment metric (SASWROIM) to additionally encompass
safety aspects during the initial design of a plant or a process.
However, this metric is typically limited to a single process or a
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plant. It is only used to calculate the safety and sustainability
indicators after the respective process or plant has already been
preliminarily designed. The existing approaches for the design of
CHOSYNs do not include safety and sustainability as driving
objectives. In this work, a multicriterion approach is used to
address economic, sustainability, and safety objectives for the
design of multiproduct CHOSYNs. A CHOSYN model has
been developed to minimize resource consumption through the

recycle of the CHOSYN unreacted feedstock and discharge.
Subsequently, ROI and the SASWROIM are employed in the
mathematical model to account for multicriterion objectives
simultaneously, i.e., economic, safety, and sustainability criteria,
in order to reach an optimal design. The process safety index
(PSI) is used to measure the inherent safety of the process,
which is then employed in the SASWROIM. The proposed final
model is then applied to a glycerol case study given the critical

Figure 1. Systematic representation of the CHOSYN design problem.

Figure 2. Multicriterion CHOSYN model algorithm.
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nature of this industry. The model offers several advantages,
such as performing multiscale mass targeting on an atomic level
with limited data, recycling any beneficial unreacted feedstock
and discharge, accounting for safety during the preliminary
CHOSYN design, and obtaining the final outcome based on
both economic and sustainability criteria.
The paper is structured as follows. In the following section,

the problem statement is first presented. This is followed by the
model formulation illustrating the model algorithm. Subse-
quently, a case study is used to emphasize the merits of the
model followed by results, discussion, and conclusion sections.

■ PROBLEM STATEMENT

First, a generalized problem overview was written, as shown in
Figure 1. The problem to be addressed can be stated as follows:
Consider a cluster of manufacturing plants {p|p = 1,2,....,pplant}

located in the same industrial zone. Figure 1 shows the
CHOSYN, which functions as a centralized facility to convert
internal resources to various useful products. Each plant
produces internal sources {i|i = 1,2,....,iinternal sources} that contains
a set of chemical species {s|s = 1,2,....,sspecies}. The molar flow rate
of chemical species s in internal stream i from plant p is given by
Ws,i,p. The CHOSYN can purchase external fresh resources {e|e =
1,2,....,eexternal} of chemical species s at a cost, with the stream flow
rate indicated by Fs,e. The unreacted feedstock and byproducts
will either be recycled to the interception network for further
reuse or be discharged. The variable Ys,re denotes the flow rate of
byproducts of chemical species s in the recycle stream {re|re =
1,2,....,rerecycle}, Excesss, re denotes the flow rate of excess raw
materials of chemical species s, whileDs,d denotes the flow rate of
chemical species s in the discharge stream {d|d = 1,2,....,ddischarge}.
Each plant can set its own demand flow rate indicated by Gs,p to
substitute a part of its fresh feed. Ws,i,p and Gs,p flow rates are
known, while Fs,e, Ds,d, Excess s,re and Ys,re are unknown. Fs,e and
Ds,d flow rates can be bound by maximum allowable limits, i.e.,
Fs, e
max and Ds, d

max. Several chemical reactions {j|j = 1,2,....,jreactions}
are available to convert the incoming chemical species to the
participating plant demand. The EIP comprises major
processing equipment, such as reactors, pumps, compressors,
distillation columns, heaters, mixers, etc. that would process the
sources (i.e., internal, recycled, and external) into useful
products predetermined by each participating plant. Each
plant can import products from a CHOSYN or export its
internal sources. Waste disposal technologies exist in a
CHOSYN to treat wastes for disposal. It is intended to
synthesize an optimal CHOSYN with maximum profit or
minimum resource consumption that achieves multiple criteria.

■ MATHEMATICAL FORMULATION

In this section, the mathematical model for CHOSYN is
developed. The modeling algorithm for the proposed model is
shown in Figure 2.
Atomic Targeting. Each plant in the EIP provides internal

sources. The flow rates of the internal sources of all plants are
indicated by AC, p

internal, AH, p
internal, and AO, p

internal. These flow rates are
calculated in terms of carbon, hydrogen, and oxygen atoms (C,
H, and O, respectively) through eqs 1−3, where αs, βs, and γs are
the atomic coefficients for CHO atoms. The demand flow rates
of CHO atoms of the plants are indicated byAC, p

demand,AH, p
demand, and

AO, p
demand. These flow rates are calculated in the same manner

through eqs 4−6.Ws,i,p is the molar flow rate of chemical species

s from internal stream i in plant p, while Gs,p indicates the
demand molar flow rate of chemical species s in plant p.
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The net supply of atoms represented by eqs 7−9 is calculated
to determine the minimum flow rates of CHO atoms needed to
meet the plant’s demands. Positive signs indicate an excess of
this atom, which represents a benchmark for the minimum
target of discharge. In contrast, a negative sign implies a shortage
of this atom, which indicates the minimum target of external
sources.
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O,
demand∑ ∑Δ = −

(9)

Since there may be a deficit of specific atoms from eqs 7−9, an
overall atomic balance equation for the CHOSYN is written.
External fresh resources may be needed to overcome the lack of
certain atoms or to meet the plant’s demands. In some cases,
discharge of wastes may occur when there is an excess of specific
atoms. Beneficial byproducts can be recycled to the CHOSYN.
Equations 10−12 represent the overall atomic balance for CHO
atoms in an EIP. Note that four unknowns are observed in eqs
10−12. This would translate to several possible solutions for the
EIP system. Through mathematical modeling, an overall
objective function can be used to determine the minimum
flow rates of external sources. The total discharge of the
CHOSYN is composed of recyclable and discharged chemical
species represented by eq 13. The maximum allowable flow rate
of purchased and discharged chemical species is shown in eqs 14
and 15.
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s re
d

s dC
net

, , ,∑ ∑ ∑α α αΔ + + − = ∀
(10)

F Y D sA 0;
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s re
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(11)
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s e
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s re
d

s dO
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, , ,∑ ∑ ∑γ γ γΔ + + − = ∀
(12)
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D D Y s;s
d

s d
re

s re
total

, ,∑ ∑α= + ∀
(13)

D Ds d s d,
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F Fs e s e,
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where Fs,e is the flow rate of external chemical species, Ys,re is the
flow rate of recycled chemical species s,Ds,d is the discharge flow
rate for chemical species s, Ds

total is the total discharge of the
CHOSYN, Ds, d

max is the maximum allowable discharge subject to
the country’s environmental regulations, and Fs, e

max is the
maximum available external feedstock that can be purchased
subject to the feedstock availability.
Next, an overall balance equation is written to encompass all

involved chemical species in the CHOSYN through eq 16. The
purpose of the overall equation is to aid the determination of the
flow rates of the candidate reactions needed to convert the
chemical species according to plant demands. The flow rates of
the candidate reactions are determined through eqs 17 and 18.
The left-hand side of eq 17 describes the overall balance of
species s in the CHOSYN. In eq 18, Gp s p,∑ is the overall balance

of species s demanded by the participating plants. Since the
conversion of chemical species is not 100%, eq 19 is employed to
determine the total molar flow rate coefficient for reaction j.
Recycled chemical species are divided to excess raw materials
and byproducts. Recycled byproducts are determined using eqs
10−12, while recycled rawmaterials are represented by eq 20. In
eq 20, the difference between the total and theoretical molar
flow rate coefficients for consumed chemical species determines
the excess raw materials needed to be recycled for each reaction.
The total recycled flow rate of chemical species s is determined
using eq 21.
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where Zs,j denotes the stoichiometric coefficient of species s in
reaction j, Xj is the theoretical molar flow rate coefficient of
reaction j, which is to be determined, K is the conversion of each
reaction, Xj

total is the total molar flow rate coefficient for reaction
j, Excesss,re is the excess recycled raw material, and Ys, re

total is the
total flow rate of recycled chemical species s.
Economic Analysis. Each reaction represents an interceptor

consisting of several types of equipment capable of converting
the incoming chemical species to the required chemical species.
Every interceptor has an overall equipment cost (EQUIP) and
operating expenditure (OPEX), represented by eqs 22 and 23.
Data for EQUIP and OPEX can be extracted either through

actual plant data, literature review, or simulation programs.
Equations 24 and 25 contain a binary variable (Lj) that has been
integrated into the model to indicate which reactions occur in
the EIP, in which σ is a small number, taken as one in this case.
On the other hand, τ is a very large number, taken as 100,000 in
this case.

X L j sEQUIP EQ ; ,j s j j,
total= × × ∀ ∀ (22)

X M j sOPEX OP ; ,j s j s,
total

wt,= × × ∀ ∀ (23)

X Lj jσ≥ × (24)

X Lj jτ≤ × (25)

where EQj, s is the unit equipment cost (per kg of product
chemical species s per year),Xj

total is themolar flow rate of species
s in reaction j, Lj is the binary variable for reaction j, and OPj,s
denotes the unit operating cost (per kg of product chemical
species s) in reaction j.
Next, equipment cost is used to calculate fixed capital

investment (FC) using the factorial method. The FC
components are divided into physical plant cost and indirect
plant cost and are assumed as a factor of the equipment costs.52

Subsequently, the total capital expenditure (CAPEX) is
determined through eq 26, where the working capital invest-
ment (WC) is assumed as 15% of the CAPEX.52,53

CAPEX FC WC= + (26)

Next, the annualized fixed cost (AFC) in eq 27, which is the
depreciation of the capital cost, is calculated. Using a 10-year
linear scheme with negligible salvage, the value is assumed to be
10% of the overall capital cost. Subsequently, annualized net
profit (ANP) is evaluated through eq 28.53 Note that TR is the
tax rate. Thereafter, the return on investment metric (ROI) in eq
29 is employed to determine project feasibility in terms of costs.

AFC 0.1 CAPEX= × (27)
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ROI ANP/CAPEX= (29)

where SALEs is the sale price of the demanded chemical species
s, and Gs is the demand molar flow rate of the chemical species s.
On the other hand, COSTs is the cost of external chemical
species s, and Fs,e is the molar flow rate of the external chemical
species s.

Safety and Sustainability Analysis. In this model, the
PSI54 is used to determine the inherent safety of the reactions
utilized in the CHOSYN. Equations 30−34 are used to calculate
the safety parameters, while eq 35 is used to evaluate the PSI.

U L jFlammability:
LFL LFL

UFL LFL
;j

j j

j total j
jCE,

avg, avg,

total
=

−
−

× ∀

(30)

U L jDensity: ;j
j

j
jCD,

avg,

total

ρ

ρ
= × ∀

(31)
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Heating value:

U
H

H
L j;j

j

j
jCH,

avg,

total
= × ∀

(32)

Pressure:

U
P

P
L j;j

j

j
jPP,

avg,

total
= × ∀

(33)

U
T

T
L jTemperature: ;j

j

j
jPT,

avg,

total
= × ∀

(34)

Process safety index:

U A U U U U U j;j o j j j j jPSI, CE, CD, CH, PP, PT,= × × × × × ∀
(35)

where UCE,j is the flammability index for reaction j, UCD,j is the
density index for reaction j, UCH,j is the heating value index for
reaction j, UPP,j is the pressure index for reaction j, UPT,j is the
temperature index for reaction j,UPSI,j is the process safety index
for reaction j, UFLavg,j is the average (avg) upper flammability
limit for reaction j, LFLavg,j is the average lower flammability
limit for reaction j, ρavg,j is the average density for reaction j, ρj total
is the total density of all reactions, Havg,j is the average heating
value for reaction j, Hj total is the total heating value of all
reactions, Pavg,j is the average pressure for reaction j, Pj total is the
total pressure of all reactions,Tavg,j is the average temperature for
reaction j, Tj total is the total temperature of all reactions, Ao is a
magnifying factor.
The annual safety and sustainability prof it (ASSP) is calculated

via eq 36. ASSP is used to compute the SASWROIM in eq 37.51

WASSP ANP 1
IN IN

IN INr
r

r r

r r1

Base, Project,

Base, Target,
∑= × + ×

−
−=

l
m
ooo
n
ooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ

|
}
ooo
~
ooo
(36)

SASWROIM ASSP/CAPEX= (37)

whereWr is a weighting factor in the form of a ratio representing
the relative importance of the safety or sustainability indicator
{r|r = 1,2,....,rindicators} as compared to the ANP. These weights
are determined based on the company’s own values and what
they are attempting to achieve. In eq 36, the denominator
represents the indented improvement in the r indicator (IN),
while the numerator signifies the actual positive step up or
negative step down of the r indicator of the p plant. Note that
CAPEX and ANP have been calculated in eqs 26 and 28,
respectively.

Objective Function. The objective of the model may be set
to maximize ANP, as shown in eq 38. Alternatively, one may also
minimize the flow rate of external sources, following eq 39.

Maximum (ANP) (38)

F s eMinimum ( ); ,s e, ∀ ∀ (39)

Equations 1−37 are optimized simultaneously to determine
the overall reaction flow rates needed to satisfy the plant’s
demands through internal, recycle, and external chemical species
using a global objective from eqs 38 and 39. These are influenced
by the EIP economics through capital and operating costs, safety
constraints through the PSI, and sustainability considerations
through wastewater and CO2 emissions reduction. The
modeling and optimization approach proposed in this work
adopts a systematic methodology for the accounting of the EIP

Figure 3. Raw materials, products, and byproducts of the participating plants.
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complexity characteristics and addressing the associated
optimization challenges. The proposed approach allows a
sustainable and robust EIP design taking into consideration
the multicriteria and recycling of unreacted feedstock and
byproducts.

■ CASE STUDY
Existing Plants. The merits of the multicriterion CHOSYN

model are illustrated through a case study involving several
chemical process plants. These plants are located in close
vicinity and decided to participate in creating an EIP. The
participation of the plants can be in the form of supplying wastes
and byproducts to the EIP or demanding certain materials. One
of the preeminent plants involved is a biodiesel plant, which
produces glycerol as a byproduct. Glycerol is considered a
paramount byproduct in the case study because the cost of
producing biodiesel is usually higher than that of fossil fuels.
Therefore, it is beneficial to valorize glycerol to increase the
value added to the biodiesel plant.
The case study includes an industrial complex,31 which

consists of gas to liquid (GTL), ethylene cracking, propane
dehydrogenation (PDH), and methanol to propylene (MTP)
plants. In addition, it is assumed that new processes such as
biodiesel, acrolein, propylene glycol, and power generation
plants are to be added as part of the industrial complex. Primary
fresh feed, byproducts, wastes, products of the participating
plants, and the suggested participation network are summarized
in Figure 3. The reactions involved in these plants are
summarized as follows.

I. GTL: the GTL plant converts methane to syngas followed
by Fischer−Tropsch reaction55,56

CH H O CO 3H O4 2 2+ → + (40)

CH 1.5O CO 2H O4 2 2+ → + (41)

CO H O CO H2 2 2+ → + (42)

n n nCO (2 1)H H(CH ) H H On2 2 2+ + → + (43)

II. Ethane cracking: ethylene is produced through ethane
cracking reactions,57 as given in eq 44. Note that there are
side reactions associated with this process,57 given in eqs
45−47

C H C H H2 6 2 4 2→ + (44)

C H C H C H CH2 6 2 4 3 6 4+ → + (45)

2C H C H CH2 6 3 8 4→ + (46)

C H C H H3 8 3 6 2→ + (47)

III. PDH: catalytic reaction with high temperature is
employed to produce polymer-grade propylene from
propane58

C H C H H3 8 3 6 2→ + (48)

IV. MTP: water is removed first from methanol to produce
dimethyl ether followed by another reaction to produce
propylene according to the following overall reaction59

3CH OH C H 3H O3 3 6 2→ + (49)

V. Biodiesel: palm oil (CH3(CH2)14COOH) is converted
through transesterification reaction to biodiesel (C14H28),
where glycerol (C3H8O3) is generated as a byproduct

CH (CH ) COOH CH OH

C H C H O
3 2 14 3

14 28 3 8 3

+

→ + (50)

Three other new plants, i.e., propylene glycol to polyester
compounds, acrolein to acrylic acid, and power generation
plants, are treated as black boxes, where only the plant demands
are known.
Available feedstocks and their prices are shown in Table 1.

Note that these are subjected to geographical location. The data
for internal sources of each participating plant are summarized in
Table 2.

Intermediate Reactions. In addition to the above, the EIP
requires specific reactions and processes to meet the plant’s
demands through the transformation of internal sources into
value-added products. The EIP is governed by a set of reactions
to meet the demands of the plants. Any sets of the reactions can
be chosen according to the optimization objectives (Xj
represents the molar flow rate of each reaction)

• Methanol synthesis from syngas

X (2H CO CH OH) 0j1 2 3× + − = (51)

X (3H CO CH OH H O ) 0j2 2 2 3 2× + − − =
(52)

• Steam reforming of methane to carbon monoxide, carbon
dioxide, and hydrogen

X (CH H O 3H CO ) 0j3 4 2 2× + − − = (53)

X (CH 2H O 4H CO ) 0j4 4 2 2 2× + − − = (54)

• Glycerol to syngas overall reaction

X (C H O 3H O 3CO 7H ) 0j5 3 8 3 2 2 2× + − − =
(55)

• Forward and reverse water-gas shift reaction

X (H O CO H CO ) 0j6 2 2 2× + − − = (56)

X (H CO H O CO ) 0j7 2 2 2× + − − = (57)

• Glycerol to propylene glycol

X (C H O H C H O H O) 0j8 3 8 3 2 3 8 2 2× + − − =
(58)

• Glycerol to acrolein

Table 1. Available Feedstocks and Their Corresponding
Prices

available feedstock price ($/kg)

C3H8O3 1.09
CH4 7.25
H2 3
CO 0.18
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X (C H O C H O 2H O) 0j9 3 8 3 3 4 2× − − = (59)

Economic Data. As explained in the earlier section (see eq
26), total capital expenditure (CAPEX) is divided into fixed
(FC) and working capital investments (WC). The fixed capital
investment has two components, i.e., physical plant cost (PPC)
and indirect plant cost (IPC),52 as summarized in Tables 3 and

4. Working capital investment is calculated as 15% of fixed
capital investment. The EQUIP and OPEX per kg of product of
all technologies used in the case study are summarized in Table
5. Note that the water-gas shift reaction equipment costs and
OPEX are assumed as a very small number because they occur as
side reactions.

OPEX is divided into direct and indirect costs. Table 6
summarizes the parameter used for the factorial method of

OPEX.52 The CHOSYN is assumed to have 300 working days,
and the cost of electricity is assumed to be $0.078/kWh. For
labor costs, this study assumes that a total of 120 persons are
needed for each technology, with an average working salary of
$350/person/month. Note that raw materials are not calculated
for each technology; instead, it is calculated for the whole
CHOSYN in a separate step, which is a part of eq 28.

Demand of Participating Plants. The chemical species
demanded in the case study are shown in Table 7. These

demands are fulfilled using internal sources, external sources,
and recycled byproducts to substitute the freshly purchased
feedstocks indicated by the participating plants, and wastes are
discharged in the process. The maximum allowable discharge is
subject to the geographical location and environmental
regulations of each country. The weighting factors in eq 36 for
CO2 emissions andH2O reduction and PSI, i.e. WCO2,WH2O and
WPSI are assumed as 0.2, 0.3 and 0.2, while its indicators
INbase,CO2, INtarget,CO2, INbase,H2O, INtarget,H2O, INbase,PSI, INtarget,PSI
are assumed as 13000 kmole/hr, 0 kmole/hr, 5000 kmole/hr
and 0 kmole/hr, 15 and 1, respectively. The overall objective is

Table 2. Internal Source Flow Rates in kmol/h

GTL ethylene cracking PDH MTP biodiesel propylene glycol acrolein power generation plant total

CO 930 0 0 0 0 930
CO2 2910 0 180 900 0 3990
H2 7830 135 2000 0 0 9965
CH4 0 39 0 0 0 39
C3H8O3 0 0 0 0 1000 1000

Table 3. Parameters for PCC

items of physical plant cost (PPC) fraction of the equipment cost

equipment 1
installation 0.4
piping 0.7
instrumentation 0.2
electrical 0.1
buildings 0.15
storage 0.15
utilities 0.5
site development 0.1
auxiliary buildings 0.15

Table 4. Parameters for IPC

items of indirect plant cost (IPC) fraction of the physical plant cost (PPC)

design and engineering 0.3
contractor’s fee 0.05
contingency 0.1

Table 5. EQUIP and OPEX for Different Reactions Used in
the EIP

technology
EQUIP

($/kg product/year)
OPEX

($/kg product)

methanol synthesis from syngas60 0.31 0.61
methanol synthesis from CO2 and
H2

60
0.49 1.01

steam reforming of methane to H2
and CO61

0.29 0.66

steam reforming of methane to H2
and CO2

61
0.29 0.66

glycerol to syngas overall reaction62 0.66 2.6
water-gas shift reaction 0.1 0.1
glycerol to propylene glycol63 0.28 0.85
glycerol to acrolein64 0.21 0.42

Table 6. Parameters for OPEX

direct costs

variable fixed indirect costs

labor sales (10%)
miscellaneous (10% of
maintenance)

supervision (20% of labor) research and
development
(5%)

utilities plant overhead (50% of
labor)

general overhead
(5%)

interest (2% of fixed capital
investment)

insurance (1% of fixed capital
investment)

rent (1% of fixed capital
investment)

royalties (1% of fixed capital
investment)

maintenance (10% of fixed
capital investment)

direct costs = variable costs + fixed costs
operating costs = direct costs + indirect costs

Table 7. Demands of Participating Plants

plant demand flow rate (kmol/h)

MTP methanol 6500
biodiesel methanol 1000
propylene glycol propylene glycol 1000
acrolein acrolein 1000
power production H2 5000
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to set atomic targets, identify reaction pathways to achieve
minimum resource consumption, and to determine the
feasibility of the project at the conceptual design phase.

■ RESULTS AND DISCUSSION
Recycling Network Model. The CHOSYN is first

evaluated for its economic performance. Two cases are
conceived in this part. The first case is the conventional
CHOSYN using atomic targeting,31 while the second case is the
modified CHOSYN with a recycling network. The objective
function is set to maximize the ANP using eq 38, subject to the
constraints in eqs 1−29 to show the merits of the recycling
networks. Note that in case one, the Ys,re variable is set to zero,
which indicates that no recycling occurs. The model is a linear
program (LP) that has a global optimum if a solution exists and
is solved using LINGO v13.0. Note that any unreacted feedstock
or beneficial byproducts in the second case can be recycled to
the CHOSYN. On the contrary, these unreacted feedstocks are
discharged in the first case. The resulted CHOSYN config-
urations for both cases are shown in Figures 4 and 5.
Figure 6 shows that the external resources that need to be

purchased in the first case are higher than those in the second
case by 36%. Furthermore, results show that the total flow rate of
the recycled chemical species is 5530 kmol/h in the second case,
as compared to 0 kmol/h in the first case. Additionally, Figure 6
also shows that case two has a lower discharge flow rate. This is
due to the fact that all unreacted species in the first case are
discharged due to the absence of a recycling network, which in
return increases the total flow rates of external and discharged
chemical species as compared to case two. The flow rates of all
species within the CHOSYN summarized in Tables 8 and 9

indicate that 830, 3200, 1500 kmol/h of C3H8O3, H2, and CO
are recycled in case 2.
The economic performance is evaluated based on the ROI

metric. The incurred costs, ANP and ROI for each scenario are
shown in Figure 7. From Figure 7, case one has a higher overall
raw material cost ($3243 × 106/year), as compared with case
two ($2513 × 106/year) due to recycling of unreacted feedstock
and beneficial byproducts, which leads to lower raw material
costs. The economic results in Figure 7 yielded $865 × 106/year
ANP, with ROI equal to 14%/year in the first case compared to
$1394 × 106/year ANP and 23.0%/year ROI in the second case.
Noted that the OPEX remained identical in both cases due to
the fact that raw materials cost is being excluded in the eq (23),
but included in eq (28). However, the second case had a
recycling network where any beneficial byproducts or unreacted
species can be sent back to the CHOSYN. Therefore, case two
had lower raw materials costs, which in turn increased the ROI
by 9%.

Multicriterion Objective Model. In this section, the
second case CHOSYN is evaluated for its sustainability, safety,
and economic performance simultaneously. The multicriterion
optimization model was solved using an objective from eqs 38
and 39, subject to constraints in eqs 1−37. The criteria utilized
in the model are economics, sustainability, and safety. The
economic aspects are represented by the ANP, while CO2
emissions and wastewater reduction are utilized to quantify the
sustainability features of the EIP. On the other hand, safety
features in the case study are based on the PSI, which focuses on
the individual interactions among different chemical species in
mixtures. Two scenarios based on case two are investigated in
this section. In each scenario, a different objective was used to

Figure 4. Optimum CHOSYN for case 1 (no recycling).
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solve the model. The objective functions used for each scenario
are demonstrated through eqs 38 and 39.The model is
formulated as a mixed-integer nonlinear program (MINLP)

that is solved by using LINGO v13.0 with a Global Solver
invoked to reach an optimum solution. The nonlinearity

Figure 5. Optimum CHOSYN (case 2with recycling).

Figure 6. Total external, recycled, and discharged source flow rates (kmol/h).

Table 8. Flow Rate (kmol/h) of Involved Species in the CHOSYN (Case 1No Recycling)

glycerol methane hydrogen carbon monoxide water carbon dioxide

internal sources (kmol/h) 1000 39 9965 930 0 3990
external sources (kmol/h) 3983 0 3200 8030 3499 0
recycle (kmol/h) 0 0 0 0 0 0
discharge (kmol/h) 830 0 7356 1500 0 10450

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c08553
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

J

22

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c08553?ref=pdf


originates from the safety calculations in eqs 30−35 and
SASWROIM calculations in eqs 36 and 37.
Scenario one was solved with maximum ANP in eq 38 as the

objective function, while scenario two was solved with minimum
fresh resources using eq 39 as the objective function. Based on
Figure 8, scenario one achieved $504 × 106/year higher ANP
and an ROI of 23%, in contrast with scenario two with an ROI of
10%. This is because scenario two uses minimum external fresh
resource flow rates as an objective function, which led to the use
of reactions with higher CAPEX/OPEX in order to satisfy the
plant’s demands, which led to lower annual profit and ROI.
Aside from that, Figure 8 concludes that the SASWROIM of

scenario one is higher by 20% compared to scenario two. This is
due to the lower wastewater discharge in scenario one. Despite
having lower ANP, the CO2 discharge and PSI in scenario two

are lower. Figure 9 shows that the CO2 and H2O discharges are
equal to 10,450 and 0 kmol/h, respectively in scenario one
compared to 2626 and 4000 kmol/h in scenario two. Figure 9
also shows that the total PSI in scenario two is lower than that in
scenario one. This is because the reactions chosen in scenario
two are safer because it utilizes less chemical resources. Overall,
scenario one is more sustainable in terms of costs and some
environmental aspects. Thus, sensitivity analysis will be made
based on scenario one in order to provide more insights.

Sensitivity Analysis. Next, a sensitivity analysis is carried
out with respect to the feedstock costs. It is desired to determine
the effect of the feedstock cost parameter on the optimization
model. Scenario one was selected as it has the highest ANP, ROI,
and SASWROIM. The effect of altering the feedstock market
prices of glycerol is examined. Figure 10 indicates the results of

Table 9. Flow Rate (kmol/h) of Involved Species in the CHOSYN (Case 2with Recycling)

glycerol methane hydrogen carbon monoxide water carbon dioxide

internal sources (kmol/h) 1000 39 9965 930 0 3990
external sources (kmol/h) 3153 0 0 6530 3499 0
recycle (kmol/h) 830 0 3200 1500 0 0
discharge (kmol/h) 0 0 4156 0 0 10450

Figure 7. Economic performance for both cases.

Figure 8. ANP, ROI, and SASWROIM metrics for both scenarios.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c08553
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

K

23

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig8&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c08553?ref=pdf


changing the glycerol price. From Figure 10, it can be seen that
as glycerol price increases, ANP, ROI, and SASWROIM
decrease gradually. The ROI value levels off when the glycerol
price reaches $120/t. This is due to the availability of other
feedstocks such as methane, which substitutes glycerol at high
glycerol prices.

■ CONCLUSION

This work has introduced a multiscale atomic optimization
model embedded with safety and sustainability criteria in a
CHOSYN. This model overcomes the limitations of the earlier
model in which safety and sustainability criteria were not
considered during the synthesis of a CHOSYN in addition to
recycling any beneficial unreacted feedstock and byproducts.
The approach devised in this work was simulated in LINGO to
obtain the required atomic benchmarks, hence evaluating the
economic and safety/sustainability metrics in one single step.
The newly developed approach was applied to a case study based
on glycerol valorization. The case study illustrated how this
model could be used to cover sustainability and safety aspects for
a CHOSYN from the atomic to multiple plant level during
conceptual design. Two cases were evaluated based on
economic performance and compared with each other to show
the merits of the recycling framework. Afterward, two scenarios

based on case two were conceived to show the advantages of the
multicriterion objective function based on economic, sustain-
ability, and safety aspects. The optimized scenario with
maximum net profit as an objective function had the highest
ROI of 23%/year and the SASWROIM of 30%/year.
Subsequently, a sensitivity analysis with respect to feedstock
market price was carried out on scenario one. As a preliminary
tool, this model provides a clear representation of the
sustainability, safety, and economic performance of the
synthesized CHOSYN. It assists plant engineers in achieving
sustainability targets by design. Future work should consider
integrating other criteria as reliability and resilience to provide
more insights as preliminary tools.

■ AUTHOR INFORMATION

Corresponding Authors
Irene Mei Leng Chew − School of Engineering and Monash-
Industry Palm Oil Education and Research Platform (MIPO),
Monash University Malaysia, 47500 Bandar Sunway,
Selangor, Malaysia; orcid.org/0000-0002-1566-2627;
Email: irene.chew@monash.edu

Amr A. Farouk − School of Engineering, Monash University
Malaysia, 47500 Bandar Sunway, Selangor, Malaysia;

Figure 9. Total PSI and wastewater and carbon dioxide discharges for both scenarios.

Figure 10. Sensitivity analysis of glycerol market price on ANP, ROI, and SASWROIM metrics.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c08553
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

L

24

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irene+Mei+Leng+Chew"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1566-2627
mailto:irene.chew@monash.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amr+A.+Farouk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6774-3173
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08553?fig=fig10&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c08553?ref=pdf


orcid.org/0000-0001-6774-3173; Email: amr.a.farouk@
gmail.com

Mahmoud M. El-Halwagi − Chemical Engineering
Department/Gas and Fuels Research Center, Texas A & M
Engineering Experiment Station, College Station, Texas
77843, United States; orcid.org/0000-0002-0020-2281;
Email: el-halwagi@tamu.edu

Dominic C.Y. Foo − Department of Chemical and
Environmental Engineering/Centre of Excellence for Green
Technologies, University of Nottingham Malaysia Campus,
43500 Semenyih, Selangor, Malaysia; orcid.org/0000-
0002-8185-255X; Email: dominic.foo@
nottingham.edu.my

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.0c08553

Notes
The authors declare no competing financial interest.

■ PARAMETERS
AC, p
demand total demand of carbon atoms in plant p (in molar

flow rate)
AH, p
demand total demand of hydrogen atoms in plant p (in molar

flow rate)
AO, p
demand total demand of oxygen atoms in plant p (in molar

flow rate)
AC, p
internal total carbon atoms of plant p (molar flow rate)

AH, p
internal total hydrogen atoms of plant p (molar flow rate)

AO, p
internal total oxygen atoms of plant p (molar flow rate)

AC
net net difference between internal supply and demand of

carbon atoms in the CHOSY
AH
net net difference between internal supply and demand of

hydrogen atoms in the CHOSYN
AO
net net difference between internal supply and demand of

oxygen atoms in the CHOSYN
COSTs cost of external chemical species s
Ds, d

max maximum allowable flow rate of chemical species s in
discharge stream d
EQj,s equipment cost per annual mass of product chemical
species s in reaction j
Fs, e
max maximum allowable flow rate of chemical species s in

external stream e
Gs,p demand of chemical species s for plant p (molar flow rate)
K reaction conversion percentage
OPj,s operating cost per mass of product chemical species s in
reaction j
SALEs sale price of the demanded chemical species s
TR tax rate
Ws,i,p molar flow rate of chemical species s from internal
stream i in plant p
Zs,j stoichiometric coefficient of species s in reaction j
αs atomic coefficient of carbon atoms in chemical species s
βs atomic coefficient of hydrogen atoms in chemical species s
γs atomic coefficient of oxygen atoms in chemical species s

Sets
d discharge stream
e external stream
i internal source stream
j chemical reaction number
p existing chemical plants
r number of sustainability and safety indicators
re recycled stream

s chemical species

Variables
AFC annualized fixed cost
ANP annual net profit
ASSP annual safety and sustainability profit
CAPEX capital cost expenditures
Ds

Total total molar flowrate of chemical species s
discharge from CHOSYN

Ds,d molar flow rate of discharged species s in
discharge stream d

Excesss,re molar flow rate of excess raw materials of
chemical species

Fs,e molar flow rate of the chemical species s in
external stream e

Lj binary variable denoting the existence of reaction
j in an EIP

PSI process safety index
OPEX operating cost expenditures
ROI return on investment metric
SASWROIM safety and sustainability weighted return on

investment metric
UCD density index
UCE flammability index
UCH heating value index
UPP pressure index
UPT temperature index
Xj theoretical molar flow rate coefficient of reaction

j
Wr weighting factor
Xj
total total molar flow rate coefficient of reaction j

Ys,re molar flow rate of the byproduct of chemical
species s in recycled stream re
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Chapter 4 Mass-water CHOSYN 

4.1 Development of a Simultaneous Mass-Water C-H-O Symbiosis Network 

 

Amr A. Farouk, Irene Mei Leng Chew 
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Various research has focused on mass and energy integration within the CHOSYN. 

Furthermore, mass and water networks are designed separately. Water can exist in mass 

networks as raw material, by-product or waste. Water can also exist in water networks 

as a utility. The journal article in this chapter investigated the simultaneous design of 

water and mass networks in the CHOSYN. A systematic methodology for the design 

of a mass-water carbon hydrogen oxygen symbiosis network was introduced. The 

model was formulated to integrate both water and mass networks in the CHOSYN 

design, where the economic performance was maximized while accounting for the 

sustainability performance simultaneously. The meritoriousness of the MWCHOSYN 

model was highlighted through a case study involving several hydrocarbons plants. 

Three scenarios were conceived to accentuate the robustness of the model. Scenario 

one was utilized to synthesize separate mass and water networks in a two-step approach, 

using a single-objective function of minimum external species. Scenario two was 

solved with a multi-objective optimization approach, in which economic and 

environmental indicators were incorporated in the model to design a simultaneous 

mass-water CHOSYN in a single step. Scenario three was solved to design mass-water 

CHOSYN in a one-step model, using a single-objective function of minimum 

purchased chemical species. The results indicated that scenario two achieved better 

overall environmental and economic performance where the return on investment and 

sustainability weighted return on investment metrics reached 29 and 36%/yr. 
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a b s t r a c t 

The carbon-hydrogen-oxygen symbiosis network, which deals with hydrocarbon chemical species, is con- 

sidered a special case of the eco-industrial park. The carbon-hydrogen-oxygen symbiosis network is based 

on the atomic targeting technique, which can be defined as a multi-scale approach to minimize re- 

sources and wastes. Nevertheless, previous works neglected the opportunity to perform water integra- 

tion within the carbon-hydrogen-oxygen symbiosis network to minimize wastewater discharged to the 

environment. In this work, a rigorous model for the design of simultaneous mass and water carbon- 

hydrogen-oxygen symbiosis network is introduced. The objective of this model is the utilization of multi- 

objective optimization to maximize the economic and the environmental performance of the mass-water 

carbon-hydrogen-oxygen symbiosis network simultaneously to reach a sustainable design. The simulta- 

neous mass-water carbon-hydrogen-oxygen symbiosis network is performed in a single-step model using 

the sustainability weighted return on investment metric. The solution from the model indicates which 

plants participate and the extent of participation, the chemical pathways to convert the incoming chem- 

ical species into value-added chemicals, , the allocation of the products to the usersand the mass and 

water network configuration. Three scenarios were investigated to show the merits of the developed 

model. Scenario one was solved using a single-objective function of minimum external species to design 

separate mass and water networks in a two-step model. Scenario two was solved using sustainability 

weighted return on investment metric, in which economic and environmental indicators were incorpo- 

rated in the model to achieve multi-objective optimization to design a simultaneous mass-water CHOSYN 

in one single step. Scenario three was solved using a single-objective function of minimum purchased 

chemical species to synthesize a simultaneous mass-water CHOSYN in a single step. The results indicated 

that scenario two achieved better overall environmental and economic performance where the return 

on investment and sustainability weighted return on investment metrics reached 29 and 36%/yr. In con- 

clusion, the multi-objective optimization of simultaneous mass-water CHOSYN provided eminent results 

and outstanding performance in terms of economic (annual net profit, total operating costs, return on 

investment metric) and environmental (carbon dioxide and wastewater discharge) aspects, leading to sig- 

nificant advantage compared to either separate mass and water network integration or single-objective 

optimization. 

© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Sustainability development is becoming a necessity in the con- 

emporary design of industrial processes to address the global 

hallenges of diminishing natural resources and the escalation of 
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lobal warming. The incorporation of sustainability in process sys- 

em design enables the process to efficiently use natural resources 

nd reduce the negative impact on the surrounding environment. 

he eco-industrial park (EIP) is a favorable method of attaining 

ustainability without compromising the economic performance. 

n EIP can be defined as "a community of manufacturing and ser- 

ice businesses located together on common property. Members 

n EIP seek enhanced environmental, economic, and social perfor- 

ance through collaboration in managing environmental and re- 

ource issues" ( Lowe, 2001 ). The EIP entails cooperation among 
reserved. 
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Nomenclature 

Parameters 

A 

demand 
C ,p 

total demand of carbon atoms from plant p 

(kmole/hr). 

A 

demand 
H ,p 

total demand of hydrogen atoms from plant p 

(kmole/hr). 

A 

demand 
O ,p 

total demand molar flowrate of oxygen atoms from 

plant p (kmole/hr). 

A 

internel 
C ,p 

total internal flowrate of carbon atoms from plant p 

(kmole/hr). 

A 

internel 
H ,p 

total internal flowrate of hydrogen atoms from 

plant p (kmole/hr). 

A 

internel 
O ,p 

total internal flowrate of oxygen atoms from plant 

p (kmole/hr). 

A 

net 
C 

net difference between internal supply and demand 

of carbon atoms in the mass- water CHOSYN. 

A 

net 
H 

net difference between internal supply and demand 

of hydrogen atoms in the mass- water CHOSYN. 

A 

net 
O 

net difference between internal supply and demand 

of oxygen atoms in the mass- water CHOSYN. 

AH annual operating hours . 

C 

overall 
f 

containment concentration of water from freshwa- 

ter source (mg/l). 

C f,n containment concentration of water from freshwa- 

ter source f to mixer n (mg/l) . 

C 

max 
l 

maximum allowable concentration of discharged 

water from treatment facility l (mg/l). 

C 

in 
m 

containment concentration of water from mass net- 

work m (mg/l). 

C 

out 
m 

concentration of water to mass network m (mg/l). 

C m,n containment concentration of water from mass 

network m to mixer n (mg/l). 

C m,t containment concentration of water from mass net- 

work m to regeneration facility t (mg/l). 

C m,l containment concentration of water from mass net- 

work m to treatment facility l (mg/l). 

C n containment concentration of water from mixer n 

(mg/l). 

C 

demand 
p, v containment concentration of water to water sink v 

in plant p (mg/l). 

C 

overall 
q containment concentration of water from water 

source q (mg/l). 

C q,n containment concentration of water from water 

source q to mixer n (mg/l). 

C q,t containment concentration of water from water 

source q to regeneration facility t (mg/l). 

C q,l containment concentration of water from water 

source q to treatment facility l (mg/l). 

C 

out 
t,n containment concentration of water from regenera- 

tion facility t (mg/l). 

COS T s cost price of purchased chemical species s 

($/kmole). 

D 

max 
s,d 

maximum allowable discharge of chemical species s 

(kmole/hr). 

EQ j,s equipment cost per annual mass of product chemi- 

cal species s in reaction j ($/kg/yr) 

F s,i,p flowrate of chemical species s in internal stream i 

from plant p (kmole/hr). 

F max 
s,e maximum allowable flowrate of chemical species s 

in external stream e (kmole/hr). 

FRC f purchased freshwater unit cost ($/ton) . 

G s,p chemical species s demand for plant p (kmole/hr). 
420 
OC water network operating cost ($/ ton) . 

OP j,s operating cost per mass of product chemical species 

s in reaction j ($/kg). 

PC piping cost ($/m) . 

PD f distance from freshwater source f to water network 

(m). 

PD m 

distance from mass network m to water network 

(m). 

PD q distance from participating plant water source q to 

water network (m). 

PD t distance from regeneration facility t to water net- 

work (m). 

PD l distance from treatment facility l to water network 

(m). 

SALE s sales price for sold products from mass network 

($/kmole) . 

TRC t water regeneration unit cost t ($/ton). 

W n water flowrate from mixer n . 

W 

demand 
p, v denotes the demand water for water sink v in plant 

p. 

W 

overall 
q denotes the overall water flowrate from water 

source q. 

WWC l wastewater treatment unit cost ($/ton) . 

WE wi weighting factor representing the relative impor- 

tance of water discharge indicator to annual net 

profit. 

WE ci weighting factor representing the relative impor- 

tance of carbon discharge indicator to annual net 

profit. 

WI target target value for the water discharge indicator 

Z s,j denotes the stoichiometric coefficient of chemical 

species s in reaction j. 

αs number of carbon atoms in species s . 

βs number of hydrogen atoms in species s . 

γ s number of oxygen atoms in species s . 

Sets 

d mass network discharge. 

e external source stream. 

i internal source stream. 

j chemical reaction number. 

l treatment facility. 

m mass network. 

n mixer. 

p existing chemical plants. 

q water source. 

s chemical species. 

t regeneration facility. 

v water sink. 

Variables 

ANP annualized net profit ($/yr). 

AFC annualized fixed cost ($/yr). 

CI carbon discharge indicator 

CAPEX capital investment expenditures ($). 

CV l containment concentration of water at the treat- 

ment facility l (mg/l). 

CV in t containment concentration of water to regeneration 

facility t (mg/l). 

CI carbon discharge indicator 

DI overall 
l 

total flowrate of water at treatment facility l. 

DI m,l flowrate of water from mass network m to treat- 

ment facility l. 
30
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DI q,l flowrate of the water from water source q to treat- 

ment facility l. 

DR m,n flowrate of water from mass network m to mixer n. 

DR q,n flowrate of water from water source q to mixer n. 

F s,e flowrate of chemical species s in e external stream 

(kmole/hr). 

F s,d flowrate of chemical species s in d discharge stream 

(kmole/hr). 

F R overall 
f 

total flowrate of freshwater from freshwater source 

f. 

FR f,n flowrate of freshwater from freshwater source f to 

mixer n. 

MD mass network water demand flowrate. 

MW mass network water source flowrate . 

OPEX operating costs expenditures. 

T R overall 
t total flowrate of the regenerated water from regen- 

eration facility t 

TR t,n flowrate of regenerated water from regeneration fa- 

cility t to mixer n. 

UN q,t flowrate of water from water source q to regenera- 

tion facility t. 

UN m,t flowrate of the water from mass network m to re- 

generation facility t. 

WI water discharge indicator. 

X j molar flowrate coefficient of reaction j. 

everal companies through the synergistic integration of resources 

nd infrastructure. Nonetheless, the methodical utilization of re- 

ources is one of the key attributes of a sustainable and efficient 

hemical process to address the EIP design. The core concept of 

he EIP is known as industrial symbiosis, which involves the inte- 

ration of mass (raw material, by-product, wastes), energy (heat, 

lectricity) and utilities (water) between the different companies. 

urrently, there are more than 250 EIPs worldwide, either oper- 

ting or under development ( Farouk et al., 2021 ). There are a lot

f successfully introduced EIPs worldwide, notably the Kalundborg 

IP in Denmark, NISP EIP in UK and Ulsan Mipo and Onsan indus- 

rial park in South Korea ( Chertow, 2007 ; Park et al., 2008 ). 

The process system engineering (PSE) approaches provide a sys- 

ematic methodology to addressing various issues of sustainability 

n an EIP. The PSE techniques incorporate the field of process inte- 

ration (PI). PI can be defined as a “holistic approach to process de- 

ign, retrofitting and operation which emphasizes the unity of the 

rocess” ( El-Halwagi, 1997 ). PI primarily focuses on a given pro- 

ess in its entirety while encompassing the interactions between 

arious resources and process units, leading to ameliorated mass 

nd energy recovery. Analogously, in the EIP, the interactions be- 

ween multiple companies and enterprises are considered a whole 

ompared to a single enterprise. There is various research address- 

ng the synthesis of EIPs while utilizing PSE techniques and PI 

pproaches ( NG et al., 2009 ; Chew et al., 2010 ). The PSE tech-

iques provide a powerful tool for addressing sustainability issues 

n EIPs. 

. Literature review 

There have been numerous works on the synthesis of EIPs. 

wo of the most common resources being studied in an EIP are 

ater and hydrocarbon networks. Water integration within an 

co-industrial park can generally be optimized using two main 

pproaches, i.e., pinch technology and mathematical optimiza- 

ion. A plethora of research followed the pinch technology ap- 

roaches for water network integration ( Foo, 2009 ; Manan et al., 

004 ; Tan et al., 2007 ; Skouteris et al., 2018 ; Jia et al., 2015 ;
421 
arand et al., 2016 ; Foo et al., 2014 ; Mohammadnejad et al., 2010;

g et al., 2006 ). For instance, Foo (2009) provided a state-of-the- 

rt overview of various insight-based approaches for single con- 

ainment and fixed flowrate water systems. Manan et al. (2004) in- 

roduced a water cascade analysis technique to establish the min- 

mum water and wastewater targets for continuous water-using 

rocesses. Tan et al. (2007) developed a systematic approach for 

etrofitting the water networks with regeneration using water 

inch analysis. Skouteris et al. (2018) developed a rigorous an- 

lytical tool for water management and optimization based on 

ater pinch analysis. Jia et al. (2015) utilized a water footprint 

inch analysis technique based on the decomposition of total 

ater footprint into external and internal footprint components. 

arand et al. (2016) extended the automated composite table al- 

orithm technique to study the interactions of key parameters in 

ater networks of single containment. Foo et al. (2014) intro- 

uced a pinch-based approach to design chilled water networks. 

g et al. (2006) presented a novel and non-interactive numerical 

echnique based on pinch analysis for flowrate targeting in water 

etworks. However, pinch-based approaches have some drawbacks. 

or instance, it lacks the ability to deal with multi-objective opti- 

ization, which is generally the case of an EIP ( Boix et al., 2015 ).

herefore, the mathematical optimization approach is more suit- 

ble for these types of large and complex problems ( Boix et al., 

015 ). Chew et al. (2008) synthesized an EIP for direct and in- 

irect water integration using mixed-integer linear programming. 

ovelady and El-Halwagi, 2009 further investigated the water net- 

ork design by introducing water recycle and separation strategies 

n a mathematical model. Considering the participating plants in- 

ividual fuzzy cost goals, a bi-level fuzzy optimization model was 

eveloped by Avisoet al. (2010) to optimize the water exchange 

etwork in an EIP. A follow-up work was later reported using a 

obust optimization model to incorporate the future changes in 

he capacity or characteristic of industrial processes in the water 

etwork design ( Aviso, 2014 ). The studies on water network in- 

egration within an EIP were further improved by introducing a 

ulti-objective mixed-integer linear programming model to min- 

mize freshwater, regenerated water flowrates as well as the num- 

er of network connections ( Boix et al., 2012 ). Since most of the 

revious studies considered the minimization of freshwater con- 

umed, Avisoet al. (2011) developed an optimization model to ac- 

ount for freshwater consumption and wastewater disposal simul- 

aneously. Jiang et al. (2019) developed a superstructure-based ap- 

roach for synthesizing EIP water systems while considering the 

ingle and inter-plant water integration and the sharing strategy of 

ater utility sub-system of each participating plant. Instead of fo- 

using on continuous modes, Bishnu et al. (2014) adopted a multi- 

eriod water planning approach to address batch systems, which 

s a common EIP setup due to different operating schedules. To 

ring forth further EIP complexity, the environmental impact of in- 

ustrial wastewater discharged into watersheds ( López-Di ́az et al., 

015 ), water treatment systems and the number of pipelines in 

he network ( Alnouri et al., 2016 ) were also investigated. Other 

orks focused on addressing water network failures in the EIPs, 

specially failure propagation characteristics ( Xu et al., 2019 ). On 

he other hand, the establishment of the EIPs requires a decision- 

aking process through various participants and decision-makers. 

hus, Chew et al. (2009) analyzed the interaction of the partici- 

ating plants within the water network using a game theory ap- 

roach. Leong et al. (2016) proposed a multi-objective optimization 

pproach using the analytic hierarchy process. 

In the context of hydrocarbon network synthesis, several 

orks developed mathematical models to synthesize fuel gas 

 Hasan et al., 2011 ) and syngas networks ( Roddy, 2013 ). Another vi-

al application of hydrocarbon network was reported on interplant 

ydrogen networks. The works were divided into pinch-based and 
31
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athematical programming approaches. Works using pinch-based 

ethods pertained to setting targets such as minimum fresh re- 

ources ( Chew et al., 2010 ) and minimum hydrogen utility con- 

umption ( Zhao et al., 2006 ). Other works focused on minimiz- 

ng the purifier capacity for regeneration networks ( Chew et al., 

010 ). Contrastingly, the mathematical programming techniques 

ere more suitable for handling complex systems. Several design 

reas within the hydrogen network were addressed using mathe- 

atical modeling approaches, such as pressure ratio and adsorbent 

electivity ( Deng et al., 2017 ), intermediate headers ( Kang et al., 

018 ), purification techniques selection ( Shehata, 2016 ), multi- 

eriod operations considering the fluctuation of operating condi- 

ions in various participating enterprises ( Han et al., 2020 ). More- 

ver, other works were reported on combined mathematical pro- 

ramming and pinch-based techniques ( Lou et al., 2019 ). 

The previous research designed EIPs mass and energy ex- 

hanges based on species and plant level. Noureldin and El- 

alwagi (2015) introduced the concept of atomic targeting and 

pecies allocation to synthesize a centralized material exchange 

ystem, known as carbon-hydrogen-oxygen symbiosis network 

CHOSYN). El-Halwagi (2017a) further improved the previous work 

y developing a shortcut multi-scale atomic targeting approach to 

esign the CHOSYN. Recently, Toplski et al. (2018) introduced an 

nchor-tenant approach to design a CHOSYN by using not only ex- 

sting plants but also grassroots plants. Later, the same authors 

xtended the anchor-tenant approach to further incorporate both 

ass and energy in the design of the CHOSYN ( Toplski et al., 2019 ).

ukherjee and El-Halwagi (2018) developed a mathematical model 

mbracing reliability criteria with source stream uncertainty in the 

HOSYN design. Juárez-García et al. (2019) developed an optimiza- 

ion model to design a CHOSYN based on disjunctive programming 

ormulation. Al-Fadhli et al. (2018) introduced the problem of mul- 

iperiod operations and developed an optimization model to design 

 multiperiod CHOSYN. Panu et al. (2019) included the reduction in 

arbon footprint in the CHOSYN design. Farouk et al. (2021) intro- 

uced a multi-objective optimization approach to take into consid- 

ration the sustainability, safety and economic criteria during the 

esign of CHOSYN. 

The aforementioned studies addressed mass and energy inte- 

ration only in the CHOSYN design. Thus, there is a lack of re- 

earch on water integration within the CHOSYN. In general, wa- 

er and mass (hydrocarbon) networks are designed as two inde- 

endent networks. Nonetheless, in actual cases, mass and water 

etworks intertwine. In such cases, it is beneficial to include both 

ass and water networks into the CHOSYN design. For instance, 

ater may exist as a raw material or a product by being part of 

he mass network, but it also can be part of the water network as 

 utility for cooling/heating purposes. In this study, a systematic 

on-linear programming (NLP) model is developed to design an 

ntegrated mass-water carbon-hydrogen-oxygen symbiosis network 

mass-water CHOSYN). The overall objective of the model is to op- 

imize the economic and environmental performance simultane- 

usly for the integrated mass-water CHOSYN. The economic indica- 

ors considered for the mass-water CHOSYN are the raw materials 

osts, freshwater costs, regeneration costs, wastewater treatment 

osts, capital costs and operating costs, while the environmental 

ndicators are the flowrates of carbon dioxide and wastewater dis- 

harged to the environment. The developed model addresses the 

esign of mass and water networks simultaneously in one single 

tep which leads to a coherent mode. The paper is structured as 

ollows. In the following section, a generalized problem statement 

s shown. This is followed by the model formulation proposed to 

ackle the problem statement. Afterwards, a case study is solved to 

how the merits of designing a mass-water CHOSYN, followed by 

esults, discussion and conclusion sections. 
{

422 
. Methods 

.1. Optimization approach overview 

The proposed optimization superstructure in this paper consists 

f an integrated mass and water networks in the CHOSYN. The ob- 

ective of this work is to synthesize an optimum network by using 

 multi-objective optimization approach. The research methodol- 

gy is divided into three stages. In the first stage, the problem is 

efined where input parameters and required outputs are defined. 

he second stage involves mathematical modeling to achieve the 

equired targets. The steps involved in the mathematical modeling 

re atomic targeting, water separation and mixing, mass and water 

alanced equations and multi-objective optimization, which incor- 

orates economic and environmental objectives. The outputs of the 

athematical modeling are determining the minimum benchmark 

or external sources, freshwater, wastewater discharge, and carbon 

ioxide discharge. Moreover, the mass network and water network 

onfigurations are generated based on the acquired results. The 

hird stage is to define and solve a case study to show the mer- 

ts of the developed model. Three CHOSYN schemes are generated 

n this stage. The first scheme involves the synthesis of separate 

ass and water networks using minimum external and freshwater 

ources as an objective function. The second scheme demonstrates 

he advantages of the developed model by optimizing mass and 

ater networks simultaneously using a multi-objective optimiza- 

ion approach. The final scheme also involves simultaneous mass- 

ater network optimization. However, a single objective of min- 

mum external and freshwater sources was selected to show the 

ifference between multi-objective and single-objective optimiza- 

ion. The proposed optimization approach superstructure is shown 

n Fig. 1 . 

.2. Problem definition 

Consider a number of industrial plants {p|p = 1,2,….,p plant } lo- 

ated in the same industrial complex. The plants agreed to share 

heir by-products and wastewater by forming an EIP. The EIP em- 

odies a central facility divided into a mass network (MN) and a 

ater network (WN). Fig. 2 shows the systematic representation of 

he mass-water CHOSYN. 

The mass network receives by-products as internal sources 

 i|i = 1,2,….,i internal source } that contains a set of chemical species 

 s|s = 1,2,….,s species } and transforms them into valuable products, 

.e., participating plants demand. The molar flowrates of the chem- 

cal species within each of the internal sources and the partic- 

pating plants demand streams are indicated by F s,i,p, and G s,p . 

he mass network may purchase external chemical species sources 

 e|e = 1,2,….,e external } denoted by F s,e and freshwater denoted by 

D to satisfy the participating plants demand. The mass network 

omprises several chemical reactions { j|j = 1,2,….,j reaction } that act 

s interceptors and transforms the incoming chemical species to 

he participating plants demand. Additionally, the flowrate of the 

hemical species discharged { d|d = 1,2,….,d discharge } is indicated by 

 s,d, while the flowrate of water released from the mass network is 

ndicated by MW . 

On the other hand, the water network has multiple inputs and 

utputs of water, each with a certain flowrate and quality. The wa- 

er network incorporates a series of mixers { n|n = 1,2,….,n mixer } 

hich corresponds to the number of participating plants and mass 

etwork water sinks (SK) { v|v = 1,2,….,v sink }. The water network 

eceives process water from each participating plant source (SR) 

 q|q = 1,2,….,q source }, each with certain quality denoted by C q . 

he wastewater from each q source can be separated to water 

sed in mixer n , untreated water sent to regeneration facility 

 t|t = 1,2,….,t regeneration } and discharged water sent to treatment fa- 
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Fig. 1. Optimziation approch framework. 
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A

ility { l|l = 1,2,….,l treatment }. Additionally, the water network may 

eceive released water from the mass network water source. The 

ater flowrate and quality from the MN are represented by MW 

nd C 

in 
m 

. The water from the mass network can be separated to wa-

er used in mixer n , untreated water sent to regeneration facility t 

nd wastewater sent to treatment facility l . The regeneration and 

reatment facilities are assumed to be a fixed output quality type. 

he water network may purchase freshwater { f|f = 1,2,….,f freshwater } 

ith C 

overall 
f 

water quality to meet the participating plants sinks 

emand. To satisfy the participating plants and the mass network 

inks demand, each mixer n in the water network may receive wa- 

er from water source q , freshwater source f and regeneration facil- 

ty t . All the plants participating in the integrated mass-water net- 

ork have their internal sources, demand and input-output water 

owrates and quality identified. The internal water network super- 

tructure is shown in Fig. 3 . 

The overall aim of this work is to develop a model to design 

 CHOSYN that incorporates both mass and water networks. The 

odel will select the optimum interceptors in the mass network 

o convert the input chemical species to the required demand. Ad- 

itionally, the model will determine the optimum water network 

onfiguration simultaneously with the mass network to satisfy the 
423 
articipating plants in such a way that the economic objective is 

ptimized without sacrificing the environmental objective. 

.3. Optimization model 

.3.1. Mass network 

.3.1.1. Atomic targeting. The atomic targeting technique El- 

alwagi, 2017a ) transforms the participating plants available 

hemical species from moles to carbon, hydrogen, and oxygen 

CHO) atoms using Eqs. (1 –(3) , where αs , βs , γ s are the atomic 

oefficients for CHO atoms. Note that A 

i nternal 
C ,p 

, A 

i nternal 
H ,p 

, and A 

i nternal 
O ,p 

re the total flowrates of the internal sources. Eqs. (4 - 6 ) are

tilized to determine the flowrates of the participating plants 

emand in terms of CHO atoms in the same manner as Eqs. (1 –3 ).

he terms F s,i,p and G s,p are the molar flowrates of s chemical 

pecies in the internal and demand streams. 

 

internal 
C ,p = 

∑ 

s 

( ∑ 

i 

αs F s,i,p 

) 

; ∀ p (1) 

 

internal 
H ,p = 

∑ 

s 

( ∑ 

i 

βs F s,i,p 

) 

; ∀ p (2) 
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Fig. 2. Systematic representation of the mass-water CHOSYN central facility. 
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internal 
O ,p = 

∑ 

s 

( ∑ 

i 

γs F s,i,p 

) 

; ∀ p (3) 

 

demand 
C ,p = 

∑ 

s 

αs G s,p ; ∀ p (4) 

 

demand 
H ,p = 

∑ 

s 

βs G s,p ; ∀ p (5) 

 

demand 
O ,p = 

∑ 

s 

γs G s,p ; ∀ p (6) 

In Equations (7) – (9), the difference between the total avail- 

ble internal sources and the plants demand represents the total 

et supply of atoms to the mass network. A positive sign points to 

 surplus of an atom, which indicates a benchmark for minimum 

ischarge flowrate for that atom. Conversely, a negative sign points 

o a deficit of an atom, which indicates a benchmark for minimum 
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urchasable external sources. 

A 

net 
C = 

∑ 

p 

A 

internal 
C ,p −

∑ 

p 

A 

demand 
C ,p (7) 

A 

net 
H = 

∑ 

p 

A 

internal 
H ,p −

∑ 

p 

A 

demand 
H ,p (8) 

A 

net 
O = 

∑ 

p 

A 

internal 
O ,p −

∑ 

p 

A 

demand 
O ,p (9) 

.3.1.2. Overall atomic balance. The deficit and surplus of atoms 

dentified by Eqs. (7 –9 ) are satisfied by purchasing external sources 

nd allowing chemical species discharge. The flowrates of external 

ources ( F s,e ), required water ( MD) , chemical species discharge ( F s,d ) 

nd released water from MN water source ( MW) are determined 

sing Eqs. (10) – (12). Note that the maximum allowable purchased 

nd discharged chemical species are shown in Eqs. (13) – (14). 

A 

net 
C + 

∑ 

s 

∑ 

e 

αs F s,e + αH 2 O MD −
∑ 

s 

∑ 

d 

αs F s,d − αH 2 O MW (10) 
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Fig. 3. Water network superstructure. 
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F

A 

net 
H + 

∑ 
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∑ 

e 

βs F s,e + βH 2 O MD −
∑ 

s 

∑ 

d 

βs F s,d − βH 2 O MW (11) 

A 

net 
O + 

∑ 

s 

∑ 

e 

γs F s,e + γH 2 O MD −
∑ 

d 

γs 

∑ 

d 

F s,d − γH 2 O MW (12) 

 s,e ≤ F max 
s,e ; ∀ s, ∀ e (13) 

 s,d ≤ F max 
s,d ; ∀ s, ∀ d (14) 

.3.1.3. Overall mole balance. The overall stoichiometric Eq. (15) in- 

ludes all involved chemical species within the mass-water 

HOSYN. The molar flowrate coefficient X j of each chemical reac- 

ion j needed to transform the entering chemical species to the re- 

uired demand is calculated using Eqs. (16) – (17), where Z s, j the 

toichiometric coefficient of chemical species s in reaction j. 

 

s 

∑ 

i 

∑ 

p 

F s,i,p + 

∑ 

s 

∑ 

e 

F s,e + MD = 

∑ 

s 

∑ 

p 

G s,p + 

∑ 

e 

∑ 

d 

F s,d + MW 

(15) 

 

s 

∑ 

i 

∑ 

p 

F s,i,p + 

∑ 

s 

∑ 

e 

F s,e + MD −
∑ 

s 

∑ 

d 

F s,d − MW 

= 

∑ 

s 

∑ 

j 

Z s, j ×
∑ 

j 

X j (16) 

 ∑ 

G s,p = 

∑ ∑ 

Z s, j ×
∑ 

X j (17) 

s p s j j 

425 
.3.2. Water network 

.3.2.1. Participating plants water balances. The input water bal- 

nces entering the water network from the participating plant wa- 

er sources are summarized in Eq. (18) . The inlet water flowrate 

rom any participating plant water source ( W 

overall 
q ) to the water 

etwork using Eq. (18) is separated to water used ( D R q,n ) in mixer

, untreated water ( U N q,t ) to the regeneration facility t and dis- 

harged water D I q,l to treatment facility l. The flowrates of the di- 

ectly used water in the water network can be further separated 

o multiple inputs to each mixer n inside the water network. The 

umber of mixers in the water network corresponds to the number 

f participating plants and mass network water sinks. Likewise, the 

owrates of untreated and discharged water to the regeneration fa- 

ility and treatment facility can be further separated to enter sev- 

ral regeneration facilities t and treatment facilities l . Note that the 

ater quality of the separated streams is shown in Eq. (19) . 

 

overall 
q = 

∑ 

n 

D R q,n + 

∑ 

t 

U N q,t + 

∑ 

l 

D I q,l ; ∀ q (18) 

 

overall 
q = C q,n = C q,t = C q,l ; ∀ q (19) 

.3.2.2. Freshwater balance. Similarly, the purchasable freshwater 

owrate (F R overall 
f 

) from each freshwater source can be separated 

o water used (F R f,n ) in any mixer n in the water network as 

hown in Eq. (20) . The water quality of the separated streams is 

hown in Eq. (21) . 

 R 

overall 
f = 

∑ 

n 

F R f,n ; ∀ f (20) 
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overall 
f = C f,n ; ∀ f (21) 

.3.2.3. Mass network water balance. Correspondingly, the flowrate 

f released water (MW) from the mass network m water source 

alculated previously using Eq. (10) – (12), is separated to water 

sed (D R m,n ) in mixer n, untreated water (U N m,t ) to regeneration 

acility t and discharged water (D I m,l ) to the treatment facility l 

s shown in Eq. (22) . D R m,n and U N m,t can be further divided to

ultiple inputs to mixer n, regeneration facility t and treatment 

acility l. The water quality is shown in Eq. (23) . 

 W m 

= 

∑ 

n 

D R m,n + 

∑ 

t 

U N m,t + 

∑ 

l 

D I m,l ; ∀ m (22) 

 

in 
m 

= C m,n = C m.t = C m,l ; ∀ m (23) 

.3.2.4. Regeneration facility water balance. The inputs to the re- 

eneration facility include untreated water from the participating 

lants water sources and untreated water from the mass network 

ater source, as shown in Eq. (24) . After the water undergoes 

egeneration, the regenerated water can be segregated to multi- 

le inputs to any mixer n inside the water network as shown in 

q. (25) . The input water concentration (CV in t ) to any regeneration 

nit is summarized in Eq. (26) . The output water concentration 

 C 

out 
t,n ) depends on the type of water treatment used. 

 R 

ov erall 
t = 

∑ 

q 

U N q,t + 

∑ 

m 

U N m,t ; ∀ t (24) 

 R 

ov erall 
t = 

∑ 

n 

T R t,n ; ∀ t (25) 

 R 

ov erall 
t × CV 

in 
t = 

( ∑ 

q 

C q,t ×
∑ 

q 

U N q,t 

) 

+ 

(∑ 

m 

C m,t ×
∑ 

m 

U N m,t 

)
; ∀ t (26) 

.3.2.5. Mixers water balance. The inlet flowrate to any mixer n in 

he water network is equal to the summation of the directly used 

ater ( D R q,n ) from any participating plant water source, purchased 

reshwater ( F R f,n ), released water ( D R m,n ) from the mass network 

ater source and regenerated water ( T R t,n ) from each regenera- 

ion facility t as summarized in Eq. (27) . The mixer’s water qual- 

ty is shown in Eq. (28) . The mixer’s water flowrate is sent to the

articipating plants water sinks ( Eq. (29) ) where the quality con- 

traint at each sink ensures that each plant will only accept in- 

ut water from the mixer as long as the maximum contaminant 

oncentration specified is not exceeded as summarized in Eq. (30) . 

he number of pariticpating plant sinks corresponds to the num- 

er of mixers. If there a mass network sink demand, another mixer 

s added, where the mass network water demand calculated from 

qs. (10) – (12) can be supplied using Eq. (31) . The mass network 

ater demand quality is shown in Eq. (32) . 

 n = 

∑ 

q 

D R q,n + 

∑ 

m 

D R m,n + 

∑ 

f 

F R f,n + 

∑ 

t 

T R t,n ; ∀ n (27) 

 n × C n = 

( ∑ 

q 

C q,n ×
∑ 

q 

D R q,n 

) 

+ 

(∑ 

m 

C m,n ×
∑ 

m 

D R m,n 

)

+ 

( ∑ 

f 

C f,n ×
∑ 

f 

F R f,n 

) 

+ 

(∑ 

t 

C out 
t,n ×

∑ 

t 

T R t,n 

)
; ∀ n 

(28) 
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demand 
p, v = W n (29) 

 

demand 
p, v × C 

demand 
p, v ≥ W n × C n (30) 

D = W n (31) 

D × C 

out 
m 

≥ W n × C n (32) 

.3.2.6. Discharge water balance. The water flowrate discharged 

I ov erall 
l 

to the environment through l treatment facility is equal 

o the flowrate of water discharged from any participating plant 

ater source D I q,l and mass network D I m,l water source as shown 

n Eq. (33) , whereas the pollutant concentration discharged to the 

nvironment is determined through Eq. (34) . Note that the envi- 

onmental regulations impose maximum pollutant concentration 

imits on the water discharged to the environment, as shown in 

q. (35) . 

I ov erall 
l = 

∑ 

m 

D I m,l + 

∑ 

q 

D I q,l ; ∀ l (33) 

I ov erall 
l × C V l = 

∑ 

m 

D I m,l ×
∑ 

m 

C m,l + 

∑ 

q 

D I q,l ×
∑ 

q 

C q,l ; ∀ l (34) 

 V 

max 
l ≥ C V l (35) 

.3.3. Economic analysis 

The economics of the mass-water CHOSYN is divided to MN and 

N economics. The detailed governing equations are summarized 

hrough Eqs. (36 –49 ) 

.3.3.1. Mass network economics. Each reaction involved in the MN 

epresents an interceptor incorporating several types of equipment 

o convert the inlet chemical species to the demand chemical 

pecies. Therefore, the MN economics is divided into three com- 

onents. First, the equipment costs (EQ) which calculated using 

q. (36) ( Farouk et al., 2021 ). Data for the equipment costs can 

e extracted from actual plant data, literature review, or simula- 

ion programs. Next, the equipment costs are utilized to calcu- 

ate fixed capital investment (FCI) using the factorial method ( El- 

alwagi, 2017b ; Smith, 2005 ). The FCI is divided into physical and 

ndirect plant costs which are assumed as a factor of the calculated 

quipment costs. Subsequently, Work capital investment ( WCI ) is 

ssumed as a percentage of capital investment (15%) where the 

apital investment is the summation of both FCI and WCI, as 

hown in Eq. (37) . Note that the detailed factorial method is shown 

n the supporting information Tables A1 - A2. Afterward, the op- 

rating costs for the MN are expressed as a function of chemi- 

al species products flowrate, as shown in Eq. (39) ( Farouk et al., 

021 ). The operating costs are divided into direct and indirect 

osts, which are assumed as a factor of FCI and labor. The detailed 

perating costs are summarized in the supporting information Ta- 

le A3. The total raw materials costs per year are calculated sepa- 

ately using Eq. (38) and are expressed as a function of purchased 

hemical species. 

quipment cost = 

∑ 

j 

E Q j,s ×
∑ 

j 

Z s, j ×
∑ 

j 

X j × AH (36) 

 apital in v estment = F C I + W C I (37)

aw material cost = 

∑ 

S 

COS T s ×
∑ 

s 

∑ 

e 

F s,e × AH (38) 
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perating cost MN = 

∑ 

j 

O P j,s ×
∑ 

j 

Z s, j ×
∑ 

j 

X j × AH (39) 

here E Q j,s is the equipment cost per kg of a product of chemical 

pecies s per year, AH is the annual operating hours of the mass- 

ater CHOSYN, X j is the molar flowrate coefficient of reaction j , 

 s, j is the stoichiometric coefficient of chemical species s in reac- 

ion j. O P j,s is the operating cost per kg of a product of chemical

pecies s in reaction j and COS T s is the cost price of external chem- 

cal species. 

.3.3.2. Water network economics. The WN economics is divided 

nto five components. First, the capital piping costs needed to 

onstruct the piping between the participating plants, regenera- 

ion facilities, freshwater sources, MN, treatment facilities and the 

N expressed as a function of distance in meters as shown in 

q. (40) . Second, the operating costs for using and maintaining the 

N infrastructure are expressed as a function of the input wa- 

er flowrates within the WN in Eq. (41) . The input water is di-

ided into water from the participating plants water sources, wa- 

er from the MN water source and purchased freshwater. Third, the 

egeneration costs, which are the costs incurred in water regener- 

tion, are expressed as a function of regenerated water in Eq. (42) . 

ourth, the cost of purchased freshwater, is expressed as a function 

f freshwater flowrate in Eq. (43) . Lastly, the cost of discharging 

astewater through the treatment facility is expressed as a func- 

ion of discharged water flowrate as shown in Eq. (44) . 

 iping cost = PC ×
( ∑ 

f 

P D f + P D m 

+ 

∑ 

q 

P D q + 

∑ 

t 

P D t + 

∑ 

l 

P D l 

)

(40) 

perating cost W N = OC ×
( ∑ 

f 

F R 

ov erall 
f + MW + 

∑ 

q 

W 

ov erall 
q 

) 

(41) 

egeneration cost = 

∑ 

t 

T R 

ov erall 
t ×

∑ 

t 

TR C t (42) 

 reshwater cost = 

∑ 

f 

F R 

overall 
f ×

∑ 

f 

FR C f (43) 

 reatment cost = 

∑ 

l 

DI overall 
l ×

∑ 

l 

WW C l (44) 

here P D f , P D m 

, P D q , P D t and P D l are the distance between the

N and fresh source, MN, participating plants water source, regen- 

ration facility, and treatment facility. Note that PC , OC , TR C t , FR C f , 

nd WW C l are the piping costs, operating costs, regeneration costs 

or each regeneration facility, freshwater costs, and discharged wa- 

er treatment costs. 

.3.3.3. Total economic costs. The total capital investment expen- 

itures ( CAPEX ) of both the MN and the WN are summarized 

n Eq. (45) , while the total operating cost expenditures ( OPEX ) 

re shown in Eq. (46) . The annualized fixed costs using ten 

ears scheme with negligible salvage value is assumed as 10% 

f the CAPEX as summarized in Eq. (47) ( El-Halwagi, 2017b ). 

q. (48) shows the annual net profit ( ANP ) for the mass-water 

HOSYN ( Farouk et al., 2021 ). The return-on-investment metric 

ROI) is calculated using Eq. (49) . 

APEX = Capi tal inve stme nt + Pipi ng cost (45) 
427 
P EX = Raw material cost + Operating cost MN 

+ Operating cost W N + Regeneration cost 

+ F r eshwater cost + T r eatment cost (46) 

F C = 0 . 1 × CAP EX (47) 

NP = 

[ ( ∑ 

S 

SAL E s × G s − OP EX − AF C 

) 

× ( 1 − Tax rate ) 

] 

+ AF C 

(48) 

OI = ANP/CAP EX (49) 

here SAL E s is the sale price of the demand of chemical species s, 

NP is the annual net profit, and AFC is the annualized fixed cost. 

.3.4. Sustainability weighted return on investment 

The sustainability weighted return on investment metric 

SWROIM) is a metric proposed by El-Halwagi (2017c) to quan- 

ify several environmental indicators. The SWROIM utilized in 

his work considers two components. The first component is the 

owrate of water discharged to the environment as shown in 

q. (50) , i.e., water discharge( WI ). The second component is the 

owrate of discharged carbon dioxide from the MN, i.e., car- 

on dioxide discharge( CI ) as summarized in Eq. (51) . Finally, the 

WROIM is applied using Eq. (52) ( El-Halwagi, 2017c ). 

 I = 

( ∑ 

l 

DI ov erall 
l 

) 

(50) 

I = 

∑ 

d 

F C O 2 ,d (51) 

WROIM = 

ANP 

CAP EX 
×

[ 
1 + 

(
W E wi ×

W I 

W I target 

)
+ 

(
W E ci ×

CI 

C I target 

)] 
(52) 

here CAPEX and ANP are total capital expenditures and the an- 

ual net profit calculated from Eqs. (45) and (48) . F C O 2 ,d is cal- 

ulated using Eqs. (10) – (12), while DI ov erall 
l 

is calculated using 

q. (33) . Note that, W E wi and W E ci are a weighting factor in the 

orm of a ratio representing the relative importance of the wa- 

er and carbon impact as compared to the annual net profit. The 

eighting factor depends on the participating plants own values 

nd commitment towards sustainability. W I target and C I target are the 

arget values for the water and carbon impacts. The target val- 

es can be obtained from process integration benchmarking or set 

y the company as a sustainability goal. The ratios W I 
W I target and 

CI 
C I target represent the fractional contribution of water and carbon 

mpact toward meeting the target performance and may be posi- 

ive, negative, or zero ( El-Halwagi, 2017c ). The higher the contribu- 

ion value, the better the sustainability performance of the mass- 

ater CHOSYN. 

.3.5. Objective function 

The objective function is set to maximize the SWORIM to 

erform multi-objective optimization, as shown in Eq. (53) . The 

WROIM consists of annual net profit and capital return on invest- 

ent, which summarizes the economic indicators. Moreover, the 

astewater and carbon dioxide discharge are quantified and rela- 

ively compared with the economic indicators, i.e., environmental 
37



A .A . Farouk and I.M.L. Chew Sustainable Production and Consumption 28 (2021) 419–435 

Table 1 

Participating plants details ( Farouk et al., 2021 ). 

Participating plants Raw material Product By-product Governing chemical reaction 

Propane dehydrogenation (PDH) Propane Propylene CO 2 H 2 C 3 H 8 → C 3 H 6 + H 2 

Methanol to propylene (MTP) Methanol Propylene CO 2 3C H 3 OH → C 3 H 6 + H 2 O 

Ethylene cracking Ethane Ethylene H 2 CH 4 C 2 H 6 → C 2 H 4 + H 2 C 2 H 6 + C 2 H 4 → C 3 H 6 +C H 4 2 C 2 H 6 → C 3 H 8 +C H 4 C 3 H 8 → C 3 H 6 + H 2 

Gas to liquid (GTL) Methane Syngas COCO 2 H 2 C H 4 + H 2 O → CO + 3 H 2 OC H 4 +1 . 5 O 2 → CO + 2 H 2 O CO+ H 2 O → C O 2 + H 2 

Biodiesel Palm oil Methanol Biodiesel C 3 H 8 O 3 C H 3 (C H 2 ) 14 COOH + C H 3 OH → C 14 H 28 + C 3 H 8 O 3 
Acrolein Acrolein Acrylic acid – Acrolein → Acrylicacid 

Propylene glycol Propylene glycol polyester – Propyleneglycol → Polyester 

Table 2 

Molar flowrate (kmole/hr) of the participating plants internal sources ( Farouk et al., 2021 ). 

GTL Ethylene Cracking PDH MTP Biodiesel Propylene glycol Acrolein Total 

CO 930 0 0 0 0 – – 930 

CO 2 2910 0 180 900 0 – – 3990 

H 2 7830 135 2000 0 0 – – 9965 

CH 4 0 39 0 0 0 – – 39 

C 3 H 8 O 3 0 0 0 0 1000 – – 1000 

Table 3 

Participating plants demand flowrate (kmole/hr) 

( Farouk et al., 2021 ). 

Plant Demand Flowrate 

MTP Methanol 6500 

Biodiesel Methanol 1000 

Propylene glycol Propylene glycol 1000 

Acrolein Acrolein 1000 
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Table 4 

Suggested candidate interceptors ( Farouk et al., 2021 ). 

Technology Interceptor 

Methanol synthesis Xj 1 2 H 2 +CO → C H 3 OH 

Methanol synthesis Xj 2 3 H 2 +C O 2 → C H 3 OH+ H 2 O 

Steam reforming of methane Xj 3 C H 4 + H 2 O → 3 H 2 +CO 

Steam reforming of methane Xj 4 C H 4 +2 H 2 O → 4 H 2 +C O 2 
Glycerol to syngas Xj 5 C 3 H 8 O 3 +3 H 2 O → 3C O 2 +7 H 2 

Water-gas shift reaction Xj 6 H 2 O + CO → H 2 +C O 2 
Reverse water-gas shift reaction Xj 7 H 2 +C O 2 → H 2 O + CO 

Glycerol to propylene glycol Xj 8 C 3 H 8 O 3 + H 2 → C 3 H 8 O 2 + H 2 O 

Glycerol to acrolein Xj 9 C 3 H 8 O 3 → C 3 H 4 O + 2 H 2 O 
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ndicators. All of the previous indicators are optimized simultane- 

usly to give the optimum mass-water configuration. Alternatively, 

he objective function can also be set to minimize the use of ex- 

ernal sources and freshwater, following Eq. (54) . 

aximum 

(
SWROIM = 

ANP 

CAP EX 

×
[ 

1 + 

(
W E wi ×

W I 

W I target 

)

+ 

(
W E ci ×

CI 

C I target 

)])
(53) 

inimum 

( ∑ 

s 

∑ 

e 

F s,e + 

∑ 

f 

F R 

overall 
f 

) 

(54) 

.4. Case study 

Several industrial plants agreed to utilize their by-products 

nd wastewater through a central facility to convert them to 

alue-added products. The central facility is divided into mass 

nd water networks. The case study mass network participating 

lants were adapted and modified from El-Halwagi (2017a) and 

arouk et al. (2021) . On the other hand, the case study water net-

ork participating plants were adapted and modified from Tiu and 

ruz (2017) and Aviso et al. (2010) . 

.4.1. Mass network participating plants 

Detailed analysis of the participating plants is summarized in 

ables 1 and 2 . The plants demands are summarized in Table 3 .

o meet the plants demand, the central facility will require spe- 

ific interceptors to convert the internal sources to valuable prod- 

cts. The candidate interceptors are summarized in Table 4 . The as- 

umptions and detailed costs for the interceptors are shown in Ta- 

les A4 and A5 in the supporting document. The external sources 

nit cost are shown in Table A6 in the supporting document. 
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.4.2. Water network participating sources/sinks 

The participating plants water SRs (outputs) and water SKs (de- 

and) flowrate and quality are summarized in Table 5 . The par- 

icipating plants distances from the central facility is shown in 

able 6 . The water cost parameters and treatment costs are shown 

n Tables A7 and A8 in the supporting document. All assumed pa- 

ameters for the mass-water CHOSYN are summarized in Table A9 

n the supporting document. 

. Results and discussion 

.1. Scenario analysis 

The developed model (Equations (1) – (52)) is used to design a 

ass-water CHOSYN. The problem formulation is non-linear pro- 

ramming (NLP) and is solved using lingo software with a global 

olver deployed. Note that the non-linearity originates from the 

OI and SWROIM in the model. Three scenarios are evaluated in 

his section. The first scenario is solved with the objective function 

f minimum external sources and freshwater ( Eq. (54) ). Scenario 

ne demonstrates a single objective optimization of the synthe- 

is of separate mass and water networks. The second scenario is 

olved with the objective function of maximum SWROIM ( Eq. (53) ) 

here mass and water networks are synthesized simultaneously. 

cenario two represents the multi-objective optimization model- 

ng where SWROIM includes economic indicators (annual sales 

nd capital costs) and environmental indicators (carbon dioxide 

nd wastewater discharge. The third scenario is solved using an 

bjective function of minimum freshwater and external chemical 

pecies consumption ( Eq. (54) ). Scenario three represents single- 

bjective optimization modeling of simultaneous mass and water 
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Table 5 

Water SKs and SRs limiting data for the participating plants ( Avisoet al., 2010 ; Tiu et al., 2017). 

Water SR SR flowrate (ton/day) SR quality (mg/L) Water SK SK flowrate (ton/day) SK quality (mg/L) 

q 1 100 100 v 1 100 10 

q 2 20 250 v 2 20 100 

q 3 50 80 v 3 80 20 

q 4 100 200 v 4 60 50 

Table 6 

Distances to water network (m). 

Distance Distance from Distance to Water Network (m) 

PD q 1 v 1 / q 1 300 

PD q 2 v 2 / q 2 200 

PD q 3 v 3 / q 3 150 

PD q 4 v 4 / q 4 150 

PD f Freshwater source 200 

PD m Mass network 50 

PD t Regeneration facility 200 

PD l Treatment facility 200 

Table 7 

Flowrates of external and discharged chemical species for the first scenario. 

Mass network (kmole/hr) Water network (kmole/hr) 

C 3 H 8 O 3 CH 4 H 2 CO H 2 O CO 2 Freshwater Wastewater discharge 

3153 0 −2626 0 −3031 −3920 292 315 

Table 8 

Economic and environmental analysis for the first scenario. 

ANP ($/yr) OPEX ($/yr) CAPEX ($) ROI (%/yr) SWROIM (%/yr) 

112 ×10 7 258 ×10 7 630 ×10 7 17 23 
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etwork optimization where only purchased chemical species are 

inimized. 

.1.1. First scenario 

To synthesize the separate water and mass networks, Eqs. 

1 - 17 ) and ( 36–39 ) were solved to obtain the mass network,

hile Eqs. (18 - 35 ) and 40 –(44) were solved to optimize the wa-

er network. The objective function of minimum external sources 

 Eq. (54) ) for the mass network and minimum freshwater for the 

ater network was selected to obtain the optimum separate mass 

nd water network. The first scenario is utilized to show the dif- 

erence between simultaneous and separate optimization of mass 

nd water networks. The results of mass and water networks are 

abulated in Tables 7 , 8 and 9 . Based on Table 7 , the optimum mass

etwork selected reactions that utilized C 3 H 8 O 3 and minimized the 

sage of other external sources like CH 4 and H 2 . From Table 8 , the

OI and SWROIM reached 17 and 23%/yr. The low SWROIM is due 

o the discharge of 3920 and 315 kmole/hr of CO 2 and H 2 O. From

able 9 , we can conclude the operating costs breakdown analysis 

here the raw materials and freshwater costs were significantly 

owered. Based on Fig. 4 , it can be observed that five interceptors 

ere selected where no methane was consumed while wastewater 

as discharged. Concurrently, from Fig. 5 , not all available wastew- 

ter was integrated, leading to a significant wastewater discharge. 

.1.2 Second scenario 

In the second scenario, the model is solved with the objective 

unction of maximum SWROIM (Eqn. ( 53) ). The scenario demon- 

trates the results of simultaneous optimization of mass and water 

etworks using multi-objective optimization. The model indicated 

he minimum benchmark for purchased chemical species, which 

ncluded 10 0 0 and 6461 kmole/hr of C H O and CH for the mass
3 8 3 4 

429 
etwork. Although the mass-water CHOSYN required 543 kmole/hr 

f H 2 O, there were no additional costs incurred in purchasing the 

 2 O. This is because the required flowrates of H 2 O were supplied 

y the mass-water CHOSYN. Additionally, the resulting mass-water 

HOSYN has all water sources being integrated with the water net- 

ork. Hence, the integrated mass water CHOSYN discharges zero 

astewater. This is due to the incorporation of the multi-objective 

ptimization approach where the discharged wastewater and car- 

on dioxide are minimized. The water network requires the pur- 

hase of a minimum flowrate of 521 kmole/hr of H 2 O to fulfill 

he water sinks requirements. The flowrates of external and dis- 

harged species for the integrated mass-water CHOSYN are sum- 

arized in Table 10 . Fig. 6 illustrates a schematic representation 

f the optimum mass-water CHOSYN, where only five interceptors 

ere used since the multi-objective optimization approach led to 

inimum capital costs. The overall network performance of the 

ass-water CHOSYN is evaluated in economic and environmen- 

al aspects in Table 11 . The economic performance is evaluated 

ased on overall annual sales, operating cost, and capital cost for 

he mass-water CHOSYN, while the environmental indicators are 

ased on wastewater and carbon dioxide discharge. The optimal in- 

egrated mass-water CHOSYN solution showed that the maximum 

NP attained is 160 ×10 7 $/yr, which leads to an ROI of 29%/yr, as 

hown in Table 11 . Moreover, the SWROIM, which combines the 

conomic and environmental aspects and optimizes them simulta- 

eously, reached 36%/yr. The ROI and SWROIM were notably higher 

ompared to scenario one. This is due to the adoption of the multi- 

bjective optimization approach. Note that the breakdown of the 

PEX is shown in Table 12 . where the OPEX in scenario two is 

ower by 47 ×10 7 $/yr compared to scenario one. This is due to zero 

reatment costs and lower MN operating costs due to choosing in- 

erceptors with less operating costs (interceptor 3). 

.1.3. Third scenario 

The third scenario is solved with the objective function of min- 

mum purchased freshwater and external chemical species ( Eqn 

54 )). The scenario is solved to showcase the difference between 

ulti-objective and single-objective optimization of simultaneous 

ass-water CHOSYN. The model provides a different network 

onfiguration than the second scenario network since a single- 

bjective optimization approach was adopted. The stream data re- 

ults for external and discharged chemical species used for this 

cenario analysis are given in Table 13 , which determines the min- 

mum flowrate of external and discharged chemical species needed 

or the overall mass-water CHOSYN. Due to choosing minimum 

urchased freshwater and external chemical species as an objec- 

ive function, the purchased CH 4 and H 2 O flowrates are lower by 

429 and 229 kmole/hr, respectively, as shown in Table 13 . Fur- 

hermore, the H 2 and CO discharge are lower by 6161 and 2886 

mole/hr. Howbeit, the CO 2 and the wastewater discharged to the 

nvironment increased by 2887 and 2314 kmole/hr. To achieve the 

ntended objective function, reactions that produced wastewater in 

he mass network were selected. The wastewater from the mass 

etwork was utilized in the water network. Therefore, the overall 

reshwater flowrate for the water network decreased. The optimum 

ass-water CHOSYN is illustrated in Fig. 7 , where regeneration fa- 

ility one was utilized in contrast with regeneration facility two 
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Table 9 

OPEX breakdown analysis for the first scenario. 

Total mass network operating costs ($/yr) Total water network operating costs ($/yr) 

Raw material cost Operating cost MN Freshwater cost Treatment cost Regeneration cost Operating cost WN 

27,200 ×10 3 207 ×10 7 159 ×10 3 82 ×10 3 38 ×10 3 595 ×10 3 

Fig. 4. Optimum mass network representation for scenario one. 

Table 10 

Flowrates of external and discharged chemical species for the second scenario. 

Mass network (kmole/hr) Water network (kmole/hr) 

C 3 H 8 O 3 CH 4 H 2 CO H 2 O CO 2 Freshwater Wastewater discharge 

1000 6461 −10,508 −2886 543 −1033 521 0 
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Fig. 5. Optimum water network representation for scenario one. 

Table 11 

Economic and environmental analysis for the second scenario. 

ANP ($/yr) OPEX ($/yr) CAPEX ($) ROI%/yr) SWROIM (%/yr) 

160 ×10 7 211 ×10 7 556 ×10 7 29 36 

i

fi

n

s

b

r

i

c

s

t  

e

o

e

n scenario one. From Fig. 7 , six interceptors were used instead of 

ve to achieve the intended objective function of minimum exter- 

al source, which led to higher CAPEX . The total purchased external 
431 
pecies for the mass-water CHOSYN are lower than scenario one 

y 23,500 ×10 3 $/yr as shown in Table 15 . Nevertheless, the lower 

aw material costs incurred higher operating costs and CAPEX lead- 

ng to an ROI of 18%/yr. This is due to choosing reactions that in- 

urred higher capital costs and lower chemical species flowrates, as 

hown in Fig. 7 . Moreover, the SWROIM reached 25%/yr only due to 

he discharging of 3920 and 2314 kmole/hr of CO 2 and H 2 O to the

nvironment. Additionally, from Table 15 , we can deduce that the 

perating costs for the mass-water CHOSYN are higher due to the 

xtra costs incurred in discharging wastewater. Although scenario 
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Fig. 6. Optimum mass-water CHOSYN representation for scenario two. 

Table 12 

OPEX breakdown analysis for the second scenario. 

Total mass network operating costs ($/yr) Total water network operating costs ($/yr) 

Raw material cost Operating cost MN Freshwater cost Treatment cost Regeneration cost Operating cost WN 

55,200 ×10 3 205 ×10 7 67 ×10 3 0 41 ×10 3 223 ×10 3 

Table 13 

Flowrates of external and discharged chemical species for the third scenario. 

Mass network (kmole/hr) Water network (kmole/hr) 

C 3 H 8 O 3 CH 4 H 2 CO H 2 O CO 2 Freshwater Wastewater discharge 

2809 1032 −4347 0 −1998 −3920 292 2314 

Table 14 

Economic and environmental analysis for the third scenario. 

ANP ($/yr) OPEX ($/yr) CAPEX ($) ROI (%/yr) SWROIM (%/yr) 

115 ×10 7 258 ×10 7 662 ×10 7 18 25 

t

o

o

4

o

s

s

n

i

wo economic and environmental performance is better, scenario 

ne and three objective function and results are crucial in the case 

f low availability of external sources and freshwater. 
Table 15 

OPEX breakdown analysis for the third scenario. 

Total mass network operating costs ($/yr) Total water network

Raw material cost Operating cost MN Freshwater cost T

31,700 ×10 3 255 ×10 7 38 ×10 3 5

432 
.2. Results implications 

The developed model was solved for three scenarios. Scenario 

ne was solved with a single-objective optimization approach to 

ynthesize separate mass and water networks. Scenario two was 

olved with a multi-objective optimization approach, while sce- 

ario three was solved with an single-objective function of min- 

mum external sources to synthesize simultaneous mass-water 
 operating costs ($/yr) 

reatment cost Regeneration cost Operating cost WN 

99 ×10 3 60 ×10 3 179 ×10 3 
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Fig. 7. Optimum mass-water CHOSYN representation for scenario three. 

Table 16 

Economic and environmental indicators of scenarios one, two and three. 

Scenarios ROI (%/yr) SWROIM (%/yr) CO 2 discharge (kmole/hr) H 2 O discharge (kmole/hr) Contribution 

Scenario one 17 23 3920 3346 • Single-objective function 

• Separate mass and water 

network optimization 

Scenario two 29 36 1033 0 • Multi-objective function 

• Simultaneous 

mass-water CHOSYN 

optimization 

Scenario three 18 25 3920 2314 • Single-objective function 

• Simultaneous 

mass-water CHOSYN 

optimization 
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HOSYN. From the results, we can observe that scenario two was 

uperior to scenario one in terms of ROI and SWROIM. The results 

lso showed that scenario two configuration has achieved 2887 

nd 2314 kmole/hr reduction on CO 2 and wastewater discharge as 

ompared to Scenario three. The adoption of the multi-objective 

ptimization using the SWROIM further decreased the capital and 

perating costs of scenario two by 106 ×10 7 $/yr and 47 ×10 7 $/yr 

s compared to scenario three. The ROI and SWROIM in scenario 

wo reached 29%/yr and 36%/yr, which is higher than both sce- 

arios one and three. The important economic and environmen- 

al indicators of the three scenarios is summarized in Table 16 to 

mphasize on the advantage of the multi-objective optimization of 
imultaneous mass-water CHOSYN. 

433 
Overall, the proposed second scenario network excels in the as- 

ect of economic and environmental performance; it reflects the 

ltimate objective of EIP development, where the participating 

lants collaborate to seek cost and environmental benefits, as well 

s business excellence. Furthermore, its implementation can im- 

rove the sustainability of participating plants and assist them in 

ulfilling corporate social responsibility. All scenarios show various 

esign parameters and offer several vital benchmarks such as min- 

mum benchmarks for external sources, discharges, environmental 

nd economic aspects. As a preliminary tool, the model can assist 

ngineers during the detailed design phase by mapping the envi- 

onmental design opportunities and giving various essential infor- 
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ation and benchmarks. The model requires minimal data to solve, 

hich makes it an ideal preliminary tool. 

. Conclusion 

In this study, a systematic methodology for the design of a 

ass-water CHOSYN is developed. A mass-water CHOSYN model 

s introduced to integrate both water and mass networks in the 

HOSYN, where the model is formulated and solved as MINLP 

odel. The model maximizes the mass-water CHOSYN economic 

spects while accounting for the environmental performance si- 

ultaneously using SWROIM. The prominence of the mass-water 

HOSYN is accentuated through a case study involving several hy- 

rocarbon plants. Three scenarios were investigated to highlight 

he robustness of the model. Each scenario manifested clear results 

o address different circumstances that may eventuate during the 

ass-water CHOSYN design. From scenario one, a single objective 

ptimization was utilized to synthesize separate mass and water 

etworks. It was found that the flowrate of wastewater discharged 

o the environment from the mass network and water network in- 

reased as compared to scenario two. This is due to ignoring the 

ossibility of integrating wastewater discharged the mass network 

n the water network. Scenario two was solved to demonstrate 

he advantages of the multi-objective optimization of simultaneous 

ass-water CHOSYN integration. Based on scenario two results, the 

ulti-objective optimization approach is able to elevate the eco- 

omic and environmental performance of the mass-water CHOSYN. 

his configuration reduced the system’s overall costs and network 

omplexity by utilizing only five interceptors in the mass network 

nd discharging zero wastewater from the mass-water network. 

n the other hand, scenario three provided a solution to the case 

here the purchase of external chemical species might be ardu- 

us. In scenario three, the raw material and freshwater costs were 

ower compared to scenario two. 

In conclusion, performing multi-objective optimization of a si- 

ultaneous mass-water CHOSYN has proven to be more advanta- 

eous in terms of economic and environmental capabilities com- 

ared to single-objective optimization or separate mass and water 

etwork integration. Future works should consider integrating en- 

rgy in the water network by incorporating the water temperature 

n the process parameters to achieve maximum integration. Be- 

ides, it is also proposed to consider multiple containment concen- 

rations instead of single containments in the mass-water CHOSYN. 
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Total capital investment is divided to fixed capital investment (FCI) and working 

capital investment (WCI). FCI is divided to physical plant cost (PPC) and in-direct plant 

cost (IPC)1-2. Equipment costs are utilized to calculate the PPC. WCI is taken as 15% 

of the total capital investment (Smith, 2005; El-Halwagi, 2017). 

Table A1: Physical plant cost (PPC) factorial method 

 (Smith, 2005; El-Halwagi, 2017) 

Items of physical 

plant cost (PPC) 

Fraction of the 

equipment cost 

Equipment 1 

Installation 0.4 

Piping 0.7 

Instrumentation 0.2 

Electrical 0.1 

Buildings 0.15 

Storage 0.17 

Utilities 0.5 

Site development 0.1 

Auxiliary buildings 0.15 

 

Table A2: In-direct plant cost (IPC) factorial method  

(Smith, 2005; El-Halwagi, 2017) 

Items of in-direct plant 

cost (IPC) 

Fraction of the 

physical plant cost 

(PPC) 

Design and engineering 0.3 

Contractor's fee 0.05 

Contingency 0.1 
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Table A3: Operating costs factorial method 

(Smith, 2005; El-Halwagi, 2017) 

Direct costs In-direct costs 

Variable Fixed  

Raw materials Labor Sales (10%) 

Miscellaneous 

(10% of 

maintenance) 

Supervision (20% of labor) Research and 

development 

(5%) 

Utilities Plant overhead (50% of 

labor) 

General 

overhead (5%) 

- Interest (2% of fixed capital 

investment) 

- 

- Insurance (1% of fixed 

capital investment) 

- 

- Rent (1% of fixed capital 

investment) 

- 

- Royalties (1% of fixed 

capital investment) 

- 

- Maintenance (10% of fixed 

capital investment) 

- 

Direct costs = Variable costs + Fixed costs - 

Operating costs = Direct costs + In-direct costs 

 

Table A4: OPEX assumptions 

(Farouk et al., 2021) 

Items of in-direct plant 

cost (IPC) 

Assumptions  

Cost of electricity 0.078 $/kWh 

Labor 120 persons are needed for each technology, 

with 300 working days, and an average working 

salary of 350 $/month 

Raw materials  Calculated in a separate step using Equation 

(40) 
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Table A5: Proposed technologies for the CHOSYN 

(Farouk et al., 2021) 

Technology Equipment costs per 

kg product per year 

OPEX per kg 

product 

 

Methanol synthesis from syngas 0.31 0.61 

Methanol synthesis from CO2 and hydrogen 0.49 1.01 

Steam reforming of methane to H2 and CO  0.29 0.66 

Steam reforming of methane to H2 and CO2  0.29 0.66 

Glycerol to syngas overall reaction 0.66 2.6 

Water-gas shift reaction 0.1 0.1 

Reverse reaction of water gas shift reaction  0.1 0.1 

Glycerol to propylene glycol 0.28 0.85 

Glycerol to Acrolein 0.21 0.42 

 

Table A6: Available feedstock costs ($/kmole) 

Available 

feedstock 

Price 

 

C3H8O3 1.2 

CH4 1 

H2 2 

CO 1 

 

Table A7: Water network cost parameters 

(Aviso et al., 2010; Tiu et al., 2017) 

Cost component Value 

 

Pipe cost ($/m) 5 

Water network operating costs ($/ton) 1.5 

Water treatment costs ($/ton) 1 

Freshwater costs ($/ton) 1 

 

Table A8: Water network regeneration costs 

(Aviso et al., 2010; Tiu et al., 2017) 

Regeneration 

process 

Regeneration cost 

($/ton) 

Output water quality 

(mg/L) 

1 1.5 25 
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2 0.7 65 

 

Table A9: Assumed parameters values  

Paremeter Value Paremeter Value 

 

F𝐻2,i 9965 kmole/hr W𝑞1
overall 100 ton/day 

F𝐶𝑂,𝑖  930 kmole/hr W𝑞2
overall 20 ton/day 

F𝐶𝑂2,𝑖 3990 kmole/hr W𝑞3
overall 50 ton/day 

F𝐶𝐻4,𝑖 39 kmole/hr W𝑞4
overall 100 ton/day 

F𝐶3𝐻8𝑂3,𝑖 1000 kmole/hr W𝑝1,𝑣1
demand 100 ton/day 

G𝐶𝐻3𝑂𝐻 7500 kmole/hr W𝑝2,𝑣2
demand 20 ton/day 

G𝐶3𝐻8𝑂2 1000 kmole/hr W𝑝3,𝑣3
demand 80 ton/day 

G𝐶3𝐻4𝑂 1000 kmole/hr W𝑝4,𝑣4
demand 60 ton/day 

EQ𝑗1,𝐶𝐻3𝑂𝐻 0.31 $/kg/yr C𝑞1
overall 100 mg/l 

EQ𝑗2,𝐶𝐻3𝑂𝐻 0.49 $/kg/yr C𝑞2
overall 250 mg/l 

EQ𝑗3,𝐻2 0.29 $/kg/yr C𝑞3
overall 80 mg/l 

EQ𝑗4,𝐻2 0.29 $/kg/yr C𝑞4
overall 200 mg/l 

EQ𝑗5,𝐻2 0.66 $/kg/yr C𝑝1,𝑣1
demand 10 mg/l 

EQ𝑗6,𝐻2 0.1 $/kg/yr C𝑝2,𝑣2
demand 100 mg/l 

EQ𝑗7,𝐶𝑂 0.1 $/kg/yr C𝑝3,𝑣3
demand 20 mg/l 

EQ𝑗8,𝐶3𝐻8𝑂2 0.28 $/kg/yr C𝑝4,𝑣4
demand 50 mg/l 

EQ𝑗9,𝐶3𝐻4𝑂 0.21 $/kg/yr C𝑓1
overall 10 mg/l 

OP𝑗1,𝐶𝐻3𝑂𝐻 0.61 $/kg C𝑡1
out 25 mg/l 

OP𝑗2,𝐶𝐻3𝑂𝐻 1.01 $/kg C𝑡2
out 65 mg/l 

OP𝑗3,𝐻2 0.66 $/kg C𝑚
out 70 mg/l 

OP𝑗4,𝐻2 0.66 $/kg PDq1 300 m 

OP𝑗5,𝐻2 2.6 $/kg PDq2 200 m 

OP𝑗6,𝐻2 0.1 $/kg PDq3 150 m 

OP𝑗7,𝐶𝑂 0.1 $/kg PDq4 150 m 

OP𝑗8,𝐶3𝐻8𝑂2 0.85 $/kg PDf 200 m 

OP𝑗9,𝐶3𝐻4𝑂 0.42 $/kg PDm 50 m 

COST𝐻2 2 $/kmole PDt 200 m 

COST𝐶𝑂 1 $/kmole PDl 200 m 

COST𝐶𝐻4 1 $/kmole PC 5 $/m 

COST𝐶3𝐻8𝑂3 1.2 $/kmole OC 1.5 $/ton 
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AH 300 days TRC𝑡1 1.5 $/ton 

SALE𝐶𝐻3𝑂𝐻 55 $/kmole TRC𝑡2 0.7 $/ton 

SALE𝐶3𝐻8𝑂2 85 $/kmole FRC𝑓1 1 $/ton 

SALE𝐶3𝐻4𝑂 75 $/kmole WWC𝑙1 2 $/ton 

Tax rate  25%   

WE𝑤𝑖 0.1   

WEci 0.1   

WItarget 10000 kmole/hr   

CItarget 10000 kmole/hr   
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Chapter 5 Incorporation of a Storage and Dispatch System 

in Multiperiod C-H-O Symbiosis Network 

5.1 Introduction  

Sustainability can be achieved through the integration of multiple plants, i.e., eco-

industrial park (EIP). The EIP integration, also known as industrial symbiosis (IS) can 

be in the form of mass, water, or energy. A plethora of research has addressed two types 

of EIPs, i.e., water and hydrocarbon networks. Towards the first particular case of water 

networks, Chew et al. [46] analyzed direct and indirect water integration schemes via a 

mixed-integer programming model. The same authors later studied the interaction of 

the participating plants within the EIP using the game theory approach [47]. Lovelady 

et al. [48] further investigated the integration of the water networks by focusing on 

recycling, reuse, and separation strategies. Considering that the participating firms in 

the EIP have their own individual fuzzy cost goals, a bi-level optimization model was 

developed to study the interaction between the fees for the purchase of fresh water and 

the treatment of wastewater in optimizing the water networks in the EIP [57]. A follow-

up work was later reported using a fuzzy mixed-integer linear programming to 

incorporate further design aspects like incomplete information regarding the process 

data of the participating plants and the possibility of existing topologically constraints 

on the number of links connecting different plants [49].  To further bring forth the 

optimization and complexity of the water networks within the EIP, the environmental 

impact of industrial effluents discharged into watersheds [53] and piping expenses [54] 

were incorporated in the water network design. Although most of the above research 

assumed steady-state operations, this may not be the actual case for some plants whose 

operations may vary with time. Nonetheless, numerous optimization frameworks were 

suggested to utilize the available resources efficiently to address multiperiod operations 

in the water networks within an EIP. Liao et al. [88] synthesized a multi-period water 

network considering seasonal variations of plant production rates to increase the 

flexibility of the water networks. Later, a robust optimization model was developed to 

address the optimal water network design subject to multiple probable scenarios [60]. 

Subsequently, Bishnu et al. [89] developed a mathematical model using a multiperiod 

planning approach for direct water reuse. Thereafter, the same authors further 

developed their model to account for centralized and decentralized water regeneration 
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units [90]. Later on, Leong et al. [91] integrated a set of multiperiod chilled and cooling 

water networks. Additionally, a recent review of industrial symbiosis summarized the 

main tools for the design of EIPs [92]. 

Within the context of hydrocarbons, Noureldin et al. [78] introduced the novel problem 

of synthesizing carbon-hydrogen-oxygen symbiosis networks (CHOSYNs) and 

proposed a multi-scale targeting approach that starts with atomic targeting and proceeds 

through various stages to the final EIP design. A follow-up work by El-Halwagi [79] 

introduced a shortcut algebraic approach for employing atomic benchmarks for the 

design of CHOSYNs. The design of CHOSYN under uncertainties of source streams 

due to the variability in the performance of the participating plants was investigated by 

Mukherjee et al. [86]. Carbon footprint reduction in CHOSYN was addressed by Panu 

et al. [87]. Topolski et al. [80] devised a systematic approach for the integration of 

grassroots plants in addition to existing plants during the design of CHOSYN. A follow-

up work by Topolski et al. [81] enhancing the anchor-tenant approach to further account 

for both mass and energy within a CHOSYN. Al-Fadhli [82] designed a multiperiod 

CHOSYN to account for variations in demand and feed sources. A disjunctive 

programming approach has been proposed by Juárez-García et al. [85] to automate the 

synthesis of CHOSYNs. 

Despite the value of the previous contributions in designing CHOSYNs, there is an 

implicit assumption of a steady-state operation. In some cases, integration opportunities 

may be significantly enhanced by enabling the storage and dispatch of raw materials 

and intermediate products. This is particularly important for plants that operate in 

multiple modes and for raw materials whose availability varies over time. For instance, 

biorefineries, which depend on the availability of biomass feedstocks. Some oil 

refineries may have a summer and winter modes of operation to produce either more 

gasoline or more diesel. In such cases, the incorporation of storage and dispatch can 

provide valuable degrees of freedom for design and operation. Thus, the objective of 

this work is to introduce a systematic approach for the incorporation of storage and 

dispatch systems in the design of CHOSYNs. An integrated multiperiod CHOSYN with 

optimal storage and dispatch system is proposed to account for the various operational 

modes of industrial facilities and the seasonal variability, and availability of raw 

materials. 
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5.2 Problem Statement:  

Given a set of plants {p|p = 1,2,…..,pplant} within a certain region. Each plant may have 

multiple operation periods. The plants have a set of internal sources {i|i = 1,2,…..,iinternal 

source} during each operation period {t|t = 1,2,…..,toperation period}. Each of these sources 

comprises a set of chemical species {s|s = 1,2,…..,sth species}. The flow rate of the 

internal chemical species s during each operation period t is denoted by Ws,i,t,. The 

flowrate of each external chemical species {e|e = 1,2,…..,eexternal} during each 

operation period t as denoted by Fs,e,t  . These external sources can be purchased when 

internal sources are exhausted. The purpose of the EIP is to convert the incoming 

chemical species to plants demand given by Gs,p,t for each operation period.  

Additionally, chemical species s can be stored or dispatched during each operation 

period, as denoted by 𝑁𝑠,𝑡
Total

 . Fs,m,t is the flow rate of chemical species s dispatched 

{m|m = 1,2,…..,mdispatch}  from storage, while, Fs,u,t is the flow rate of chemical species 

s to storge {u|u = 1,2,…..,ustorage} during t operation period. 

 As shown in Figure 5.1, an interception network facility is situated to receive internal 

sources from various plants, accommodate external sources, satisfy the participating 

plant demands and discharge chemical species. The discharged chemical species {d|d 

= 1,2,…..,ddischarge} flowrates are indicated by Fs,d,t . The received external and internal 

chemical species are converted to product streams through the usage of a set of 

reactions {j|j = 1,2,….,jreaction} which act as interceptors. The overall aim of this 

research to develop a mathematical model that accommodates multi-operation periods 

within a CHOSYN through the designing of an optimal storage and dispatch system as 

shown in Figure 5.1. 
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Figure 5.1: Schematic representation of the CHOSYN with storage and dispatch system. 

 

5.3 Mathematical formulation 

In this part, the mathematical modeling equations for the proposed approach are 

demonstrated. The optimization algorithm is shown in Figure 5.2.  
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Figure 5.2: Multiperiod CHOSYN with storage and dispatch system optimization algorithm 

 

5.3.1 Atomic targeting 

The flow rates of the internal sources of all plants for each operational period are 

indicated by AC,𝑡
𝑖nternal , AH,𝑡

𝑖nternal, and AO,𝑡
𝑖nternal. The flow rates are calculated in terms 

of carbon, hydrogen, and oxygen atoms through Equations (1) - (3), where s s s are 

the atomic coefficients for CHO atoms for chemical species s. 

AC,𝑡
internal =  ∑ (∑ 𝛼𝑠W𝑠,𝑖,𝑡𝑠 )𝑖      ∀𝑡                                                                                               (1)                               

AH,𝑡
internal =  ∑ (∑ 𝛽𝑠W𝑠,𝑖,𝑡𝑠 )𝑖      ∀𝑡                                                                                               (2)         

AO,𝑡
internal =  ∑ (∑ 𝛾𝑠W𝑠,𝑖,𝑡𝑠 )𝑖       ∀𝑡                                                                                         (3) 

The atomic flow rates of the demand of the participating plants are calculated using 

Equations (4) - (6) for each operation period.  AC,𝑡
demand , AH,𝑡

demand and AO,𝑡
demand are the 

atomic flow rates of CHO atoms of the participating plants during operational period t. 

AC,𝑡
demand =  ∑ ∑ 𝛼𝑠G𝑠,𝑝,𝑡𝑠𝑝     ∀𝑡                                                                                                       (4)                               
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AH,𝑡
demand =  ∑ ∑ 𝛽𝑠G𝑠,𝑝,𝑡𝑠𝑝     ∀𝑡                                                                                                          (5)    

AO,𝑡
demand =  ∑ ∑ 𝛾𝑠G𝑠,𝑝,𝑡𝑠𝑝     ∀𝑡                                                                                (6) 

Next, Equations (7) - (9) are employed to calculate the surplus or deficits of CHO 

atoms, which represents the net supply of atoms to the EIP. A positive sign of an atom 

implies a surplus, which represents a benchmark for the minimum target of discharge. 

On the other hand, a negative sign means a deficit of that atom, which indicates 

minimum target of external sources. 

∆AC,𝑡
net =  AC,𝑡

internal − AC,𝑡
demand    ∀𝑡                                                                                                  (7)                                                                                        

∆AH,𝑡
net =  AH,𝑡

internal − AH,𝑡
demand    ∀𝑡                                                                                              (8)                                                                                        

∆AO,𝑡
net =  AO,𝑡

internal − AO,𝑡
demand    ∀𝑡                                                                                              (9)    

An overall atomic balanced equation for the CHOSYN is written to overcome the 

deficit of certain atoms identified by the previous Equations. In this case, external 

chemical species and excess stored chemical species could be utilized to supply the 

deficit atoms. Equations (10) - (12) represent the overall atomic balanced Equation for 

each operation period. Equations (13) - (14) represent the maximum allowable 

discharge and maximum purchasable external chemical species. 

∆AC,𝑡
net + ∑ α𝐹𝑠,𝑒,𝑡𝑒 + ∑ 𝛼𝐹𝑠,𝑚,𝑡𝑚 − ∑ 𝛼𝐹𝑠,𝑢,𝑡𝑢 − ∑ α𝐹𝑠,𝑑,𝑡𝑑 = 0    ∀𝑠, ∀𝑡          (10)                                                                                                                                                    

∆AH,𝑡
net + ∑ β𝐹𝑠,𝑒,𝑡𝑒 + ∑ 𝛽𝐹𝑠,𝑚,𝑡𝑚 − ∑ 𝛽𝐹𝑠,𝑢,𝑡𝑢 − ∑ β𝐹𝑠,𝑑,𝑡 = 0𝑑    ∀𝑠, ∀𝑡          (11)                                                                                                                                                                                  

∆AO,𝑡
net + ∑ γ𝐹𝑠,𝑒,𝑡 + ∑ 𝛾𝐹𝑠,𝑚,𝑡𝑚 − ∑ 𝛾𝐹𝑠,𝑢,𝑡𝑢𝑒 − ∑ γ𝐹𝑠,𝑑,𝑡𝑑 = 0     ∀𝑠, ∀𝑡          (12)   

𝐹𝑠,𝑑
𝑚𝑎𝑥 ≥ 𝐹𝑠,𝑑                                                                                                                              (13) 

𝐹𝑠,𝑒
𝑚𝑎𝑥 ≥ 𝐹𝑠,𝑒                                                                                                                    (14) 

where Fs,e,t, Fs,d,t are the flow rates of external and discharged chemical species during 

t operation period. Note that 𝐹𝑠,𝑚,𝑡 is the flow rate of chemical species s in the m 

dispatched stream from the storage system, while 𝐹𝑠,𝑢,𝑡 is the flow rate of chemical 

species s in the u stream supplied to the storage system.  
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5.3.2 Candidate reactions 

Next, an overall mass balanced Equation (15) that environ all chemical species within 

the CHOSYN for each operation period is written. Subsequently, Equations (16) - (17) 

are employed for each operation period to identify the set of candidate reactions needed 

to convert the involved chemical species to the plants demand. Note that, left-hand side 

of Equation (16) represents the overall balance of all chemical species involved in the 

CHOSYN, while plants demand flowrates are described by the left-hand side of 

Equation (17). The stoichiometric coefficient of species s in reaction j is denoted by 

Zs,j,t, while the molar flow rate coefficient of reaction j is represented by Xj,t 

∑ W𝑠,𝑖,𝑡𝑖 + ∑ 𝐹𝑠,𝑒,𝑡𝑒 + ∑ 𝐹𝑠,𝑚,𝑡  𝑚 = ∑ G𝑠,𝑝,𝑡 + ∑ 𝐹𝑠,𝑑,𝑡𝑑𝑝 − ∑ 𝐹𝑠,𝑢,𝑡𝑢  ∀𝑠, ∀𝑡    (15)                                                          

∑ W𝑠,𝑖,𝑡𝑖 + ∑ 𝐹𝑠,𝑒,𝑡𝑒 + ∑ 𝐹𝑠,𝑚,𝑡  𝑚 − ∑ 𝐹𝑠,𝑢,𝑡𝑢 − ∑ 𝐹𝑠,𝑑,𝑡𝑑 = ∑ Z𝑠,𝑗,𝑡 ×𝑗

X𝑗,𝑡    ∀𝑠, ∀𝑡                                                                                                                (16)                                                                                                                                    

∑ G𝑠,𝑝,𝑡𝑝 = ∑ Z𝑠,𝑗,𝑡 × X𝑗,𝑡𝑗    ∀𝑠, ∀𝑡                                                                                           (17)       

5.3.3 Storage and dispatch system 

Thereafter, material balanced Equations are written for the storage and dispatch system 

during operation period t. In the special case of two operational periods only, Equations 

(18) – (20) are used where any stored species in the first period are dispatched in the 

second period and vice versa. On the other hand, if the operational periods exceed two 

periods, Equation (21) is utilized where chemical species are only stored in the first 

period. Subsequently, a portion of the chemical species can be dispatched or stored in 

the second period and so forth and so on for the next periods until the end of the 

operation cycle, where all stored chemical species are consumed. Thereafter, the first 

period starts again with storing chemical species only. All the previous Equations are 

limited by maximum storage capacity, as indicated in Equation (22). Note that the 

𝑁𝑠,𝑡
Total is the total stored species during operational period t, 𝑁𝑠

𝑚𝑎𝑥 is the maximum 

capacity of stored species.   

∑ 𝐹𝑠,𝑢,𝑡𝑢 = ∑ 𝐹𝑠,𝑚𝑡+1𝑚   ∀𝑡                                                                                            (18)      

∑ 𝐹𝑠,𝑢,𝑡+1𝑢 = ∑ 𝐹𝑠,𝑚,𝑡𝑚   ∀𝑡                                                                                           (19)      

𝑁𝑠,𝑡
Total = ∑ 𝐹𝑠,𝑢,𝑡𝑢 + ∑ 𝐹𝑠,𝑢,𝑡+1𝑢 − ∑ 𝐹𝑠,𝑚,𝑡  𝑚 − ∑ 𝐹𝑠,𝑚,𝑡+1 𝑚   ∀𝑡                             (20)    
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𝑁𝑠,𝑡+1
Total = ∑ 𝐹𝑠,𝑢,𝑡𝑢 + ∑ 𝐹𝑠,𝑢,𝑡+1𝑢 − ∑ 𝐹𝑠,𝑚,𝑡+1 𝑚   ∀𝑡                                                   (21)      

𝑁𝑠,𝑡
Total ≤ 𝑁𝑠

𝑚𝑎𝑥  ∀𝑡                                                                                                          (22)       

5.3.4 Economics 

Economic analysis tools are incorporated to determine the optimum configuration of 

the CHOSYN. The capital cost expenditure (CAPEX) can be estimated using Equation 

(23), where FCI and WCI are the fixed and working capital investments, respectively. 

WCI is taken as 15% of CAPEX. FCI is calculated using the factorial method based on 

delivered equipment cost. Since the proposed model is a preliminary tool, the storage 

costs are assumed as a factor of the FCI.  Equations (24) - (25) are binary equations to 

take into consideration the largest equipment sizing to accommodate all operating 

periods where 𝑙𝑗,𝑡 is a binary variable  

𝐶𝐴𝑃𝐸𝑋 = 𝐹𝐶𝐼 + 𝑊𝐶𝐼                                                                                                   (23) 

𝑋𝑗,𝑡 ≥ 𝑋𝑗+1,𝑡+1 × 𝑙𝑗,𝑡                                                                                                                           (24) 

𝑋𝑗,𝑡 × (1 − 𝑙𝑗,𝑡) ≤ 𝑋𝑗+1,𝑡+1                                                                                                     (25) 

Next, the operating cost expenditures (OPEX) are calculated using the factorial method. 

Afterwards, the CAPEX is used to determine the annualized fixed costs (AFC) in 

Equation (26), which is the depreciation of the capital cost. Using a 10-year linear 

scheme with negligible salvage, the value is assumed to be 10% of the overall capital 

cost. Subsequently, the annualized net profit (ANP) is calculated through Equation (27) 

where Vt is used to represent the weightage of the duration of each operational period 

with respect to a whole year. Finally, the return-on-investment metric (ROI) in Equation 

(28) is evaluated to determine project feasibility in terms of costs. 

𝐴𝐹𝐶 = 0.1 × 𝐶𝐴𝑃𝐸𝑋                                                                                                            (26) 

𝐴𝑁𝑃 = 〈[(∑ SALE𝑠 × ∑ ∑ G𝑠,𝑡𝑠𝑡 × ∑ 𝑉𝑡𝑡𝑠 ) − (∑ COST𝑠 𝑠
× ∑ ∑ ∑ 𝐹𝑠,𝑒,𝑡𝑠𝑒𝑡 × ∑ 𝑉𝑡 𝑡 ) −

(∑ 𝑂𝑃𝐸𝑋𝑡 × ∑ 𝑉𝑡𝑡𝑡  ) − (𝐴𝐹𝐶)] × (1 − Tax rate)〉 + 𝐴𝐹𝐶                                          (27)                                                                               

𝑅𝑂𝐼 = 𝐴𝑁𝑃 × 𝐶𝐴𝑃𝐸𝑋                                                                                                         (28) 

where  

𝐴𝐹𝐶: annualized fixed costs 
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SALE𝑠: sale price of product of chemical species s  

COST𝑠: cost price of external chemical species s 

𝑂𝑃𝐸𝑋: annual operating cost expenditures  

𝑉𝑡: the weightage of each operating period with respect to a whole year 

5.3.5 Objective function 

The objective function utilized in the proposed optimization model is maximum ANP 

and minimum CO2 and H2O discharge. The first and second scenarios are solved with 

the objective function of maximum ANP using Equation (29). On the other hand, the 

third scenario is solved with minimum CO2 and H2O discharges using Equation (30). 

Maximum(𝐴𝑁𝑃) = 〈[(∑ SALE𝑠 × ∑ ∑ G𝑠,𝑡𝑠𝑡 × ∑ 𝑉𝑡𝑡𝑠 ) − (∑ COST𝑠 𝑠
×

∑ ∑ ∑ 𝐹𝑠,𝑒,𝑡𝑠𝑒𝑡 × ∑ 𝑉𝑡 𝑡 ) − (∑ 𝑂𝑃𝐸𝑋𝑡 × ∑ 𝑉𝑡𝑡𝑡  ) − (𝐴𝐹𝐶)] × (1 − Tax rate)〉 + 𝐴𝐹𝐶      

(29)                                                                        

Minimum(∑ 𝐹𝑠,𝑑,𝑡𝑑 )   ∀𝑠, ∀𝑡                                                                                                      (30)  

 

5.4 Case study 

5.4.1 Participating plants 

The merits of the proposed model are shown through the following case study. Seven 

chemical plants desire the formation of an EIP to maximize the utilization of available 

resources to induce synergism. The participating plants are:  

1) Gas to Liquid (GTL) plant: The GTL converts methane to syngas, followed by 

Fischer-Tropsch reaction [93].  

4 2 2CH +H O CO+3H O→
 

4 2 2CH +1.5O CO+2H O→
 

2 2 2CO+H O CO +H→
 

2 2 n 2nCO +(2n+1)H H(CH ) H+nH O→  
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2) Ethylene plant: The plant uses steam cracking of ethane to produce ethylene. 

The plant consumes ethane (C2H6) and produces CH4 and H2 as by-products 

[94].  

2 6 2 4 2C H C H +H→
 

2 6 2 4 3 6 4C H +C H C H +CH→
 

2 6 3 8 42C H C H +CH→
 

3 8 3 6 2C H C H +H→
 

3) Propane dehydrogenation (PDH) plant:  In the PDH plant, propane is converted 

to propylene using catalytic dehydrogenation, where H2 and CO2 are generated 

as by-products [95]. 

3 8 3 6 2C H C H +H→  

4) Methanol to propylene (MTP) plant: Methanol is converted to propylene in two 

steps, where methanol is converted to dimethyl ether, followed by the 

conversion of dimethyl ether to propylene leading to the following overall 

reaction [96]. 

3 3 6 23CH OH C H +H O→  

5) Biodiesel plant: Biodiesel is produced using palm oil through 

transesterification, where glycerol is generated as a by-product: 

33 2 14 14 28 3 8 3( ) +CH OCH CH COOH  C +CHH H O→  

Note that, the last three plants, propylene glycol, acrolein and power station plants, are 

considered as a black box, where only the plants demand are known. The participating 

plants may have multiple operation periods where the molar flowrate of their by-

products and wastes vary according to different seasons. In this case study, each plant 

has two operation periods, each last for half a year. The participating plants available 

by-products molar composition and molar flowrate for each operational period are 

summarized in Tables 5.1 and 5.2. The available purchasable external chemical species 

prices are summarized in Table 5.3. The prices are available for individual chemical 

species only.  
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Table 5.1: Molar composition and total flowrates of the participating plants by-products for 

the first operation period 

Plants Molar composition (%) Total Molar 

flowrate 

(kmole/hr) 

CO CO2 H2 CH4 C3H8O3 

GTL 8 25 67 0 0 11670 

Ethylene 0 0 25 75 0 670 

PDH 0 18 82 0 0 2180 

MTP 0 100 0 0 0 900 

Biodiesel 0 0 0 0 100 1500 

Propylene 

glycol 

0 0 0 0 0 0 

Acrolein 0 0 0 0 0 0 

 

Table 5.2: Molar composition and total flowrates of the participating plants by-products for 

the second operation period 

Plants Molar composition (%) Total Molar 

flowrate 

(kmole/hr) 

CO CO2 H2 CH4 C3H8O3 

GTL 6 15 79 0 0 9860 

Ethylene 0 0 7 93 0 2170 

PDH 0 0 100 0 0 7000 

MTP 0 100 0 0 0 500 

Biodiesel 0 0 0 0 100 4000 

Propylene 

glycol 

0 0 0 0 0 0 

Acrolein 0 0 0 0 0 0 

 

Table 5.3: Available external sources and their corresponding prices [97] 

Available 

feedstock 

Price 

($/kmole) 

C3H8O3 1.2 

CH4 7.24 

H2 3 

CO 4 

 

The chemical species demands in each operation period are shown in Table 5.4. These 

demands are met by utilizing the available internal sources, minimum external chemical 

species, and stored chemical species. The maximum allowable discharge is subject to 
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the geographical location and environmental regulations of each country. The overall 

objective is to set atomic benchmarks, determine the reaction pathways to reach 

minimum resource consumption through utilizing a storage and dispatch system to meet 

the plants demand during each operational period. The project's feasibility during the 

preliminary design is determined in a one-stage model using the return-on-investment 

metric. 

Table 5.4: Participating plants demands flowrates (kmole/hr) during the first and second 

operation period. 

Plant Demand First operation 

period 

 

Second operation 

period 

MTP Methanol 7500 6500 

Biodiesel Methanol 2500 1000 

Propylene 

glycol 

Propylene 

glycol 

2000 1000 

Acrolein Acrolein 2000 1000 

Power 

production 

H2 5000 11000 

 

5.4.2 Candidate interceptors  

In order to meet the plants demand, the EIP will require specific chemical reactions to 

transform the internal sources to the required products. The suggested chemical 

reactions, which are considered as interceptors, are summarized in Table 5.5. The 

equipment costs and operating costs of the mentioned interceptors are summarized in 

Table 5.6. 

. Table 5.5: Candidate interceptors description. 

Technology Interceptor 

number  

 

Reaction 

Methanol synthesis Xj1 
2 32H + CO CH OH→  

Methanol synthesis Xj2 
2 2 3 23H + CO CH OH + H O →  

Steam reforming of methane Xj3 
4 2 2CH + H O  3H + CO →  

Steam reforming of methane Xj4 
4 2 2 2CH + 2H O  4H + CO→  

Glycerol to syngas Xj5 
3 8 3 2 2 2C H O + 3H O  3CO + 7H→  

Water-gas shift reaction Xj6 
2 2 2H O + CO  H + CO→  
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Reverse water-gas shift 

reaction 

Xj7 
2 2 2H + CO  H O + CO →  

Glycerol to propylene glycol Xj8 
3 8 3 2 3 8 2 2C H O + H  C H O + H O →  

Glycerol to acrolein Xj9 
3 8 3 3 4 2C H O  C H O + 2H O→  

 

Table 5.6: Equipment costs and operating costs of different reactions used in the EIP [97]. 

Interceptor Equipment costs $ / 

kg product / year 

Operating costs 

$ / kg product 

Interceptor 1 0.31 0.61 

Interceptor 2 0.49 1.01 

Interceptor 3 0.29 0.66 

Interceptor 4 0.29 0.66 

Interceptor 5 0.66 2.6 

Interceptor 6 0.1 0.1 

Interceptor 7 0.1 0.1 

Interceptor 8 0.28 0.85 

Interceptor 9 0.21 0.42 

 

 

5.5 Results and Discussion  

 The previous model with Equations (1) – (28)) is solved using LINGO v13.0 with a 

Global Solver invoked to obtain an optimum CHOSYN configuration. The model is 

formulated as a mixed-integer non-linear program (MINLP). Three scenarios are 

conceived in this section. The first scenario is the multiperiod CHOSYN without 

storage and dispatch system while the second scenario is the multiperiod CHOSYN 

with a storage and dispatch system, both using the global objective function of 

maximum ANP using Equation (29). Third scenario is multiperiod CHOSYN with a 

storage and dispatch system with the global objective function of minimum CO2 and 

H2O discharges using Equation (30). 

5.5.1 First scenario 
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The first scenario is considered the base case scenario where no storage of chemical 

species occurs. The first scenario is solved using Equations (1) – (17) and (23) – (28) 

where the variables Fs,m,t and Fs,u,t are set to zero since there is no storage and dispatch 

system. The objective function (Equation (29)) of maximum ANP is selected to solve 

the model. In the first period, the optimum CHOSYN integrated all the streams from 

internal sources, in addition to consuming 3000, 4000 and 1570 kmole/hr of CH4, 

C3H8O3 and H2 as shown in Table 5.7. On the other hand, the CHOSYN discharged 500 

kmole/hr of C3H8O3, because it received sufficient C3H8O3 from the internal sources in 

the second operation period. The discharge of C3H8O3 may incur additional charges for 

disposal. The overall network economic performance is summarized in Table 5.8. Note 

that, the total capital investment is the lower as compared to the scenario two due to the 

unavailability of storage and dispatch system. Nonetheless, the ROI reached 19 %/yr. 

The resulted CHOSYN configurations for both operational periods for scenario one is 

shown in Figures 5.3 and 5.4. The CHOSYN discharged a total of 4450 and 5040 

kmole/hr of CO2 and H2O during the two operational periods. 

Table 5.7: Flow rates (kmole/hr) of external, stored and discharged species in the CHOSYN 

for the first scenario  

Streams Operation period one Operation period two 

External 

sources 

Stored 

species 

Discharged 

species 

External 

sources 

Stored 

species 

Discharged 

species 

CH4 3000 0 0 0 0 0 

C3H8O3 4000 0 0 0 0 500 

H2 1570 0 0 470 0 0 

CO 0 0 0 0 0 0 

CO2 0 0 2920 0 0 1530 

H2O 0 0 3570 0 0 1470 

 

 

Table 5.8: Economic analysis of the first scenario CHOSYN 

Economic aspects Operation 

period one 

Operation 

period two 

OPEX 

(x106 $/yr) 

2403 711 

ANP 

(x106 $/yr) 

1570 
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CAPEX 

(x106 $) 

8479 

ROI 

 (%/yr) 

19 

 

 

Figure 5.3: An optimum CHOSYN for the first operational period in scenario one 
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Figure 5.4: An optimum CHOSYN for the second operational period in scenario one 

 

5.5.2 Second scenario 

The second scenario is solved using Equations (1) – (28) in which the storage and 

dispatch system is integrated in the CHOSYN design. The objective function of 

maximum ANP (Equation (29))) is selected to solve the model. Table 5.10 shows that 

4500 kmole/hr C3H8O3 is purchased compared to 4000 kmole/hr C3H8O3 and 3000 

kmole of CH4 in the first scenario (Table 5.7). This is due to the surplus of 500 kmole/hr 

C3H8O3 in the second period is stored and consumed in the next period instead of being 

discharged. Note that the stored and purchased C3H8O3 is consumed by interceptor 5 in 

contrast to the selection of interceptor 3 that consumed the purchased CH4 in scenario 
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one (zero CH4 external source as shown in Table 5.9). Despite having high capital 

investment, Table 5.10 shows that the ROI reached 26 %/yr.. This is due to the fact the 

storage and dispatch system decreased the OPEX by 30 x 106 $/yr which overcome the 

high CAPEX leading to 7%/yr increase in ROI compared to scenario one. The resulted 

CHOSYN configurations for both operational periods for scenario two is shown in 

Figures 5.5 and 5.6 where 4450 and 8040 kmole/hr of CO2 and H2O are discharged. 

The H2O discharge is higher by 3000 kmole/hr as compared to scenario one. This is 

because interceptor 5 molar flowrate increased which led to increasing interceptor 2 

molar flowrate leading to higher H2O discharge. Additionally, from Figures 5.5 and 

5.6, no external sources are needed for the second period because the required chemical 

species are provided by the storage and dispatch system. 

Table 5.9:  Flow rates (kmole/hr) of external, stored and discharged species in the CHOSYN 

for the second scenario 

Streams Operation period one Operation period two 

External 

sources 

Stored 

species 

Discharged 

species 

External 

sources 

Stored 

species 

Discharged 

species 

CH4 0 0 0 0 0 0 

C3H8O3 4500 0 0 0 500 0 

H2 7040 2000 0 0 0 0 

CO 0 0 0 0 1530 0 

CO2 0 0 4450 0 0 0 

H2O 0 0 5040 0 0 3000 

 

Table 5.10: Economic analysis of second scenario CHOSYN  

Economic aspects Operation 

period one 

Operation 

period two 

OPEX 

(x106 $/yr) 

1828 1256 

ANP 

(x106 $/yr) 

2571 

CAPEX 

(x106 $) 

9889 

ROI 

 (%/yr) 

26 
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Figure 5.5: An optimum CHOSYN for the first operational period in scenario two 



69 
 

 

Figure 5.6: An optimum CHOSYN for the second operational period in scenario two 

 

5.5.3 Third scenario 

The second scenario is solved using Equations (1) – (28) with the objective function of 

minimum CO2 and H2O discharge (Equation (30)). The flowrates of external, stored 

and discharged chemical species for scenario three are summarized in Table 5.11. From 

Table 5.11, scenario three has the lowest CO2 and H2O discharges since the global 

objective function of minimizing CO2 and H2O discharge was employed. However, 

from Table 5.12, scenario three has the lowest ROI of 15 %/yr. This is because the 

purchased raw materials costs are the highest because the CHOSYN selected reactions 

that prioritized producing less CO2 and H2O as a by-product, i.e., interceptors 1 and 3. 

Although scenario three is more environmentally friendly, it is not very economic as 
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compared to the other scenarios.  The resulted CHOSYN configurations for both 

operational periods for scenario one is shown in Figures 5.7 and 5.8 where only 3059 

and 3547 kmole of CO2 and H2O are discharge. 

Table 5.11:  Flow rates (kmole/hr) of external, stored and discharged species in the CHOSYN 

for the third scenario 

Streams Operation period one Operation period two 

External 

sources 

Stored 

species 

Discharged 

species 

External 

sources 

Stored 

species 

Discharged 

species 

CH4 5465 0 0 2465 0 0 

C3H8O3 1856 0 0 0 1321 0 

H2 0 0 4787 0 2643 0 

CO 0 0 1389 0 995 0 

CO2 0 0 2525 0 0 534 

H2O 0 0 1499 170 0 2048 

 

Table 5.12: Economic analysis of third scenario CHOSYN  

Economic aspects Operation 

period one 

Operation 

period two 

OPEX 

(x106 $/yr) 

1585 1081 

ANP 

(x106 $/yr) 

1242 

CAPEX 

(x106 $) 

8282 

ROI  

(%/yr) 

15 
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Figure 5.7: An optimum CHOSYN for the first operational period in scenario three 



72 
 

 

Figure 5.8: An optimum CHOSYN for the second operational period in scenario three 

 

5.5.4 Sensitivity analysis 

Next, a sensitivity analysis is carried out with respect to the external sources costs on 

the second scenario. Scenario two was selected from an economic viewpoint because 

of the highest ROI the scenario achieved. The effects of altering the feedstock market 

prices of all available raw materials during t1 period are shown in Figure 5.9. Three 

cases are conceived in this part. First case is infinite storage capacity, where there is a 

little change in the ROI with respect to feedstock price. This is due to the availability 

of the storage and dispatch system, where the required feedstock is purchased during 

the t2 period, when the prices are low. Subsequently, the stocked raw materials are 
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dispatched during the next period leading to small change in the ROI of the CHOSYN 

due to the increase in capital cost. The second case is no change in storage capacity 

with respect to the increase in raw materials prices leading to a huge decrease in ROI. 

Third case is the storage capacity increases by 100%, which represents an extension to 

the existing storage and dispatch system. Figure 5.9 shows that the decrease in ROI in 

the third case is lower as compared to the second case.  

 

Figure 5.9: Sensitivity analysis of the increase in raw material costs on ROI 

5.6 Conclusion:  

A multi-period CHOSYN optimization model embedded with a storage and dispatch 

system has been successfully developed. The approach devised in this work was 

simulated in LINGO to obtain the required atomic benchmarks, determine necessary 

chemical reactions and satisfy the plant's demand with the aid of the storage and 

dispatch system driven by economical objectives, in addition to a significant reduction 

in the carbon and water discharge. The newly developed model was applied to a case 

study based on glycerol valorization along with other chemical plants. A comparison 

between the newly proposed model and the conventional multiperiod CHOSYN has 

been conceived to showcase the merits of the storage and dispatch system. 

Subsequently, a sensitivity analysis with respect to feedstock market price was carried 

out, which proved the model advantageous. As a preliminary tool, this methodology 

can be coupled with decision-making tools due to the complex nature of the EIP and 

the large number of stakeholders involved. 
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Chapter 6 Conclusion and future work 

Despite numerous studies in the area of sustainable EIPs, there remain significant gaps 

in the EIPs design and formulation. In this research, a sustainable type of EIPs named 

CHOSYN was synthesized using mathematical optimization methodologies.  

Firstly (chapter 3), an optimization model was formulated to design a sustainable 

CHOSYN with consideration to economic, sustainability and safety criteria. A 

recycling framework was integrated in the model. Several scenarios were obtained to 

showcase the features of the formulated model. It was found that safety and 

sustainability criteria is critical in the CHOSYN initial design stages as it directly 

affects the economic criteria the CHOSYN configuration. By optimizing the CHOSYN 

based on multi-criteria, the mathematical model was able to report the most feasible 

sustainable CHOSYN pathways and compare them.  

Later (chapter 4), mass and water networks were synthesized simultaneously in the 

CHOSYN. A model was developed to design a simultaneous mass-water CHOSYN 

since water integration was not covered before in the CHOSYN design. Additionally, 

multi-criteria optimization was performed based on economic and sustainability 

aspects. A quantitative metric termed sustainability weighted return on investment 

metric was utilized to quantify the sustainability performance of the mass-water 

CHOSYN.  The metric above is embedded along with the economic performance of the 

CHOSYN into the mathematical model. Although mass and water networks are often 

designed separately, the results show that it is more advantageous to design both of 

them simultaneously.  

 

Following this (chapter 5), the time element was taken into consideration to design 

multiperiod CHOSYN. Previous research assumed steady-state operations and single 

operation mode. A multiperiod framework incorporating a storage and dispatch system 

was implemented. The storage and dispatch system allowed the storage of certain 

chemical species during an operation period to be dispatched in another operation 

period. It was found the incorporation of the storage and dispatch system elevated the 

economic performance of the resulting multiperiod CHOSYN.  
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Next, future recommendations of the research project could consider integrating other 

criteria in the CHOSYN design. Recommended criteria are resilience, reliability and 

social. This will add an additional complexity layer to the CHOSYN design. Moving 

on, the research project explored the simultaneous integration of mass and water 

networks. Thus it is paramount for future initiatives to consider heat integration along 

with mass and water integration. The incorporation of heat integration will capture a 

more broad picture and realism in the CHOSYN design. 

Besides, other areas of studies should incorporate multi-criteria decision-making 

frameworks in the CHOSYN design due to the number of participating plants and 

decision-makers involved. Suggested frameworks are gaming theories, including non-

cooperative games, cooperative games, and the Stackelberg game. These games should 

help in reaching a mutually agreeable sustainable CHOSYN design. 
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Appendix 1: LINGO model formulation for chapter 3 

Appendix 1(a): LINGO mathematical modeling codes for case 1 

 

!objective function ; 

!Maximum annual sales); 

 

 

max = sales; 

 

!Atomic Targeting 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP (kmole/hr); 

!Calculation of number of CHO atoms in internal streams; 
 

IS_CO      = 930;  

IS_CO2     = 3990; 

IS_H2      = 9965; 

IS_CH4     = 39; 

IS_C3H8O3  = 1000; 
 

AC_SRC   = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 

 

!Atomic Targeting 

!DMD STANDS FOR DEMAND BY FACTORIES (kmole/hr); 

!Calculation of number of CHO atoms in demand streams; 
 

CH3OH_DEMAND     = 7500; 

H2_Demand        = 5000; 

C3H8O2_DEMAND    = 1000; 

C3H4O_DEMAND     = 1000; 

 
 

AC_DMD     = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD   = CH3OH_DEMAND * 4 + 2 * H2_DEMAND + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 

 

!Atomic Targeting 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams (kmole/hr); 
 

AC_NET     = AC_SRC - AC_DMD; 

AH_NET     = AH_SRC - AH_DMD; 

AO_NET     = AO_SRC - AO_DMD; 
 

!Atomic Targeting - overall atomic balanced equation; 

!calculation of external, recycled, discharged species in the CHOSYN (kmole/hr); 

!Equations (10-12); 
 

AC_NET + 3 * EX_C3H8O3 - 3 * Di_C3H8O3 + 1 * EX_CH4 - 1 * Di_CH4 + 0 * EX_H2 - 0 * 

Di_H2 + 1 * EX_CO - 1 * Di_CO + 0 * EX_H2O - 0 * DI_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 - 8 * Di_C3H8O3 + 4 * EX_CH4 - 4 * Di_CH4 + 2 * EX_H2 - 2 * 

Di_H2 + 0 * EX_CO - 0 * Di_CO + 2 * EX_H2O - 2 * DI_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 - 3 * Di_C3H8O3 + 0 * EX_CH4 - 0 * Di_CH4 + 0 * EX_H2 - 0 * 

Di_H2 + 1 * EX_CO - 1 * Di_CO + 1 * EX_H2O - 1 * DI_H2O - 2 * D_CO2 = 0; 

 

!maximum allowable purchased and discharged chemical species if need; 

!DI_H2O < 5000 ; 

!D_CO2 < 13000; 

!EX_C3H8O3 < 15000; 

!EX_CH4 < 15000; 

!EX_H2 < 15000; 

!EX_CO < 15000; 
 

@FREE(AC_NET); 

@FREE(AH_NET); 

@FREE(AO_NET); 
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@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 

 

 

!Overall mass balanced equation (kmole/hr); 
 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 ) ; 

Out_C3H8O3 = (DI_C3H8O3) ; 
 

IN_CH4 = (IS_CH4 + EX_CH4 ); 

Out_CH4 = (DI_Ch4); 

 

IN_H2 = (IS_H2 + EX_H2 ); 

Out_H2 = (DI_h2); 
 

IN_CO = (IS_CO + EX_CO ) ; 

Out_CO = (DI_Co); 
 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 
 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
 

EX_CO > 0; 

DI_CO > 0; 
 

EX_H2 > 0; 

DI_H2 > 0; 
 

EX_CH4 > 0; 

DI_CH4 > 0; 
 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 - H2 

_DEMAND) + (IN_CO - Out_CO) + (EX_H2O - DI_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + 
 

C3H4O_DEMAND; 
 

OVR_C3H8O3 

 

= 

 

(IN_C3H8O3 - Out_C3H8O3) 

 

; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 - H2_DEMAND); 

OVR_CH4  = (IN_CH4 - Out_CH4) ;  
OVR_H2O  = (EX_H2O - DI_H2O) ;  
!OVR_C3H8O2 = (C3H8O2_DEMAND)  ; 

!OVR_C3H40 = C3H4O_DEMAND  ; 

 @FREE(OVR_C3H8O3); 

@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 

@FREE(CH3OH_DEMAND); 

@FREE(H2_DEMAND); 

@FREE(OVR_C3H8O2); 

@FREE(C3H8O2_DEMAND); 

 

 

 

 

 
 

! Calculation of reaction flowrates 



86 
 

! X_old STANDS FOR theoretical STOICHMETRIC COFFICIENT FOR A SET OF EQUATIONS DETERMINED 

BY THE CHOSYN AND the PARTICIPATING plants; 
 

(x5_old  + x8_old  + x9_old ) = 

OVR_C3H8O3 ; 

(x1_old - x3_old + x6_old - x7_old ) = 

OVR_CO ; 

(x2_old - x4_old - 3*x5_old - x6_old + x7_old ) = 

OVR_CO2; 

(2*x1_old + 3*x2_old - 3*x3_old - 4*x4_old - 7*x5_old - x6_old + x7_old + x8_old ) = 

OVR_H2; 

(-1*x2_old+ x3_old + 2*x4_old + 3*x5_old + x6_old - x7_old - x8_old - 2*x9_old) = 

OVR_H2O; 

(x3_old  + x4_old         ) = 

OVR_CH4; 

(x1_old  + x2_old       ) = 

CH3OH_DEMAND; 

(x8_old ) = 

C3H8O2_DEMAND; 

(x9_old ) = 

C3H4O_DEMAND; 
 

!reaction conversion calculations, all reactions are assumed having 80% conversion rate; 

!Equations (18); 
 

X1 = 1.2*X1_old; 

X2 = 1.2*X2_old; 

X3 = 1.2*X3_old; 

X4 = 1.2*X4_old; 

X5 = 1.2*X5_old; 

X6 = 1.2*X6_old; 

X7 = 1.2*X7_old; 

X8 = 1.2*X8_old; 

X9 = 1.2*X9_old; 

 

H2_x1 = 2* X1 ; 

H2_X2 = 3* X2 ; 

H2_x7 =   X7 ; 

H2_x8 =   X8 ; 

CO_x1 =   X1 ; 

CO_x6 = X6 ; 

CH4_x3 = X3 ; 

CH4_x4 = X4 ; 

C3H8O3_x5 =X5 ; 

C3H8O3_x8 =X8 ; 

C3H8O3_x9 =X9 ; 

 

!Since the conversion is not 100%, the extra discharged chemical species mass balance are 

shown here; 

Extra_H2 = H2_x1 + H2_X2 + H2_x7 + H2_x8 - 2*x1_old - 3*x2_old - x7_old - 

x8_old ; 

Extra_CO    = CO_x1    + CO_x6    - x1_old   - x6_old 

; 

Extra_CH4   = CH4_x3   + CH4_x4   - x3_old   - x4_old 

; 

Extra_C3H8O3 = C3H8O3_x5 + C3H8O3_x8 + C3H8O3_x9 - x5_old - x8_old  - x9_old 

; 

 

 

 

x1>0; 

x2>0; 

x3>0; 

x4>0; 

x5>0; 
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x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

 

x1_old>0; 

x2_old>0; 

x3_old>0; 

x4_old>0; 

x5_old>0; 

x6_old>0; 

x7_old > 0; 

x6_old + x7_old < 1; 

x8_old>0; 

x9_old>0; 

 

!Economics calculations ; 

!raw materials and sales calculations ($/hr) ; 

!each species flowrate is multiplied first by molecular weight to convert to KG/hr, then 

multiplied by the price in $/kg; 

COST_C3H8O3 = (EX_C3H8O3 + Extra_C3H8O3) * 92 * 1.09 ; 

COST_CH4 = (EX_CH4 + Extra_CH4) * 16 * 7.25 ; 

COST_H2 = (EX_H2 + Extra_H2)  * 1 * 3 ; 

COST_CO = (EX_CO + Extra_CO )  * 28 * 0.18  ; 

 

PROFIT_CH3OH = CH3OH_DEMAND * 32 * 1.5 ; 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 76 * 5 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 56 * 3 ; 

 

!production costs ($/hr); 

!the number of moles of each species is multiplied by flowrate and then multiplied by 

molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

! production costs 6/7 are assumed small numbers because they are water-gas shift 

reactions, which occur as side reactions; 

!Equation (21); 
 

Production_cost_1 = 1 * 32 * 0.61 * x1 ; 

Production_cost_2 = 1 * 32 * 1.01 * x2 ; 

Production_cost_3 = 3 * 1 * 0.66 * x3 ; 

Production_cost_4 = 4 * 1 * 0.66 * x4 ; 

Production_cost_5 = 7 * 1 * 2.6 * x5 ; 

Production_cost_6 = 0.1 * x6 ; 

Production_cost_7 = 0.1 * x7 ; 

Production_cost_8 = 1 * 76 * 0.85 * x8 ; 

Production_cost_9 = 1 * 56 * 0.42 * x9 ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 

 

!Capital costs ; 

!the number of moles of each species is multiplied by flowrate and then multiplied by 

molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

!Equation (22) and (24) + factorial method; 
 

EQUIP_cost_1 = (0.31 * (x1) * 1 * 32) ; 

EQUIP_cost_2 = (0.49 * (x2) * 1 * 32) ; 

EQUIP_cost_3 = (0.29 * (x3) * 3 * 1) ; 

EQUIP_cost_4 = (0.29 * (x4) * 4 * 1) ; 

EQUIP_cost_5 = (0.66 * (x5) * 7 * 1) ; 

EQUIP_cost_6 = (0.1 * (x6)) ; 

EQUIP_cost_7 = (0.1 * (x7) ) ; 

EQUIP_cost_8 = (0.28 * (x8) * 1 * 76) ; 

EQUIP_cost_9 = (0.21 * (x9) * 1 * 56) ; 

 

PPC_1 = 3.47*EQUIP_cost_1; 
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IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 

 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 

 

 

!annualized fixed costs and annual sales calculations; 

!Equations (25-26); 
 

AFC = 0.1 * capital_cost ; 

sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - COST_H2 - 

COST_CO -(Total_production_cost+AFC))*(1-0.25)) + AFC ; 

Annual_sales_final = sales * 300 * 24 ; 

Total_Capital_cost_final = Capital_cost * 24 * 300; 

ROI > 10; 

 

 

!metrics calculation; 

!Equations (27, 34-35); 

ROI = ( Annual_sales_final/ Total_Capital_cost_final) * 100  ;
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Appendix 1(b): LINGO mathematical modeling codes for case 2 

 

!objective function ; 

!Maximum annual sales); 

 

 

max = sales; 

 

!Atomic Targeting 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP (kmole/hr); 

!Calculation of number of CHO atoms in internal streams; 
 

IS_CO = 930; 

IS_CO2 = 3990; 

IS_H2 = 9965; 

IS_CH4 = 39; 

IS_C3H8O3 = 1000; 
 

AC_SRC = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 

 

!Atomic Targeting 

!DMD STANDS FOR DEMAND BY FACTORIES (kmole/hr); 

! Calculation of number of CHO atoms in demand streams; 
 

CH3OH_DEMAND = 7500; 

H2_Demand = 5000; 

C3H8O2_DEMAND = 1000; 

C3H4O_DEMAND = 1000; 

 
 

AC_DMD     = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD = CH3OH_DEMAND * 4 + 2 * H2_DEMAND + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 

 

!Atomic Targeting 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams (kmole/hr); 
 

AC_NET = AC_SRC - AC_DMD; 

AH_NET = AH_SRC - AH_DMD; 

AO_NET = AO_SRC - AO_DMD; 
 

!Atomic Targeting - overall atomic balanced equation; 

!calculation of external, recycled, discharged species in the CHOSYN (kmole/hr); 

!Equations (10-12); 

 
 

AC_NET + 3 * EX_C3H8O3 + 3 * RE_C3H8O3 - 3 * Di_C3H8O3 + 1 * EX_CH4 + 1 * RE_CH4 - 1 * 

Di_CH4 + 0 * EX_H2 + 0 * RE_H2 - 0 * Di_H2 + 1 * EX_CO + 1 * RE_CO - 1 * Di_CO + 0 * 

EX_H2O - 0 * DI_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 + 3 * RE_C3H8O3 - 8 * Di_C3H8O3 + 4 * EX_CH4 + 1 * RE_CH4 - 4 * 

Di_CH4 + 2 * EX_H2 + 0 * RE_H2 - 2 * Di_H2 + 0 * EX_CO + 0 * RE_CO - 0 * Di_CO + 2 * 

EX_H2O - 2 * DI_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 + 3 * RE_C3H8O3 - 3 * Di_C3H8O3 + 0 * EX_CH4 + 1 * RE_CH4 - 0 * 

Di_CH4 + 0 * EX_H2 + 0 * RE_H2 - 0 * Di_H2 + 1 * EX_CO + 1 * RE_CO - 1 * Di_CO + 1 * 

EX_H2O - 1 * DI_H2O - 2 * D_CO2 = 0; 

 

!maximum allowable purchased and discharged chemical species if need; 

!Equations (13-14); 
 

!DI_H2O < 5000 ; 

!D_CO2 < 13000; 

!EX_C3H8O3 < 15000; 

!EX_CH4 < 15000; 

!EX_H2 < 15000; 

!EX_CO < 15000; 
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@FREE(AC_NET); 

@FREE(AH_NET); 

@FREE(AO_NET); 

@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 

!total discharged species can be divided to recycled species and final discharged species; 

Discharge_C3H8O3 = RE_C3H8O3 + DI_C3H8O3 ; 

Discharge_Ch4 = RE_Ch4 + DI_Ch4 ; 

Discharge_Co = RE_Co + DI_Co ; 

Discharge_h2 = RE_h2 + DI_h2 ; 

 

!Overall mass balanced equation (kmole/hr); 

!Equation (15); 
 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 + RE_C3H8O3) ; 

Out_C3H8O3 = (Discharge_C3H8O3) ; 
 

IN_CH4 = (IS_CH4 + EX_CH4 + RE_CH4); 

Out_CH4 = (Discharge_Ch4); 
 

IN_H2 = (IS_H2 + EX_H2 + RE_H2); 

Out_H2 = (Discharge_h2); 
 

IN_CO = (IS_CO + EX_CO + RE_CO) ; 

Out_CO = (Discharge_Co); 
 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 
 

RE_C3H8O3 > 0; 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
 

RE_CO > 0; 

EX_CO > 0; 

DI_CO > 0; 
 

RE_H2 > 0; 

EX_H2 > 0; 

DI_H2 > 0; 
 

RE_CH4 > 0; 

EX_CH4 > 0; 

DI_CH4 > 0; 

 

 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 - H2 

_DEMAND) + (IN_CO - Out_CO) + (EX_H2O - DI_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + 
 

C3H4O_DEMAND; 
 

OVR_C3H8O3 

 

= 

 

(IN_C3H8O3 - Out_C3H8O3) 

 

; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 - H2_DEMAND); 

OVR_CH4  = (IN_CH4 - Out_CH4) ;  
OVR_H2O  = (EX_H2O - DI_H2O) ;  
!OVR_C3H8O2 = (C3H8O2_DEMAND)  ; 

!OVR_C3H40 = C3H4O_DEMAND  ; 
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@FREE(OVR_C3H8O3); 

@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 

@FREE(CH3OH_DEMAND); 

@FREE(H2_DEMAND); 

@FREE(OVR_C3H8O2); 

@FREE(C3H8O2_DEMAND); 
 

! Calculation of reaction flowrates 

! X_old STANDS FOR theoretical STOICHMETRIC COFFICIENT FOR A SET OF EQUATIONS DETERMINED 

BY THE CHOSYN AND the PARTICIPATING plants; 

!Equations (16-17); 
 

(x5_old  + x8_old  + x9_old ) = 

OVR_C3H8O3 ; 

(x1_old - x3_old + x6_old - x7_old ) = 

OVR_CO ; 

(x2_old - x4_old - 3*x5_old - x6_old + x7_old ) = 

OVR_CO2; 

(2*x1_old + 3*x2_old - 3*x3_old - 4*x4_old - 7*x5_old - x6_old + x7_old + x8_old ) = 

OVR_H2; 

(-1*x2_old+ x3_old + 2*x4_old + 3*x5_old + x6_old - x7_old - x8_old - 2*x9_old) = 

OVR_H2O; 

(x3_old  + x4_old         ) = 

OVR_CH4; 

(x1_old  + x2_old       ) = 

CH3OH_DEMAND; 

(x8_old ) = 

C3H8O2_DEMAND; 

(x9_old ) = 

C3H4O_DEMAND; 
 

!reaction conversion calculations, all reactions are assumed having 80% conversion rate; 

!Equations (18); 
 

X1 = 1.2*X1_old; 

X2 = 1.2*X2_old; 

X3 = 1.2*X3_old; 

X4 = 1.2*X4_old; 

X5 = 1.2*X5_old; 

X6 = 1.2*X6_old; 

X7 = 1.2*X7_old; 

X8 = 1.2*X8_old; 

X9 = 1.2*X9_old; 
 

H2_x1 = 2* X1 ; 

H2_X2 = 3* X2 ; 

H2_x7 =   X7 ; 

H2_x8 =   X8 ; 

CO_x1 =   X1 ; 

CO_x6 = X6 ; 

CH4_x3 = X3 ; 

CH4_x4 = X4 ; 

C3H8O3_x5 =X5 ; 

C3H8O3_x8 =X8 ; 

C3H8O3_x9 =X9 ; 

 

!Recycling mass balance equations; 

!Total recycled chemical species ( Unreacted raw materials + By-products) ; 

!Equation (19); 
 

REE_H2 = H2_x1 + H2_X2 + H2_x7 + H2_x8 - 2*x1_old - 3*x2_old - x7_old - 

x8_old ;     
REE_CO = CO_x1 + CO_x6 - x1_old - x6_old 
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; 

REE_CH4 = CH4_x3 + CH4_x4 - x3_old - x4_old 

; 

REE_C3H8O3 = C3H8O3_x5 + C3H8O3_x8 + C3H8O3_x9 - x5_old - x8_old - x9_old 

; 

Reycled_H2 = REE_H2 + RE_H2 ; 

Reycled_CO = REE_CO + RE_CO ; 

Reycled_CH4 = REE_Ch4 + RE_Ch4 ; 

Reycled_C3H8O3 = REE_C3H8O3 + RE_C3H8O3 ; 

 

 

x1>0; 

x2>0; 

x3>0; 

x4>0; 

x5>0; 

x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

 

x1_old>0; 

x2_old>0; 

x3_old>0; 

x4_old>0; 

x5_old>0; 

x6_old>0; 

x7_old > 0; 

x6_old + x7_old < 1; 

x8_old>0; 

x9_old>0; 

 

!Economics calculations ; 

!raw materials and sales calculations ($/hr) ; 

!each species flowrate is multiplied first by molecular weight to convert to KG/hr, then 

multiplied by the price in $/kg; 

!part of Equation (26); 

COST_C3H8O3 = EX_C3H8O3 * 92 * 1.09 ; 

COST_CH4 = EX_CH4 * 16 * 7.25 ; 

COST_H2 = EX_H2 * 1 * 3 ; 

COST_CO = EX_CO * 28 * 0.18 ; 
 

PROFIT_CH3OH = CH3OH_DEMAND * 32 * 1.5 ; 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 76 * 5 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 56 * 3 ; 

 

!production costs ($/hr); 

!the number of moles of each species is multiplied by flowrate and then multiplied by 

molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

! production costs 6/7 are assumed small numbers because they are water-gas shift 

reactions, which occur as side reactions; 

!Equation (21); 
 

Production_cost_1 = 1 * 32 * 0.61 * x1 ; 

Production_cost_2 = 1 * 32 * 1.01 * x2 ; 

Production_cost_3 = 3 * 1 * 0.66 * x3 ; 

Production_cost_4 = 4 * 1 * 0.66 * x4 ; 

Production_cost_5 = 7 * 1 * 2.6 * x5 ; 

Production_cost_6 = 0.1 * x6 ; 

Production_cost_7 = 0.1 * x7 ; 

Production_cost_8 = 1 * 76 * 0.85 * x8 ; 

Production_cost_9 = 1 * 56 * 0.42 * x9 ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 
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!Capital costs ; 

!the number of moles of each species is multiplied by flowrate and then multiplied by 

molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

!Equation (22) and (24) + factorial method; 
 

EQUIP_cost_1 = (0.31 * (x1) * 1 * 32) ; 

EQUIP_cost_2 = (0.49 * (x2) * 1 * 32) ; 

EQUIP_cost_3 = (0.29 * (x3) * 3 * 1) ; 

EQUIP_cost_4 = (0.29 * (x4) * 4 * 1) ; 

EQUIP_cost_5 = (0.66 * (x5) * 7 * 1) ; 

EQUIP_cost_6 = (0.1 * (x6)) ; 

EQUIP_cost_7 = (0.1 * (x7) ) ; 

EQUIP_cost_8 = (0.28 * (x8) * 1 * 76) ; 

EQUIP_cost_9 = (0.21 * (x9) * 1 * 56) ; 
 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 

 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 

 

 

!annualized fixed costs and annual sales calculations; 
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!Annual sales/capital cost calculations; 

 

AFC = 0.1 * capital_cost ; 

sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - COST_H2 - 

COST_CO -(Total_production_cost+AFC))*(1-0.25)) + AFC ; 

Annual_sales_final = sales * 300 * 24 ; 

Total_Capital_cost_final = Capital_cost * 24 * 300; 

ROI > 10; 

 

 

!metrics calculation; 

!Equations (27, 34-35); 

ROI = ( Annual_sales_final/ Total_Capital_cost_final) * 100 ; 
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Appendix 1(c): LINGO mathematical modeling codes for case 2 – scenario one 

 

!objective function ;  

!maximum annual sales; 

 

max = sales; 

!Atomic Targeting 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP (kmole/hr); 

! Calculation of number of CHO atoms in internal streams; 
 

IS_CO = 930; 

IS_CO2 = 3990; 

IS_H2 = 9965; 

IS_CH4 = 39; 

IS_C3H8O3 = 1000; 
 

AC_SRC = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 

 

!Atomic Targeting 

!DMD STANDS FOR DEMAND BY FACTORIES (kmole/hr); 

! Calculation of number of CHO atoms in demand streams; 
 

CH3OH_DEMAND = 7500; 

H2_Demand = 5000; 

C3H8O2_DEMAND = 1000; 

C3H4O_DEMAND = 1000; 

 
 

AC_DMD     = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD = CH3OH_DEMAND * 4 + 2 * H2_DEMAND + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 

 

!Atomic Targeting 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams(kmole/hr); 

!Equations (7-9); 
 

AC_NET = AC_SRC - AC_DMD; 

AH_NET = AH_SRC - AH_DMD; 

AO_NET = AO_SRC - AO_DMD; 
 

!Atomic Targeting - overall atomic balanced equation; 

!calculation of external, recycled, discharged species in the CHOSYN (kmole/hr); 

!Equations (10-12); 

 
 

AC_NET + 3 * EX_C3H8O3 + 3 * RE_C3H8O3 - 3 * Di_C3H8O3 + 1 * EX_CH4 + 1 * RE_CH4 - 1 * 

Di_CH4 + 0 * EX_H2 + 0 * RE_H2 - 0 * Di_H2 + 1 * EX_CO + 1 * RE_CO - 1 * Di_CO + 0 * 

EX_H2O - 0 * DI_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 + 3 * RE_C3H8O3 - 8 * Di_C3H8O3 + 4 * EX_CH4 + 1 * RE_CH4 - 4 * 

Di_CH4 + 2 * EX_H2 + 0 * RE_H2 - 2 * Di_H2 + 0 * EX_CO + 0 * RE_CO - 0 * Di_CO + 2 * 

EX_H2O - 2 * DI_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 + 3 * RE_C3H8O3 - 3 * Di_C3H8O3 + 0 * EX_CH4 + 1 * RE_CH4 - 0 * 

Di_CH4 + 0 * EX_H2 + 0 * RE_H2 - 0 * Di_H2 + 1 * EX_CO + 1 * RE_CO - 1 * Di_CO + 1 * 

EX_H2O - 1 * DI_H2O - 2 * D_CO2 = 0; 

!maximum allowable purchased and discharged chemical species if need; 

!Equations (13-14); 

!DI_H2O < 5000 ; 

!D_CO2 < 13000; 

!EX_C3H8O3 < 15000; 

!EX_CH4 < 15000; 

!EX_H2 < 15000; 

!EX_CO < 15000; 
 

@FREE(AC_NET); 
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@FREE(AH_NET); 

@FREE(AO_NET); 

@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 

!total discharged species can be divided to recycled species and final discharged species; 

Discharge_C3H8O3 = RE_C3H8O3 + DI_C3H8O3 ; 

Discharge_Ch4 = RE_Ch4 + DI_Ch4 ; 

Discharge_Co = RE_Co + DI_Co ; 

Discharge_h2 = RE_h2 + DI_h2 ; 

 

!Overall mass balanced equation (kmole/hr); 

!Equation (15); 
 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 + RE_C3H8O3) ; 

Out_C3H8O3 = (Discharge_C3H8O3) ; 
 

IN_CH4 = (IS_CH4 + EX_CH4 + RE_CH4); 

Out_CH4 = (Discharge_Ch4); 
 

IN_H2 = (IS_H2 + EX_H2 + RE_H2); 

Out_H2 = (Discharge_h2); 
 

IN_CO = (IS_CO + EX_CO + RE_CO) ; 

Out_CO = (Discharge_Co); 
 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 
 

RE_C3H8O3 > 0; 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
 

RE_CO > 0; 

EX_CO > 0; 

DI_CO > 0; 
 

RE_H2 > 0; 

EX_H2 > 0; 

DI_H2 > 0; 
 

RE_CH4 > 0; 

EX_CH4 > 0; 

DI_CH4 > 0; 

 

 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 - H2 

_DEMAND) + (IN_CO - Out_CO) + (EX_H2O - DI_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + 

C3H4O_DEMAND; 

 

OVR_C3H8O3 = (IN_C3H8O3 - Out_C3H8O3) ; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 - H2_DEMAND); 

OVR_CH4 = (IN_CH4 - Out_CH4) ; 

OVR_H2O = (EX_H2O - DI_H2O) ; 
 

!OVR_C3H8O2 = (C3H8O2_DEMAND) ; 

!OVR_C3H40 = C3H4O_DEMAND ; 

 

@FREE(OVR_C3H8O3); 
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@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 

@FREE(CH3OH_DEMAND); 

@FREE(H2_DEMAND); 

@FREE(OVR_C3H8O2); 

@FREE(C3H8O2_DEMAND); 
 

! Calculation of reaction flowrates 

! X_old STANDS FOR theoretical STOICHMETRIC COFFICIENT FOR A SET OF EQUATIONS DETERMINED 

BY THE CHOSYN AND the PARTICIPATING plants; 

!Equations (16-17); 
 

(x5_old  + x8_old  + x9_old ) = 

OVR_C3H8O3 ; 

(x1_old - x3_old + x6_old - x7_old ) = 

OVR_CO ; 

(x2_old - x4_old - 3*x5_old - x6_old + x7_old ) = 

OVR_CO2; 

(2*x1_old + 3*x2_old - 3*x3_old - 4*x4_old - 7*x5_old - x6_old + x7_old + x8_old ) = 

OVR_H2; 

(-1*x2_old+ x3_old + 2*x4_old + 3*x5_old + x6_old - x7_old - x8_old - 2*x9_old) = 

OVR_H2O; 

(x3_old  + x4_old         ) = 

OVR_CH4; 

(x1_old  + x2_old       ) = 

CH3OH_DEMAND; 

(x8_old ) = 

C3H8O2_DEMAND; 

(x9_old ) = 

C3H4O_DEMAND; 
 

!reaction conversion calculations, all reactions are assumed having 80% conversion rate; 

!Equations (18); 
 

X1 = 1.2*X1_old; 

X2 = 1.2*X2_old; 

X3 = 1.2*X3_old; 

X4 = 1.2*X4_old; 

X5 = 1.2*X5_old; 

X6 = 1.2*X6_old; 

X7 = 1.2*X7_old; 

X8 = 1.2*X8_old; 

X9 = 1.2*X9_old; 
 

H2_x1 = 2* X1 ; 

H2_X2 = 3* X2 ; 

H2_x7 =   X7 ; 

H2_x8 =   X8 ; 

CO_x1 =   X1 ; 

CO_x6 = X6 ; 

CH4_x3 = X3 ; 

CH4_x4 = X4 ; 

C3H8O3_x5 =X5 ; 

C3H8O3_x8 =X8 ; 

C3H8O3_x9 =X9 ; 

 

!Recycling mass balance equations; 

!Total recycled chemical species ( Unreacted raw materials + By-products) ; 

!Equation (19); 
 

REE_H2  = H2_x1 + H2_X2 + H2_x7 + H2_x8 - 2*x1_old - 3*x2_old - x7_old - 

x8_old ;     
REE_CO  = CO_x1 + CO_x6 - x1_old - x6_old 

;      
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REE_CH4 = CH4_x3 + CH4_x4 - x3_old - x4_old 

; 

REE_C3H8O3 = C3H8O3_x5 + C3H8O3_x8 + C3H8O3_x9 - x5_old - x8_old - x9_old 

; 

Reycled_H2 = REE_H2 + RE_H2 ; 

Reycled_CO = REE_CO + RE_CO ; 

Reycled_CH4 = REE_Ch4 + RE_Ch4 ; 

Reycled_C3H8O3 = REE_C3H8O3 + RE_C3H8O3 ; 

 

x1>0; 

x2>0; 

x3>0; 

x4>0; 

x5>0; 

x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

 

x1_old>0; 

x2_old>0; 

x3_old>0; 

x4_old>0; 

x5_old>0; 

x6_old>0; 

x7_old > 0; 

x6_old + x7_old < 1; 

x8_old>0; 

x9_old>0; 

 

!Economics calculations ; 

!raw materials and sales calculations ($/hr) ; 

!each species flowrate is multiplied first by molecular weight to convert to KG/hr, then 

multiplied by the price in $/kg; 

!part of Equation (26); 

COST_C3H8O3 = EX_C3H8O3 * 92 * 1.09 ; 

COST_CH4 = EX_CH4 * 16 * 7.25 ; 

COST_H2 = EX_H2 * 1 * 3 ; 

COST_CO = EX_CO * 28 * 0.18 ; 
 

PROFIT_CH3OH = CH3OH_DEMAND * 32 * 1.5 ; 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 76 * 5 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 56 * 3 ; 

 

!production costs ($/hr); 

!the number of moles of each species is multiplied by flowrate and then multiplied by 

molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

! production costs 6/7 are assumed small numbers because they are water-gas shift 

reactions, which occur as side reactions; 

!Equation (21); 
 

Production_cost_1 = 1 * 32 * 0.61 * x1 ; 

Production_cost_2 = 1 * 32 * 1.01 * x2 ; 

Production_cost_3 = 3 * 1 * 0.66 * x3 ; 

Production_cost_4 = 4 * 1 * 0.66 * x4 ; 

Production_cost_5 = 7 * 1 * 2.6 * x5 ; 

Production_cost_6 = 0.1 * x6 ; 

Production_cost_7 = 0.1 * x7 ; 

Production_cost_8 = 1 * 76 * 0.85 * x8 ; 

Production_cost_9 = 1 * 56 * 0.42 * x9 ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 

 

!Capital costs ; 

!the number of moles of each species is multiplied by flowrate and then multiplied by 
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molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

!Equation (22) and (24) + factorial method; 
 

EQUIP_cost_1 = (0.31 * (x1) * 1 * 32) ; 

EQUIP_cost_2 = (0.49 * (x2) * 1 * 32) ; 

EQUIP_cost_3 = (0.29 * (x3) * 3 * 1) ; 

EQUIP_cost_4 = (0.29 * (x4) * 4 * 1) ; 

EQUIP_cost_5 = (0.66 * (x5) * 7 * 1) ; 

EQUIP_cost_6 = (0.1 * (x6)) ; 

EQUIP_cost_7 = (0.1 * (x7) ) ; 

EQUIP_cost_8 = (0.28 * (x8) * 1 * 76) ; 

EQUIP_cost_9 = (0.21 * (x9) * 1 * 56) ; 

 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 

 

 

!annualized fixed costs and annual sales calculations; 

!Equations (25-26); 
 

AFC = 0.1 * capital_cost ; 
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sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - COST_H2 - 

COST_CO -(Total_production_cost+AFC))*(1-0.25)) + AFC ; 

Annual_sales_final = sales * 300 * 24 ; 

Total_Capital_cost_final = Capital_cost * 24 * 300; 

ROI > 10; 
 

!binary equations; 

!Equation (22-23); 

(x1) >= 1*I1; 

(x1) <= 100000*(I1); 

(x2) >= 1*I2; 

(x2) <= 100000*(I2); 

(x3) >= 1*I3; 

(x3) <= 100000*(I3); 

(x4)>= 1*I4; 

(x4)<= 100000*(I4); 

(x5)>= 1*I5; 

(x5)<= 100000*(I5); 

(x6)>= 1*I6; 

(x6)<= 100000*(I6); 

(x7)>= 1*I7; 

(x7)<= 100000*(I7); 

(x8)>= 1*I8; 

(x8)<= 100000*(I8); 

(x9)>= 1*I9; 

(x9)<= 100000*(I9); 

!I1+I2+I3+I4+I5+I6+I7+I8+I9 = 5; 

 

 

@BIN(I1); 

@BIN(I2); 

@BIN(I3); 

@BIN(I4); 

@BIN(I5); 

@BIN(I6); 

@BIN(I7); 

@BIN(I8); 

@BIN(I9); 
 

! SAFETY pressure calculations; 

!Equation (31); 
 

P1 = 98.5*I1; 

P2 = 75*I2; 

P3 = 30*I3; 

P4 = 30*I4; 

P5 = 2*I5; 

P6 = 1*I6; 

P7 = 1 * I7; 

P8 = 19.7*I8; 

P9 = 0.98*I9; 

Sum_pressure = (P1)+(P2)+(P3)+(P4)+(P5)+ P6 +(P7)+(P8)+(P9); 

P1_new_normalized = P1/Sum_pressure; 

P2_new_normalized = P2/Sum_pressure; 

P3_new_normalized = P3/Sum_pressure; 

P4_new_normalized = P4/Sum_pressure; 

P5_new_normalized = P5/Sum_pressure; 

P6_new_normalized = P6/Sum_pressure; 

P7_new_normalized = P7/Sum_pressure; 

P8_new_normalized = P8/Sum_pressure; 

P9_new_normalized = P9/Sum_pressure; 

 

! SAFETY Temperture calculations; 

!Equation (32); 
 

T1 = 573*I1; 

T2 = 483*I2; 
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T3 = 1152*I3; 

T4 = 1152*I4; 

T5 = 900*I5; 

T6 = 100*I6; 

T7 = 100*I7; 

T8 = 478*I8; 

T9 = 683.15*I9; 

Sum_tempruture = (T1)+(T2)+(T3)+(T4)+(T5)+(T6) + T7 +(T8)+(T9); 

T1_new_normalized = T1/Sum_tempruture; 

T2_new_normalized = T2/Sum_tempruture; 

T3_new_normalized = T3/Sum_tempruture; 

T4_new_normalized = T4/Sum_tempruture; 

T5_new_normalized = T5/Sum_tempruture; 

T6_new_normalized = T6/Sum_tempruture; 

T7_new_normalized = T7/Sum_tempruture; 

T8_new_normalized = T8/Sum_tempruture; 

T9_new_normalized = T9/Sum_tempruture; 

 

! Heating value calculations; 

!Equation (30); 
 

AVERAGE_HEATING_VALUE_REACTION_1 = I1*((283 *x1) + (x1*282.8) + (x1*723.2))/3; 

AVERAGE_HEATING_VALUE_REACTION_2 = I2*((424.5*x2) + (x2*723.2))/4; 

AVERAGE_HEATING_VALUE_REACTION_3 = I3*((880 *x3) + (x3*282.8) + (x3*424.5))/4; 

AVERAGE_HEATING_VALUE_REACTION_4 = I4*((880 *x4) + (x4*566))/4; 

AVERAGE_HEATING_VALUE_REACTION_5 = I5*((990.5*x5) + (x5*1652.32))/4; 

AVERAGE_HEATING_VALUE_REACTION_6 = I6*((141.5*x6) + (x6*282.8))/4; 

AVERAGE_HEATING_VALUE_REACTION_7 = I7*((141.5*x7) + (x7*282.8))/4; 

AVERAGE_HEATING_VALUE_REACTION_8 = I8*((141.5*x8) + (x8*1824) + (x8*1652.32))/4; 

AVERAGE_HEATING_VALUE_REACTION_9 = I9*((1624  *x9) + (x9*1652.32))/3; 

SUM_AVERAGE_HEATING_VALUE = AVERAGE_HEATING_VALUE_REACTION_1 + 

AVERAGE_HEATING_VALUE_REACTION_2 + AVERAGE_HEATING_VALUE_REACTION_3 + 

AVERAGE_HEATING_VALUE_REACTION_4 + AVERAGE_HEATING_VALUE_REACTION_5 + 

AVERAGE_HEATING_VALUE_REACTION_6 + AVERAGE_HEATING_VALUE_REACTION_7 + 

AVERAGE_HEATING_VALUE_REACTION_8 + AVERAGE_HEATING_VALUE_REACTION_9 ; 

HEATING_VALUE_1_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_1/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_2_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_2/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_3_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_3/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_4_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_4/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_5_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_5/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_6_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_6/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_7_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_7/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_8_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_8/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_9_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_9/SUM_AVERAGE_HEATING_VALUE; 

 

 

!DENSITY OF MIXTURE Calculations; 

!Equation (29); 
 

DENSITY_MIXTURE_REACTION_1 = I1*1/(0.001 + ((2*x1*H2_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_1*H2_DENSITY))+ (x1*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_1 

*CO_DENSITY))+(x1*CH3OH_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_1*CH3OH_DENSITY)))); 

DENSITY_MIXTURE_REACTION_2 = I2*1/(0.001 +((3*x2*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_ 

2*H2_DENSITY)) + (x2*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_2*CO2_DENSITY)) + (x2 

*CH3OH_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_2*CH3OH_DENSITY)) + (x2*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_2*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_3 = I3*1/(0.001 +((x3*CH4_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_3 

*CH4_DENSITY)) + (x3*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_3*CO_DENSITY) ) + (3*x3*H2 

_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_3*H2_DENSITY)) + (x3*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_3*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_4 = I4*1/(0.001 +((x4*CH4_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_4 

*CH4_DENSITY)) + (x4*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_4*CO2_DENSITY) ) + (4*x4*H2 

_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_4*H2_DENSITY)) + (2*x4*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_4*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_5 = I5*1/(0.001 +((7*x5*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_ 

5*H2_DENSITY)) + (3*x5*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_5*CO2_DENSITY) ) + (x5 

*C3H8O3_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_5*C3H8O3_DENSITY)) + (3*x5 
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*H2O_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_5*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_6 = I6*1/(0.001 +((x6*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_6 

*H2_DENSITY)) + (x6*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_6*CO2_DENSITY) ) + (x6 

*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_6*CO_DENSITY)) + (x6*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_6*H20_DENSITY)))); 

DENSITY_MIXTURE_REACTION_7 = I7*1/(0.001 +((x7*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_7 

*H2_DENSITY)) + (x7*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_7*CO2_DENSITY) ) + (x7 

*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_7*CO_DENSITY)) + (x7*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_7*H20_DENSITY)))); 

DENSITY_MIXTURE_REACTION_8 = I8*1/(0.001 +((x8*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8 

*H2_DENSITY)) + (x8*C3H8O2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8*C3H8O2_DENSITY) ) + (x8 

*C3H8O3_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8*C3H8O3_DENSITY)) + (x8 

*H2O_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_9 = I9*1/(0.001 +((x9*C3H4O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_9*C3H4O_DENSITY) ) + (x9*C3H8O3_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_9*C3H8O3_DENSITY)) + (2*x9*H2O_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_ 

9*H2O_DENSITY)))); 

SUM_DENSITY_MIXTURE = DENSITY_MIXTURE_REACTION_1 + DENSITY_MIXTURE_REACTION_2 + 

DENSITY_MIXTURE_REACTION_3 + DENSITY_MIXTURE_REACTION_4 + DENSITY_MIXTURE_REACTION_5 + 

DENSITY_MIXTURE_REACTION_6 +DENSITY_MIXTURE_REACTION_7+ DENSITY_MIXTURE_REACTION_8 + 

DENSITY_MIXTURE_REACTION_9; 

DENSITY_MIXTURE_REACTION_1_NORMALIZED = DENSITY_MIXTURE_REACTION_1/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_2_NORMALIZED = DENSITY_MIXTURE_REACTION_2/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_3_NORMALIZED = DENSITY_MIXTURE_REACTION_3/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_4_NORMALIZED = DENSITY_MIXTURE_REACTION_4/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_5_NORMALIZED = DENSITY_MIXTURE_REACTION_5/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_6_NORMALIZED = DENSITY_MIXTURE_REACTION_6/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_7_NORMALIZED = DENSITY_MIXTURE_REACTION_7/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_8_NORMALIZED = DENSITY_MIXTURE_REACTION_8/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_9_NORMALIZED = DENSITY_MIXTURE_REACTION_9/SUM_DENSITY_MIXTURE; 

 

 

 

!FLAMABILITY CALCULATIONS; 

!Equation (28); 
 

UPPER_FLAMABILITY_1 = I1*1/(0.001 +((2*x1/(TOTAL_MOLES_REACTION_1*75)) + (x1/ 

(TOTAL_MOLES_REACTION_1*74)))); 

LOWER_FLAMABILITY_1 = I1*1/(0.001 +((2*x1/(TOTAL_MOLES_REACTION_1*4)) + (x1/ 

(TOTAL_MOLES_REACTION_1*12.5)))); 

DELTA_FLAMABILITY_1 = UPPER_FLAMABILITY_1 - LOWER_FLAMABILITY_1 ; 

 

UPPER_FLAMABILITY_2 = I2*1/(0.001 +((3*x2/(TOTAL_MOLES_REACTION_2*75)) + (x2/ 

(TOTAL_MOLES_REACTION_2*36 )))) ; 

LOWER_FLAMABILITY_2 = I2*1/(0.001 +((3*x2/(TOTAL_MOLES_REACTION_2*4)) + (x2/ 

(TOTAL_MOLES_REACTION_2*6.7)))) ; 

DELTA_FLAMABILITY_2 = UPPER_FLAMABILITY_2 - LOWER_FLAMABILITY_2; 

 

UPPER_FLAMABILITY_3 = I3*1/(0.001 +((x3/(TOTAL_MOLES_REACTION_3*15))+ (3*x3/ 

(TOTAL_MOLES_REACTION_3*75))+ (x3/(TOTAL_MOLES_REACTION_3*74)))) ; 

LOWER_FLAMABILITY_3 = I3*1/(0.001 +((x3/(TOTAL_MOLES_REACTION_3*5)) + (3*x3/ 

(TOTAL_MOLES_REACTION_3*4)) + (x3/(TOTAL_MOLES_REACTION_3*12.5)))) ; 

DELTA_FLAMABILITY_3 = UPPER_FLAMABILITY_3 - LOWER_FLAMABILITY_3; 

 

UPPER_FLAMABILITY_4 = I4*1/(0.001 +((x4/(TOTAL_MOLES_REACTION_4*15))+ (x4*4/ 

(TOTAL_MOLES_REACTION_4*75)))); 

LOWER_FLAMABILITY_4 = I4*1/(0.001 +((x4/(TOTAL_MOLES_REACTION_4*5)) + (x4*4/ 

(TOTAL_MOLES_REACTION_4*4)))); 

DELTA_FLAMABILITY_4 = UPPER_FLAMABILITY_4 - LOWER_FLAMABILITY_4; 

 

UPPER_FLAMABILITY_5 = I5*1/(0.001 +((x5*7/(TOTAL_MOLES_REACTION_5*75)))); 

LOWER_FLAMABILITY_5 = I5*1/(0.001 +((x5*7/(TOTAL_MOLES_REACTION_5*4)))); 

DELTA_FLAMABILITY_5 = UPPER_FLAMABILITY_5 - LOWER_FLAMABILITY_5; 

 

UPPER_FLAMABILITY_6 = I6*1/(0.001 +((x6/(TOTAL_MOLES_REACTION_6*74)) + (x6/ 

(TOTAL_MOLES_REACTION_6*75)))); 
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LOWER_FLAMABILITY_6 = I6*1/(0.001 +((x6/(TOTAL_MOLES_REACTION_6*12.5))+ (x6/ 

(TOTAL_MOLES_REACTION_6*4)))); 

DELTA_FLAMABILITY_6 = UPPER_FLAMABILITY_6 - LOWER_FLAMABILITY_6; 

 

UPPER_FLAMABILITY_7 = I7*1/(0.001 +((x7/(TOTAL_MOLES_REACTION_7*74)) + (x7/ 

(TOTAL_MOLES_REACTION_7*75)))); 

LOWER_FLAMABILITY_7 = I7*1/(0.001 +((x7/(TOTAL_MOLES_REACTION_7*12.5))+ (x7/ 

(TOTAL_MOLES_REACTION_7*4)))); 

DELTA_FLAMABILITY_7 = UPPER_FLAMABILITY_7 - LOWER_FLAMABILITY_7; 

 
 

UPPER_FLAMABILITY_8 = I8*1/(0.001 +((x8/(TOTAL_MOLES_REACTION_8*75))+ (x8/ 

(TOTAL_MOLES_REACTION_8*17.4)))); 

LOWER_FLAMABILITY_8 = I8*1/(0.001 +((x8/(TOTAL_MOLES_REACTION_8*4)) + (x8/ 

(TOTAL_MOLES_REACTION_8*2.4)))); 

DELTA_FLAMABILITY_8 = UPPER_FLAMABILITY_8 - LOWER_FLAMABILITY_8; 

 

UPPER_FLAMABILITY_9 = I9*1/(0.001 +((x9/(TOTAL_MOLES_REACTION_9*31)))); 

LOWER_FLAMABILITY_9 = I9*1/(0.001 +((x9/(TOTAL_MOLES_REACTION_9*2.8)))); 

DELTA_FLAMABILITY_9 = UPPER_FLAMABILITY_9 - LOWER_FLAMABILITY_9; 
 

SUM_DELAT-FLAMABILITY = DELTA_FLAMABILITY_1 + DELTA_FLAMABILITY_2 + DELTA_FLAMABILITY_3 + 

DELTA_FLAMABILITY_4 + DELTA_FLAMABILITY_5 + DELTA_FLAMABILITY_6 +DELTA_FLAMABILITY_7 + 

DELTA_FLAMABILITY_8 + DELTA_FLAMABILITY_9 ; 

DELTA_FLAMABILITY_NORM_1 = DELTA_FLAMABILITY_1 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_2 = DELTA_FLAMABILITY_2 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_3 = DELTA_FLAMABILITY_3 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_4 = DELTA_FLAMABILITY_4 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_5 = DELTA_FLAMABILITY_5 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_6 = DELTA_FLAMABILITY_6 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_7 = DELTA_FLAMABILITY_7 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_8 = DELTA_FLAMABILITY_8 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_9 = DELTA_FLAMABILITY_9 / SUM_DELAT-FLAMABILITY ; 

 

!chemical species properties; 

TOTAL_MOLES_REACTION_1 = (2*x1) + x1 +x1; 

TOTAL_MOLES_REACTION_2 = (3*x2) + x2 + x2 + x2 ; 

TOTAL_MOLES_REACTION_3 = x3 + x3 + (3*x3) + x3 ; 

TOTAL_MOLES_REACTION_4 = x4 + (x4*2) + (x4*4) + x4; 

TOTAL_MOLES_REACTION_5 = x5 + (x5*3) + (x5*3) + (x5*7); 

TOTAL_MOLES_REACTION_6 = x6 + x6 + x6 + x6; 

TOTAL_MOLES_REACTION_7 = x7 + x7 + x7 + x7; 

TOTAL_MOLES_REACTION_8 = x8 + x8 + x8 + x8; 

TOTAL_MOLES_REACTION_9 = x9 + x9 + (2*x9); 

 

TOTAL_MASS_REACTION_1 = (2*x1) + (x1*28) + (x1*32); 

TOTAL_MASS_REACTION_2 = (3*x2) + (x2*44) + (x2*32) + (x2*18); 

TOTAL_MASS_REACTION_3 = (16*x3) + (x3*28) + (x3*3) + (x3*18); 

TOTAL_MASS_REACTION_4 = (16*x4) + (x4*44) + (x4*4) + (x4*36); 

TOTAL_MASS_REACTION_5 = (7*x5) + (x5*132)+ (x5*92) + (x5*54); 

TOTAL_MASS_REACTION_6 = (x6) + (x6*44) + (x6*28) + (x6*18); 

TOTAL_MASS_REACTION_7 = (x7) + (x7*44) + (x7*28) + (x7*18); 

TOTAL_MASS_REACTION_8 = (x8) + (x8*76) + (x8*92) + (x8*18); 

TOTAL_MASS_REACTION_9 = (56*x9) + (x9*92) + (x9*36); 

 

 

H2_DENSITY = 0.08988; 

CO_DENSITY = 1.14; 

CO2_DENSITY = 1.98; 

C3H8O3_DENSITY = 1.26; 

CH3OH_DENSITY = 792; 

H2O_DENSITY = 997; 

CH4_DENSITY= 0.656; 

C3H8O2_DENSITY = 1.04; 

C3H4O_DENSITY = 839; 
 

H2_MOLECULAR_WEIGHT = 1; 



104 
 

CO_MOLECULAR_WEIGHT= 28; 

CO2_MOLECULAR_WEIGHT = 44; 

C3H8O3_MOLECULAR_WEIGHT = 92; 

CH3OH_MOLECULAR_WEIGHT = 32; 

H2O_MOLECULAR_WEIGHT = 18; 

CH4_MOLECULAR_WEIGHT = 16; 

C3H8O2_MOLECULAR_WEIGHT = 76; 

C3H4O_MOLECULAR_WEIGHT = 56; 
 

!PROCESS SAFETY INDEX; 

!Equation (33); 
 

PSI_1 = DELTA_FLAMABILITY_NORM_1 * HEATING_VALUE_1_NORMALIZED * DENSITY_MIXTURE_REACTION_1 

_NORMALIZED * T1_new_normalized * P1_new_normalized *10000 ; 

PSI_2 = DELTA_FLAMABILITY_NORM_2 * HEATING_VALUE_2_NORMALIZED * DENSITY_MIXTURE_REACTION_2 

_NORMALIZED * T2_new_normalized * P2_new_normalized *10000 ; 

PSI_3 = DELTA_FLAMABILITY_NORM_3 * HEATING_VALUE_3_NORMALIZED * DENSITY_MIXTURE_REACTION_3 

_NORMALIZED * T3_new_normalized * P3_new_normalized *10000 ; 

PSI_4 = DELTA_FLAMABILITY_NORM_4 * HEATING_VALUE_4_NORMALIZED * DENSITY_MIXTURE_REACTION_4 

_NORMALIZED * T4_new_normalized * P4_new_normalized *10000 ; 

PSI_5 = DELTA_FLAMABILITY_NORM_5 * HEATING_VALUE_5_NORMALIZED * DENSITY_MIXTURE_REACTION_5 

_NORMALIZED * T5_new_normalized * P5_new_normalized *10000 ; 

PSI_6 = DELTA_FLAMABILITY_NORM_6 * HEATING_VALUE_6_NORMALIZED * DENSITY_MIXTURE_REACTION_6 

_NORMALIZED * T6_new_normalized * P6_new_normalized *10000 ; 

PSI_7 = DELTA_FLAMABILITY_NORM_7 * HEATING_VALUE_7_NORMALIZED * DENSITY_MIXTURE_REACTION_7 

_NORMALIZED * T7_new_normalized * P7_new_normalized *10000 ; 

PSI_8 = DELTA_FLAMABILITY_NORM_8 * HEATING_VALUE_8_NORMALIZED * DENSITY_MIXTURE_REACTION_8 

_NORMALIZED * T8_new_normalized * P8_new_normalized *10000 ; 

PSI_9 = DELTA_FLAMABILITY_NORM_9 * HEATING_VALUE_9_NORMALIZED * DENSITY_MIXTURE_REACTION_9 

_NORMALIZED * T9_new_normalized * P9_new_normalized *10000 ; 

TOTAL_PSI = (PSI_1 + PSI_2 + PSI_3 + PSI_4 + PSI_5 + PSI_6 +PSI_7+ PSI_8 + PSI_9); 
 

!metrics calculation; 

!Equations (27, 34-35); 

ROI = ( Annual_sales_final/ Total_Capital_cost_final) * 100 ; 

SASWROIM = Annual_sales_final *100* (1 + ((0.2*((13000- D_CO2)/(13000-0))) + (0.3*((5000 - 

DI_H2O)/(5000-0))) + (0.2*((15 - Total_PSI)/(15-1)))))/Total_Capital_cost_final; 
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Appendix 1(d): LINGO mathematical modeling codes for case 2 – Scenario 2 

 

!objective function ; 

!Minimum external sources; 
 

min = EX_C3H8O3+ EX_CH4 + EX_H2 + EX_CO; 

 

!Atomic Targeting 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP (kmole/hr); 

! Calculation of number of CHO atoms in internal streams; 
 

IS_CO = 930; 

IS_CO2 = 3990; 

IS_H2 = 9965; 

IS_CH4 = 39; 

IS_C3H8O3 = 1000; 
 

AC_SRC = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 

 

!Atomic Targeting 

!DMD STANDS FOR DEMAND BY FACTORIES (kmole/hr); 

! Calculation of number of CHO atoms in demand streams; 
 

CH3OH_DEMAND = 7500; 

H2_Demand = 5000; 

C3H8O2_DEMAND = 1000; 

C3H4O_DEMAND = 1000; 

 
 

AC_DMD     = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD = CH3OH_DEMAND * 4 + 2 * H2_DEMAND + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 

 

!Atomic Targeting 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams (kmole/hr); 
 

AC_NET = AC_SRC - AC_DMD; 

AH_NET = AH_SRC - AH_DMD; 

AO_NET = AO_SRC - AO_DMD; 
 

!Atomic Targeting - overall atomic balanced equation; 

!calculation of external, recycled, discharged species in the CHOSYN (kmole/hr); 

!Equations (10-12); 

 
 

AC_NET + 3 * EX_C3H8O3 + 3 * RE_C3H8O3 - 3 * Di_C3H8O3 + 1 * EX_CH4 + 1 * RE_CH4 - 1 * 

Di_CH4 + 0 * EX_H2 + 0 * RE_H2 - 0 * Di_H2 + 1 * EX_CO + 1 * RE_CO - 1 * Di_CO + 0 * 

EX_H2O - 0 * DI_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 + 3 * RE_C3H8O3 - 8 * Di_C3H8O3 + 4 * EX_CH4 + 1 * RE_CH4 - 4 * 

Di_CH4 + 2 * EX_H2 + 0 * RE_H2 - 2 * Di_H2 + 0 * EX_CO + 0 * RE_CO - 0 * Di_CO + 2 * 

EX_H2O - 2 * DI_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 + 3 * RE_C3H8O3 - 3 * Di_C3H8O3 + 0 * EX_CH4 + 1 * RE_CH4 - 0 * 

Di_CH4 + 0 * EX_H2 + 0 * RE_H2 - 0 * Di_H2 + 1 * EX_CO + 1 * RE_CO - 1 * Di_CO + 1 * 

EX_H2O - 1 * DI_H2O - 2 * D_CO2 = 0; 

 

!maximum allowable purchased and discharged chemical species if need; 

!Equations (13-14); 
 

!DI_H2O < 5000 ; 

!D_CO2 < 13000; 

!EX_C3H8O3 < 15000; 

!EX_CH4 < 15000; 

!EX_H2 < 15000; 

!EX_CO < 15000; 
 

@FREE(AC_NET); 
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@FREE(AH_NET); 

@FREE(AO_NET); 

@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 

!total discharged species can be divided to recycled species and final discharged species; 

Discharge_C3H8O3 = RE_C3H8O3 + DI_C3H8O3 ; 

Discharge_Ch4 = RE_Ch4 + DI_Ch4 ; 

Discharge_Co = RE_Co + DI_Co ; 

Discharge_h2 = RE_h2 + DI_h2 ; 

 

!Overall mass balanced equation (kmole/hr); 

!Equation (15); 
 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 + RE_C3H8O3) ; 

Out_C3H8O3 = (Discharge_C3H8O3) ; 
 

IN_CH4 = (IS_CH4 + EX_CH4 + RE_CH4); 

Out_CH4 = (Discharge_Ch4); 
 

IN_H2 = (IS_H2 + EX_H2 + RE_H2); 

Out_H2 = (Discharge_h2); 
 

IN_CO = (IS_CO + EX_CO + RE_CO) ; 

Out_CO = (Discharge_Co); 
 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 
 

RE_C3H8O3 > 0; 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
 

RE_CO > 0; 

EX_CO > 0; 

DI_CO > 0; 
 

RE_H2 > 0; 

EX_H2 > 0; 

DI_H2 > 0; 
 

RE_CH4 > 0; 

EX_CH4 > 0; 

DI_CH4 > 0; 

 

 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 - H2 

_DEMAND) + (IN_CO - Out_CO) + (EX_H2O - DI_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + 

C3H4O_DEMAND; 

 

OVR_C3H8O3 = (IN_C3H8O3 - Out_C3H8O3) ; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 - H2_DEMAND); 

OVR_CH4 = (IN_CH4 - Out_CH4) ; 

OVR_H2O = (EX_H2O - DI_H2O) ; 
 

!OVR_C3H8O2 = (C3H8O2_DEMAND) ; 

!OVR_C3H40 = C3H4O_DEMAND ; 

 

@FREE(OVR_C3H8O3); 
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@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 

@FREE(CH3OH_DEMAND); 

@FREE(H2_DEMAND); 

@FREE(OVR_C3H8O2); 

@FREE(C3H8O2_DEMAND); 
 

! Calculation of reaction flowrates 

! X_old STANDS FOR theoretical STOICHMETRIC COFFICIENT FOR A SET OF EQUATIONS DETERMINED 

BY THE CHOSYN AND the PARTICIPATING plants; 

!Equations (16-17); 
 

(x5_old  + x8_old  + x9_old ) = 

OVR_C3H8O3 ; 

(x1_old - x3_old + x6_old - x7_old ) = 

OVR_CO ; 

(x2_old - x4_old - 3*x5_old - x6_old + x7_old ) = 

OVR_CO2; 

(2*x1_old + 3*x2_old - 3*x3_old - 4*x4_old - 7*x5_old - x6_old + x7_old + x8_old ) = 

OVR_H2; 

(-1*x2_old+ x3_old + 2*x4_old + 3*x5_old + x6_old - x7_old - x8_old - 2*x9_old) = 

OVR_H2O; 

(x3_old  + x4_old         ) = 

OVR_CH4; 

(x1_old  + x2_old       ) = 

CH3OH_DEMAND; 

(x8_old ) = 

C3H8O2_DEMAND; 

(x9_old ) = 

C3H4O_DEMAND; 
 

!reaction conversion calculations, all reactions are assumed having 80% conversion rate; 

!Equations (18); 
 

X1 = 1.2*X1_old; 

X2 = 1.2*X2_old; 

X3 = 1.2*X3_old; 

X4 = 1.2*X4_old; 

X5 = 1.2*X5_old; 

X6 = 1.2*X6_old; 

X7 = 1.2*X7_old; 

X8 = 1.2*X8_old; 

X9 = 1.2*X9_old; 
 

H2_x1 = 2* X1 ; 

H2_X2 = 3* X2 ; 

H2_x7 =   X7 ; 

H2_x8 =   X8 ; 

CO_x1 =   X1 ; 

CO_x6 = X6 ; 

CH4_x3 = X3 ; 

CH4_x4 = X4 ; 

C3H8O3_x5 =X5 ; 

C3H8O3_x8 =X8 ; 

C3H8O3_x9 =X9 ; 

 

!Recycling mass balance equations; 

!Total recycled chemical species ( Unreacted raw materials + By-products) ; 

!Equation (19); 
 

REE_H2  = H2_x1 + H2_X2 + H2_x7 + H2_x8 - 2*x1_old - 3*x2_old - x7_old - 

x8_old ;     
REE_CO  = CO_x1 + CO_x6 - x1_old - x6_old 

;      
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REE_CH4 = CH4_x3 + CH4_x4 - x3_old - x4_old 

; 

REE_C3H8O3 = C3H8O3_x5 + C3H8O3_x8 + C3H8O3_x9 - x5_old - x8_old - x9_old 

; 

Reycled_H2 = REE_H2 + RE_H2 ; 

Reycled_CO = REE_CO + RE_CO ; 

Reycled_CH4 = REE_Ch4 + RE_Ch4 ; 

Reycled_C3H8O3 = REE_C3H8O3 + RE_C3H8O3 ; 

 

x1>0; 

x2>0; 

x3>0; 

x4>0; 

x5>0; 

x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

 

x1_old>0; 

x2_old>0; 

x3_old>0; 

x4_old>0; 

x5_old>0; 

x6_old>0; 

x7_old > 0; 

x6_old + x7_old < 1; 

x8_old>0; 

x9_old>0; 

 

!Economics calculations ; 

!raw materials and sales calculations ($/hr) ; 

!each species flowrate is multiplied first by molecular weight to convert to KG/hr, then 

multiplied by the price in $/kg; 

!part of Equation (26); 

COST_C3H8O3 = EX_C3H8O3 * 92 * 1.09 ; 

COST_CH4 = EX_CH4 * 16 * 7.25 ; 

COST_H2 = EX_H2 * 1 * 3 ; 

COST_CO = EX_CO * 28 * 0.18 ; 
 

PROFIT_CH3OH = CH3OH_DEMAND * 32 * 1.5 ; 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 76 * 5 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 56 * 3 ; 

 

!production costs ($/hr); 

!the number of moles of each species is multiplied by flowrate and then multiplied by 

moleular weight to convert to KG/hr, then multiplied by the price in $/kg; 

! production costs 6/7 are assumed small numbers because they are water-gas shift 

reactions, which occur as side reactions; 

!Equation (21); 
 

Production_cost_1 = 1 * 32 * 0.61 * x1 ; 

Production_cost_2 = 1 * 32 * 1.01 * x2 ; 

Production_cost_3 = 3 * 1 * 0.66 * x3 ; 

Production_cost_4 = 4 * 1 * 0.66 * x4 ; 

Production_cost_5 = 7 * 1 * 2.6 * x5 ; 

Production_cost_6 = 0.1 * x6 ; 

Production_cost_7 = 0.1 * x7 ; 

Production_cost_8 = 1 * 76 * 0.85 * x8 ; 

Production_cost_9 = 1 * 56 * 0.42 * x9 ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 

 

!Capital costs ; 

!the number of moles of each species is multiplied by flowrate and then multiplied by 
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molecular weight to convert to KG/hr, then multiplied by the price in $/kg; 

!Equation (22) and (24) + factorial method; 
 

EQUIP_cost_1 = (0.31 * (x1) * 1 * 32) ; 

EQUIP_cost_2 = (0.49 * (x2) * 1 * 32) ; 

EQUIP_cost_3 = (0.29 * (x3) * 3 * 1) ; 

EQUIP_cost_4 = (0.29 * (x4) * 4 * 1) ; 

EQUIP_cost_5 = (0.66 * (x5) * 7 * 1) ; 

EQUIP_cost_6 = (0.1 * (x6)) ; 

EQUIP_cost_7 = (0.1 * (x7) ) ; 

EQUIP_cost_8 = (0.28 * (x8) * 1 * 76) ; 

EQUIP_cost_9 = (0.21 * (x9) * 1 * 56) ; 

 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 

 

 

!annualized fixed costs and annual sales calculations; 

!Equations (25-26); 
 

AFC = 0.1 * capital_cost ; 
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sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - COST_H2 - 

COST_CO -(Total_production_cost+AFC))*(1-0.25)) + AFC ; 

Annual_sales_final = sales * 300 * 24 ; 

Total_Capital_cost_final = Capital_cost * 24 * 300; 

ROI > 10; 

SASWROIM > 10; 
 

!binary equations; 

!Equation (22-23); 

(x1) >= 1*I1; 

(x1) <= 100000*(I1); 

(x2) >= 1*I2; 

(x2) <= 100000*(I2); 

(x3) >= 1*I3; 

(x3) <= 100000*(I3); 

(x4)>= 1*I4; 

(x4)<= 100000*(I4); 

(x5)>= 1*I5; 

(x5)<= 100000*(I5); 

(x6)>= 1*I6; 

(x6)<= 100000*(I6); 

(x7)>= 1*I7; 

(x7)<= 100000*(I7); 

(x8)>= 1*I8; 

(x8)<= 100000*(I8); 

(x9)>= 1*I9; 

(x9)<= 100000*(I9); 

!I1+I2+I3+I4+I5+I6+I7+I8+I9 = 5; 

 

 

@BIN(I1); 

@BIN(I2); 

@BIN(I3); 

@BIN(I4); 

@BIN(I5); 

@BIN(I6); 

@BIN(I7); 

@BIN(I8); 

@BIN(I9); 
 

! SAFETY pressure calculations; 

!Equation (31); 
 

P1 = 98.5*I1; 

P2 = 75*I2; 

P3 = 30*I3; 

P4 = 30*I4; 

P5 = 2*I5; 

P6 = 1*I6; 

P7 = 1 * I7; 

P8 = 19.7*I8; 

P9 = 0.98*I9; 

Sum_pressure = (P1)+(P2)+(P3)+(P4)+(P5)+ P6 +(P7)+(P8)+(P9); 

P1_new_normalized = P1/Sum_pressure; 

P2_new_normalized = P2/Sum_pressure; 

P3_new_normalized = P3/Sum_pressure; 

P4_new_normalized = P4/Sum_pressure; 

P5_new_normalized = P5/Sum_pressure; 

P6_new_normalized = P6/Sum_pressure; 

P7_new_normalized = P7/Sum_pressure; 

P8_new_normalized = P8/Sum_pressure; 

P9_new_normalized = P9/Sum_pressure; 

 

! SAFETY Temperature calculations; 

!Equation (32); 

T1 = 573*I1; 
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T2 = 483*I2; 

T3 = 1152*I3; 

T4 = 1152*I4; 

T5 = 900*I5; 

T6 = 100*I6; 

T7 = 100*I7; 

T8 = 478*I8; 

T9 = 683.15*I9; 

Sum_tempruture = (T1)+(T2)+(T3)+(T4)+(T5)+(T6) + T7 +(T8)+(T9); 

T1_new_normalized = T1/Sum_tempruture; 

T2_new_normalized = T2/Sum_tempruture; 

T3_new_normalized = T3/Sum_tempruture; 

T4_new_normalized = T4/Sum_tempruture; 

T5_new_normalized = T5/Sum_tempruture; 

T6_new_normalized = T6/Sum_tempruture; 

T7_new_normalized = T7/Sum_tempruture; 

T8_new_normalized = T8/Sum_tempruture; 

T9_new_normalized = T9/Sum_tempruture; 

 

! Heating value calculations; 

!Equation (30); 
 

AVERAGE_HEATING_VALUE_REACTION_1 = I1*((283 *x1) + (x1*282.8) + (x1*723.2))/3; 

AVERAGE_HEATING_VALUE_REACTION_2 = I2*((424.5*x2) + (x2*723.2))/4; 

AVERAGE_HEATING_VALUE_REACTION_3 = I3*((880 *x3) + (x3*282.8) + (x3*424.5))/4; 

AVERAGE_HEATING_VALUE_REACTION_4 = I4*((880 *x4) + (x4*566))/4; 

AVERAGE_HEATING_VALUE_REACTION_5 = I5*((990.5*x5) + (x5*1652.32))/4; 

AVERAGE_HEATING_VALUE_REACTION_6 = I6*((141.5*x6) + (x6*282.8))/4; 

AVERAGE_HEATING_VALUE_REACTION_7 = I7*((141.5*x7) + (x7*282.8))/4; 

AVERAGE_HEATING_VALUE_REACTION_8 = I8*((141.5*x8) + (x8*1824) + (x8*1652.32))/4; 

AVERAGE_HEATING_VALUE_REACTION_9 = I9*((1624  *x9) + (x9*1652.32))/3; 

SUM_AVERAGE_HEATING_VALUE = AVERAGE_HEATING_VALUE_REACTION_1 + 

AVERAGE_HEATING_VALUE_REACTION_2 + AVERAGE_HEATING_VALUE_REACTION_3 + 

AVERAGE_HEATING_VALUE_REACTION_4 + AVERAGE_HEATING_VALUE_REACTION_5 + 

AVERAGE_HEATING_VALUE_REACTION_6 + AVERAGE_HEATING_VALUE_REACTION_7 + 

AVERAGE_HEATING_VALUE_REACTION_8 + AVERAGE_HEATING_VALUE_REACTION_9 ; 

HEATING_VALUE_1_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_1/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_2_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_2/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_3_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_3/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_4_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_4/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_5_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_5/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_6_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_6/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_7_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_7/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_8_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_8/SUM_AVERAGE_HEATING_VALUE; 

HEATING_VALUE_9_NORMALIZED = AVERAGE_HEATING_VALUE_REACTION_9/SUM_AVERAGE_HEATING_VALUE; 

 

 

!DENSITY OF MIXTURE Calculations; 

!Equation (29); 
 

DENSITY_MIXTURE_REACTION_1 = I1*1/(0.001 + ((2*x1*H2_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_1*H2_DENSITY))+ (x1*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_1 

*CO_DENSITY))+(x1*CH3OH_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_1*CH3OH_DENSITY)))); 

DENSITY_MIXTURE_REACTION_2 = I2*1/(0.001 +((3*x2*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_ 

2*H2_DENSITY)) + (x2*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_2*CO2_DENSITY)) + (x2 

*CH3OH_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_2*CH3OH_DENSITY)) + (x2*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_2*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_3 = I3*1/(0.001 +((x3*CH4_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_3 

*CH4_DENSITY)) + (x3*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_3*CO_DENSITY) ) + (3*x3*H2 

_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_3*H2_DENSITY)) + (x3*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_3*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_4 = I4*1/(0.001 +((x4*CH4_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_4 

*CH4_DENSITY)) + (x4*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_4*CO2_DENSITY) ) + (4*x4*H2 

_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_4*H2_DENSITY)) + (2*x4*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_4*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_5 = I5*1/(0.001 +((7*x5*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_ 

5*H2_DENSITY)) + (3*x5*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_5*CO2_DENSITY) ) + (x5 
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*C3H8O3_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_5*C3H8O3_DENSITY)) + (3*x5 

*H2O_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_5*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_6 = I6*1/(0.001 +((x6*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_6 

*H2_DENSITY)) + (x6*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_6*CO2_DENSITY) ) + (x6 

*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_6*CO_DENSITY)) + (x6*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_6*H20_DENSITY)))); 

DENSITY_MIXTURE_REACTION_7 = I7*1/(0.001 +((x7*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_7 

*H2_DENSITY)) + (x7*CO2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_7*CO2_DENSITY) ) + (x7 

*CO_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_7*CO_DENSITY)) + (x7*H2O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_7*H20_DENSITY)))); 

DENSITY_MIXTURE_REACTION_8 = I8*1/(0.001 +((x8*H2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8 

*H2_DENSITY)) + (x8*C3H8O2_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8*C3H8O2_DENSITY) ) + (x8 

*C3H8O3_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8*C3H8O3_DENSITY)) + (x8 

*H2O_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_8*H2O_DENSITY)))); 

DENSITY_MIXTURE_REACTION_9 = I9*1/(0.001 +((x9*C3H4O_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_9*C3H4O_DENSITY) ) + (x9*C3H8O3_MOLECULAR_WEIGHT/ 

(TOTAL_MASS_REACTION_9*C3H8O3_DENSITY)) + (2*x9*H2O_MOLECULAR_WEIGHT/(TOTAL_MASS_REACTION_ 

9*H2O_DENSITY)))); 

SUM_DENSITY_MIXTURE = DENSITY_MIXTURE_REACTION_1 + DENSITY_MIXTURE_REACTION_2 + 

DENSITY_MIXTURE_REACTION_3 + DENSITY_MIXTURE_REACTION_4 + DENSITY_MIXTURE_REACTION_5 + 

DENSITY_MIXTURE_REACTION_6 +DENSITY_MIXTURE_REACTION_7+ DENSITY_MIXTURE_REACTION_8 + 

DENSITY_MIXTURE_REACTION_9; 

DENSITY_MIXTURE_REACTION_1_NORMALIZED = DENSITY_MIXTURE_REACTION_1/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_2_NORMALIZED = DENSITY_MIXTURE_REACTION_2/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_3_NORMALIZED = DENSITY_MIXTURE_REACTION_3/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_4_NORMALIZED = DENSITY_MIXTURE_REACTION_4/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_5_NORMALIZED = DENSITY_MIXTURE_REACTION_5/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_6_NORMALIZED = DENSITY_MIXTURE_REACTION_6/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_7_NORMALIZED = DENSITY_MIXTURE_REACTION_7/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_8_NORMALIZED = DENSITY_MIXTURE_REACTION_8/SUM_DENSITY_MIXTURE; 

DENSITY_MIXTURE_REACTION_9_NORMALIZED = DENSITY_MIXTURE_REACTION_9/SUM_DENSITY_MIXTURE; 

 

 

 

!FLAMABILITY CALCULATIONS; 

!Equation (28); 
 

UPPER_FLAMABILITY_1 = I1*1/(0.001 +((2*x1/(TOTAL_MOLES_REACTION_1*75)) + (x1/ 

(TOTAL_MOLES_REACTION_1*74)))); 

LOWER_FLAMABILITY_1 = I1*1/(0.001 +((2*x1/(TOTAL_MOLES_REACTION_1*4)) + (x1/ 

(TOTAL_MOLES_REACTION_1*12.5)))); 

DELTA_FLAMABILITY_1 = UPPER_FLAMABILITY_1 - LOWER_FLAMABILITY_1 ; 

 

UPPER_FLAMABILITY_2 = I2*1/(0.001 +((3*x2/(TOTAL_MOLES_REACTION_2*75)) + (x2/ 

(TOTAL_MOLES_REACTION_2*36 )))) ; 

LOWER_FLAMABILITY_2 = I2*1/(0.001 +((3*x2/(TOTAL_MOLES_REACTION_2*4)) + (x2/ 

(TOTAL_MOLES_REACTION_2*6.7)))) ; 

DELTA_FLAMABILITY_2 = UPPER_FLAMABILITY_2 - LOWER_FLAMABILITY_2; 

 

UPPER_FLAMABILITY_3 = I3*1/(0.001 +((x3/(TOTAL_MOLES_REACTION_3*15))+ (3*x3/ 

(TOTAL_MOLES_REACTION_3*75))+ (x3/(TOTAL_MOLES_REACTION_3*74)))) ; 

LOWER_FLAMABILITY_3 = I3*1/(0.001 +((x3/(TOTAL_MOLES_REACTION_3*5)) + (3*x3/ 

(TOTAL_MOLES_REACTION_3*4)) + (x3/(TOTAL_MOLES_REACTION_3*12.5)))) ; 

DELTA_FLAMABILITY_3 = UPPER_FLAMABILITY_3 - LOWER_FLAMABILITY_3; 
 

UPPER_FLAMABILITY_4 = I4*1/(0.001 +((x4/(TOTAL_MOLES_REACTION_4*15))+ (x4*4/ 

(TOTAL_MOLES_REACTION_4*75)))); 

LOWER_FLAMABILITY_4 = I4*1/(0.001 +((x4/(TOTAL_MOLES_REACTION_4*5)) + (x4*4/ 

(TOTAL_MOLES_REACTION_4*4)))); 

DELTA_FLAMABILITY_4 = UPPER_FLAMABILITY_4 - LOWER_FLAMABILITY_4; 

 

UPPER_FLAMABILITY_5 = I5*1/(0.001 +((x5*7/(TOTAL_MOLES_REACTION_5*75)))); 

LOWER_FLAMABILITY_5 = I5*1/(0.001 +((x5*7/(TOTAL_MOLES_REACTION_5*4)))); 

DELTA_FLAMABILITY_5 = UPPER_FLAMABILITY_5 - LOWER_FLAMABILITY_5; 

 

UPPER_FLAMABILITY_6 = I6*1/(0.001 +((x6/(TOTAL_MOLES_REACTION_6*74)) + (x6/ 
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(TOTAL_MOLES_REACTION_6*75)))); 

LOWER_FLAMABILITY_6 = I6*1/(0.001 +((x6/(TOTAL_MOLES_REACTION_6*12.5))+ (x6/ 

(TOTAL_MOLES_REACTION_6*4)))); 

DELTA_FLAMABILITY_6 = UPPER_FLAMABILITY_6 - LOWER_FLAMABILITY_6; 
 

UPPER_FLAMABILITY_7 = I7*1/(0.001 +((x7/(TOTAL_MOLES_REACTION_7*74)) + (x7/ 

(TOTAL_MOLES_REACTION_7*75)))); 

LOWER_FLAMABILITY_7 = I7*1/(0.001 +((x7/(TOTAL_MOLES_REACTION_7*12.5))+ (x7/ 

(TOTAL_MOLES_REACTION_7*4)))); 

DELTA_FLAMABILITY_7 = UPPER_FLAMABILITY_7 - LOWER_FLAMABILITY_7; 

 
 

UPPER_FLAMABILITY_8 = I8*1/(0.001 +((x8/(TOTAL_MOLES_REACTION_8*75))+ (x8/ 

(TOTAL_MOLES_REACTION_8*17.4)))); 

LOWER_FLAMABILITY_8 = I8*1/(0.001 +((x8/(TOTAL_MOLES_REACTION_8*4)) + (x8/ 

(TOTAL_MOLES_REACTION_8*2.4)))); 

DELTA_FLAMABILITY_8 = UPPER_FLAMABILITY_8 - LOWER_FLAMABILITY_8; 

 

UPPER_FLAMABILITY_9 = I9*1/(0.001 +((x9/(TOTAL_MOLES_REACTION_9*31)))); 

LOWER_FLAMABILITY_9 = I9*1/(0.001 +((x9/(TOTAL_MOLES_REACTION_9*2.8)))); 

DELTA_FLAMABILITY_9 = UPPER_FLAMABILITY_9 - LOWER_FLAMABILITY_9; 
 

SUM_DELAT-FLAMABILITY = DELTA_FLAMABILITY_1 + DELTA_FLAMABILITY_2 + DELTA_FLAMABILITY_3 + 

DELTA_FLAMABILITY_4 + DELTA_FLAMABILITY_5 + DELTA_FLAMABILITY_6 +DELTA_FLAMABILITY_7 + 

DELTA_FLAMABILITY_8 + DELTA_FLAMABILITY_9 ; 

DELTA_FLAMABILITY_NORM_1 = DELTA_FLAMABILITY_1 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_2 = DELTA_FLAMABILITY_2 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_3 = DELTA_FLAMABILITY_3 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_4 = DELTA_FLAMABILITY_4 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_5 = DELTA_FLAMABILITY_5 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_6 = DELTA_FLAMABILITY_6 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_7 = DELTA_FLAMABILITY_7 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_8 = DELTA_FLAMABILITY_8 / SUM_DELAT-FLAMABILITY ; 

DELTA_FLAMABILITY_NORM_9 = DELTA_FLAMABILITY_9 / SUM_DELAT-FLAMABILITY ; 
 

!chemical species properties; 

TOTAL_MOLES_REACTION_1 = (2*x1) + x1 +x1; 

TOTAL_MOLES_REACTION_2 = (3*x2) + x2 + x2 + x2 ; 

TOTAL_MOLES_REACTION_3 = x3 + x3 + (3*x3) + x3 ; 

TOTAL_MOLES_REACTION_4 = x4 + (x4*2) + (x4*4) + x4; 

TOTAL_MOLES_REACTION_5 = x5 + (x5*3) + (x5*3) + (x5*7); 

TOTAL_MOLES_REACTION_6 = x6 + x6 + x6 + x6; 

TOTAL_MOLES_REACTION_7 = x7 + x7 + x7 + x7; 

TOTAL_MOLES_REACTION_8 = x8 + x8 + x8 + x8; 

TOTAL_MOLES_REACTION_9 = x9 + x9 + (2*x9); 

 

TOTAL_MASS_REACTION_1 = (2*x1) + (x1*28) + (x1*32); 

TOTAL_MASS_REACTION_2 = (3*x2) + (x2*44) + (x2*32) + (x2*18); 

TOTAL_MASS_REACTION_3 = (16*x3) + (x3*28) + (x3*3) + (x3*18); 

TOTAL_MASS_REACTION_4 = (16*x4) + (x4*44) + (x4*4) + (x4*36); 

TOTAL_MASS_REACTION_5 = (7*x5) + (x5*132)+ (x5*92) + (x5*54); 

TOTAL_MASS_REACTION_6 = (x6) + (x6*44) + (x6*28) + (x6*18); 

TOTAL_MASS_REACTION_7 = (x7) + (x7*44) + (x7*28) + (x7*18); 

TOTAL_MASS_REACTION_8 = (x8) + (x8*76) + (x8*92) + (x8*18); 

TOTAL_MASS_REACTION_9 = (56*x9) + (x9*92) + (x9*36); 

 

 

H2_DENSITY = 0.08988; 

CO_DENSITY = 1.14; 

CO2_DENSITY = 1.98; 

C3H8O3_DENSITY = 1.26; 

CH3OH_DENSITY = 792; 

H2O_DENSITY = 997; 

CH4_DENSITY= 0.656; 

C3H8O2_DENSITY = 1.04; 

C3H4O_DENSITY = 839; 
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H2_MOLECULAR_WEIGHT = 1; 

CO_MOLECULAR_WEIGHT= 28; 

CO2_MOLECULAR_WEIGHT = 44; 

C3H8O3_MOLECULAR_WEIGHT = 92; 

CH3OH_MOLECULAR_WEIGHT = 32; 

H2O_MOLECULAR_WEIGHT = 18; 

CH4_MOLECULAR_WEIGHT = 16; 

C3H8O2_MOLECULAR_WEIGHT = 76; 

C3H4O_MOLECULAR_WEIGHT = 56; 
 

!PROCESS SAFETY INDEX; 

!Equation (33); 
 

PSI_1 = DELTA_FLAMABILITY_NORM_1 * HEATING_VALUE_1_NORMALIZED * DENSITY_MIXTURE_REACTION_1 

_NORMALIZED * T1_new_normalized * P1_new_normalized *10000 ; 

PSI_2 = DELTA_FLAMABILITY_NORM_2 * HEATING_VALUE_2_NORMALIZED * DENSITY_MIXTURE_REACTION_2 

_NORMALIZED * T2_new_normalized * P2_new_normalized *10000 ; 

PSI_3 = DELTA_FLAMABILITY_NORM_3 * HEATING_VALUE_3_NORMALIZED * DENSITY_MIXTURE_REACTION_3 

_NORMALIZED * T3_new_normalized * P3_new_normalized *10000 ; 

PSI_4 = DELTA_FLAMABILITY_NORM_4 * HEATING_VALUE_4_NORMALIZED * DENSITY_MIXTURE_REACTION_4 

_NORMALIZED * T4_new_normalized * P4_new_normalized *10000 ; 

PSI_5 = DELTA_FLAMABILITY_NORM_5 * HEATING_VALUE_5_NORMALIZED * DENSITY_MIXTURE_REACTION_5 

_NORMALIZED * T5_new_normalized * P5_new_normalized *10000 ; 

PSI_6 = DELTA_FLAMABILITY_NORM_6 * HEATING_VALUE_6_NORMALIZED * DENSITY_MIXTURE_REACTION_6 

_NORMALIZED * T6_new_normalized * P6_new_normalized *10000 ; 

PSI_7 = DELTA_FLAMABILITY_NORM_7 * HEATING_VALUE_7_NORMALIZED * DENSITY_MIXTURE_REACTION_7 

_NORMALIZED * T7_new_normalized * P7_new_normalized *10000 ; 

PSI_8 = DELTA_FLAMABILITY_NORM_8 * HEATING_VALUE_8_NORMALIZED * DENSITY_MIXTURE_REACTION_8 

_NORMALIZED * T8_new_normalized * P8_new_normalized *10000 ; 

PSI_9 = DELTA_FLAMABILITY_NORM_9 * HEATING_VALUE_9_NORMALIZED * DENSITY_MIXTURE_REACTION_9 

_NORMALIZED * T9_new_normalized * P9_new_normalized *10000 ; 

TOTAL_PSI = (PSI_1 + PSI_2 + PSI_3 + PSI_4 + PSI_5 + PSI_6 +PSI_7+ PSI_8 + PSI_9); 
 

!metrics calculation; 

!Equations (27, 34-35); 

ROI = ( Annual_sales_final/ Total_Capital_cost_final) * 100 ; 

SASWROIM = Annual_sales_final *100* (1 + ((0.2*((13000- D_CO2)/(13000-0))) + (0.3*((5000 - 

DI_H2O)/(5000-0))) + (0.2*((15 - Total_PSI)/(15-1)))))/Total_Capital_cost_final; 
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Appendix 2: LINGO model formulation for chapter 4 

Appendix 2(a1): LINGO mathematical modeling codes for Scenario 1 – mass network 

 

!objective function; 

!Minimum external source; 

 

!atomic targeting ; 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP; 

! Calculation of number of CHO atoms in internal streams; 

IS_CO      = 930; 

IS_CO2     = 3990; 

IS_H2      = 9965; 

IS_CH4     = 39; 

IS_C3H8O3  = 1000; 

AC_SRC = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 

!DMD STANDS FOR DEMAND BY the participating plants;  

! Calculation of number of CHO atoms in demand streams; 

CH3OH_DEMAND = 7500; 

C3H8O2_DEMAND    = 1000; 

C3H4O_DEMAND     = 1000; 

AC_DMD = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD = CH3OH_DEMAND * 4 + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams; 

AC_NET = AC_SRC - AC_DMD; 

AH_NET     = AH_SRC - AH_DMD; 

AO_NET     = AO_SRC - AO_DMD; 

!EX STANDS FOR EXTERNAL SOURCES REQUIRED BY EIP TO ACHIEVE DEMAND REQUESTED BY THE 

participating plants while DI is the discharged chemical species in the process; 

AC_NET + 3 * EX_C3H8O3 - 3 * DI_C3H8O3 + 1 * EX_CH4 - 1 * DI_CH4 + 0 * EX_H2 - 0 * 

DI_H2 + 1 * EX_CO - 1 * DI_CO + 0 * EX_H2O - 0 * D_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 - 8 * DI_C3H8O3 + 4 * EX_CH4 - 4 * DI_CH4 + 2 * EX_H2 - 2 * 

DI_H2 + 0 * EX_CO - 0 * DI_CO + 2 * EX_H2O - 2 * D_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 - 3 * DI_C3H8O3 + 0 * EX_CH4 - 0 * DI_CH4 + 0 * EX_H2 - 0 * 

DI_H2 + 1 * EX_CO - 1 * DI_CO + 1 * EX_H2O - 1 * D_H2O - 2 * D_CO2 = 0; 

 

@FREE(AC_NET); 

@FREE(AH_NET); 

@FREE(AO_NET); 

@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 

!overall mass balanced equations for the MWCHOSYN); 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 ) ; 

Out_C3H8O3 = ( DI_C3H8O3) ; 

 

IN_CH4 = (IS_CH4 + EX_CH4 ); 

Out_CH4 = (DI_CH4); 
 

IN_H2 = (IS_H2 + EX_H2 ); 

Out_H2 = ( DI_H2); 
 

IN_CO = (IS_CO + EX_CO ) ; 

Out_CO = (DI_CO); 

 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
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EX_CO > 0; 

DI_CO > 0; 
 

EX_H2 > 0; 

DI_H2 > 0; 
 

EX_CH4 > 0; 

DI_CH4 > 0; 
 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 ) + 

(IN_CO - Out_CO) + (EX_H2O - D_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + C3H4O_DEMAND; 
 

OVR_C3H8O3 = (IN_C3H8O3 - Out_C3H8O3) ; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 );  
OVR_CH4 = (IN_CH4 - Out_CH4) ; 

OVR_H2O = (EX_H2O - D_H2O) ; 

 

 

@FREE(OVR_C3H8O3); 

@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 
 

! X STANDS FOR STOICHMETRIC COEFFICIENT FOR A SET OF EQUATIONS DETERMINED BY THE 

MWCHOSYN; The set of equations represents the interceptors needed to transfer the 

incoming chemical species to participating plant demands; 

(x5 + x8 + x9 ) = OVR_C3H8O3 

; 

(x1 - x3 + x6 - x7 ) = OVR_CO ; 

(x2 - x4 - 3*x5 - x6 + x7 ) = OVR_CO2; 

(2*x1 + 3*x2 - 3*x3 - 4*x4 - 7*x5 - x6 + x7 + x8 ) = OVR_H2; 

(-1*x2+ x3 + 2*x4 + 3*x5 + x6_ - x7 - x8 - 2*x9) = OVR_H2O; 

(x3 + x4 ) = OVR_CH4; 

(x1 + x2 ) = 

CH3OH_DEMAND; 

(x8 ) = C3H8O2 

_DEMAND; 

(x9 ) = 

C3H4O_DEMAND; 

 

x1>0; 

x2>0; 

x3 >0; 

x4>0; 

x5>0; 

x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

!purchased chemical species costs; 

COST_C3H8O3 = (EX_C3H8O3) * 1.2 * 24 * 300 ; 
 

COST_CH4 = (EX_CH4) * 1 * 24 * 300 ;  
COST_H2 = (EX_H2 ) * 2 * 24 * 300   ; 

COST_CO = (EX_CO ) * 1 * 24 * 300  ;  
 

!sold chemical species profits;  
PROFIT_CH3OH = CH3OH_DEMAND * 53 * 24 * 300 ; 



117 
 

 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 80 * 24 * 300 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 72 * 24 * 300 ; 

!mass network operating costs; 

Production_cost_1 = 19.52 * x1 * 24 * 300 ; 

Production_cost_2 = 32.32 * x2 * 24 * 300 ; 

Production_cost_3 = 1.98 * x3 * 24 * 300 ; 

Production_cost_4 = 2.64 * x4 * 24 * 300 ; 

Production_cost_5 = 18.2 * x5 * 24 * 300 ; 

Production_cost_6 = 0.1 * x6 * 24 * 300 ; 

Production_cost_7 = 2.8 * x7 * 24 * 300 ; 

Production_cost_8 = 64.6 * x8 * 24 * 300 ; 

Production_cost_9 = 23.52 * x9 * 24 * 300 ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 

 

!mass network equipment costs; 

EQUIP_cost_1 = (0.31 * (x1) * 32) * 24 * 300 ; 

EQUIP_cost_2 = (0.49 * (x2) * 32)* 24 * 300 ; 

EQUIP_cost_3 = (0.29 * (x3) * 3) * 24 * 300 ; 

EQUIP_cost_4 = (0.29 * (x4) * 4) * 24 * 300 ; 

EQUIP_cost_5 = (0.66 * (x5) * 7) * 24 * 300 ; 

EQUIP_cost_6 = (0.1 * (x6))  * 24 * 300  ; 

EQUIP_cost_7 = (0.1 * (x7) * 28) * 24 * 300  ; 

EQUIP_cost_8 = (0.18 * (x8) * 76) * 24 * 300 ; 

EQUIP_cost_9 = (0.21 * (x9) * 56) * 24 * 300 ; 
 

! mass network capital costs 

using factorial method;  

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 

 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 

Fixed_cost_8 =  PPC_8+ IPC_8; 
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Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

Cost_piping = 5 * ( 300 + 50 + 150 + 150 + 200 + 200 + 200 + 200) ; 

Total_capital_cost = Cost_piping + Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + 

Capital_cost_4 + Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + 

Capital_cost_9 ; 

 

!annual sales; 

Annual_sales = PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - (EX_H2O*1.2) - COST_C3H8O3 - 

COST_CH4 - COST_H2 - COST_CO -Total_production_cost; 
 

!Annual_sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - 

COST_H2 - COST_CO -(Total_production_cost+AFC))*(1-0.25)) + AFC ; 

!ROI = ( Annual_sales/ Total_Capital_cost) * 100 ; 

!SWROIM = (Annual_sales *100* ( 1 + (0.1*((15000-D_CO2)/10000)) + (0.1*((10000- 

D_H2O)/10000))) )/Total_capital_cost ; 

!SASWROIM = Annual_sales * (1 + ((0.1*((15000- D_CO2)/(15000-1000))) + (0.1*((15000 - 

F_discharge)/(1000-0)))))/Total_Capital_cost; 

 

 

!CO2_base = 15000 ; 

!Actual emissions = D_CO2 ; 

!CO2_target_reduction = 

!CO2_actual_reduction = ; 

!max = Annual_sales ; 

!min = F_fresh_1 + EX_H2O - ROI ; 

!min = EX_H2O ; 

!D_CO2 > 1; 

!ROI > 15; 

!objective function; 

min = EX_c3h8o3 + EX_CO + EX_h2 +EX_ch4 ; 

!min = F_discharge + D_CO2 ; 

!Max = Annual_sales ; 

!EX_C3H8O3 < 1000; 
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Appendix 2(a2): LINGO mathematical modeling codes for Scenario 1 – water network 

 

!objective function; 

Minimum freshwater; 

 

!Water network sinks Demands; 

!flowrate(ton/day); 

F_demand_1 = 100 ;  

F_demand_2 = 20 ; 

F_demand_3 = 80 ; 

F_demand_4 = 60 ; 

F_demand_5_EIP = EX_H2O * 0.432 ; 

!water quality (mg/liter); 

C_demand_1 = 10 ; 

C_demand_2 = 100 ; 

C_demand_3 = 20 ; 

C_demand_4 = 50 ; 

C_demand_5 = 70 ; 

!available water sources;  

!flowrate(ton/day); 

F_available_1 = 100 ; 

F_available_2 = 20 ; 

F_available_3 = 50 ; 

F_available_4 = 100 ; 

F_available_5_EIP = D_H2O * 0.432 ; 

!available water quality 

(mg/liter); 

C_available_1 = 100 ; 

C_available_2 = 250 ; 

C_available_3 = 80 ; 

C_available_4 = 200 ; 

C_available_5 = 80 ; 
 

!Freshwater quality ; 

C_fresh_1 = 10 ; 
 

!regeneration facilities output water quality ; 

C_treated_1 = 25 ; 

C_treated_2 = 65 ; 

! Mixer's water balances; 

F_demand_1 = X_untreated_11 + X_untreated_21 + X_untreated_31 + X_untreated_41 + 

X_untreated_51 + X_fresh_11 + X_treated_11 + X_treated_21 ; 

F_demand_2 = X_untreated_12 + X_untreated_22 + X_untreated_32 + X_untreated_42 + 

X_untreated_52 + X_fresh_12 + X_treated_12 + X_treated_22 ; 

F_demand_3 = X_untreated_13 + X_untreated_23 + X_untreated_33 + X_untreated_43 + 

X_untreated_53 + X_fresh_13 + X_treated_13 + X_treated_23 ; 

F_demand_4 = X_untreated_14 + X_untreated_24 + X_untreated_34 + X_untreated_44 + 

X_untreated_54 + X_fresh_14 + X_treated_14 + X_treated_24 ; 

F_demand_5_EIP = X_untreated_15 + X_untreated_25 + X_untreated_35 + X_untreated_45 + 

X_untreated_55 + X_fresh_15 + X_treated_15 + X_treated_25 ; 

!Participating plants/mass network Water sources ; 

F_available_1 = F_untreated_1 + F_going_1 + F_waste_1 ; 

F_available_2 = F_untreated_2 + F_going_2 + F_waste_2 ; 

F_available_3 = F_untreated_3 + F_going_3 + F_waste_3 ; 

F_available_4 = F_untreated_4 + F_going_4 + F_waste_4 ; 

F_available_5_EIP = F_untreated_5 + F_going_5 + F_waste_5 ; 

! water from Participating plants/mass network Water sources to the mixers water balance; 

F_untreated_1 = X_untreated_11 + X_untreated_12 + X_untreated_13 + X_untreated_14 + 

X_untreated_15 ; 

F_untreated_2 = X_untreated_21 + X_untreated_22 + X_untreated_23 + X_untreated_24 + 

X_untreated_25 ; 

F_untreated_3 = X_untreated_31 + X_untreated_32 + X_untreated_33 + X_untreated_34 + 

X_untreated_35 ; 

F_untreated_4 = X_untreated_41 + X_untreated_42 + X_untreated_43 + X_untreated_44 + 

X_untreated_45 ;



120 
 

F_untreated_5 = X_untreated_51 + X_untreated_52 + X_untreated_53 + 

X_untreated_54 + X_untreated_55 ; 

 

!regeneration facilities 

water balance;  

F_going_1 = X_going_11 + 

X_going_12  ;  

F_going_2 = X_going_21 + 

X_going_22 ;  

F_going_3 = X_going_31 + 

X_going_32 ;  

F_going_4 = X_going_41 + 

X_going_42 ;  

F_going_5 = X_going_51 + 

X_going_52 ; 
 

F_treated_1 = X_treated_11 + X_treated_12 + X_treated_13 + X_treated_14 + 

X_treated_15; 

F_treated_2 = X_treated_21 + X_treated_22 + X_treated_23 + X_treated_24 + 

X_treated_25;  

 

F_treated_1 = X_going_11 + X_going_21 + X_going_31 + X_going_41 + 

X_going_51; F_treated_2 = X_going_12 + X_going_22 + X_going_32 + 

X_going_42 + X_going_52 ; 

 

!freshwater mass balance; 

F_fresh_1 = X_fresh_11 + X_fresh_12 + X_fresh_13 + X_fresh_14 ; 

!F_fresh_1 < F_fresh_max_1; 

!F_fresh_max_1 = 225; 

 

 

! component mass balance; 

!equality constraints for each mixer (participating plants sinks); 

Mixers have to fulfill the participating plant water sinks constraints; 

F_demand_1 * C_demand_1 > (X_untreated_11 * C_available_1) + (X_untreated_21 * 

C_available_2) + (X_untreated_31 * C_available_3) + (X_untreated_41 * 

C_available_4) + (X_fresh_11 * C_fresh_1) + (X_treated_11 * C_treated_1) + 

(X_treated_21 * C_treated_2) 

; 

F_demand_2 * C_demand_2 > (X_untreated_12 * C_available_1) + 

(X_untreated_22 * C_available_2) + (X_untreated_32 * C_available_3) + 

(X_untreated_42 * C_available_4)+ (X_fresh_12 * C_fresh_1)+ (X_treated_12 * 

C_treated_1) + (X_treated_22 * C_treated_2) 

; 

F_demand_3 * C_demand_3 > (X_untreated_13 * C_available_1) + 

(X_untreated_23 * C_available_2) + (X_untreated_33 * C_available_3) + 

(X_untreated_43 * C_available_4)+ (X_fresh_13 * C_fresh_1)+ (X_treated_13 * 

C_treated_1) + (X_treated_23 * C_treated_2) 

; 

F_demand_4 * C_demand_4 > (X_untreated_14 * C_available_1) + 

(X_untreated_24 * C_available_2) + (X_untreated_34 * C_available_3) + 

(X_untreated_44 * C_available_4)+ (X_fresh_14 * C_fresh_1)+ (X_treated_14 * 

C_treated_1) + (X_treated_24 * C_treated_2) 

; 

!discharge water to treatment facility water balance; 

F_discharge = F_waste_1 + F_waste_2 + F_waste_3 + 

F_waste_4 ; 

!F_discharge < F_discharge_max; 

 

!F_discharge_max = 1000 ; 

 

!objective function; 

min = F_fresh_1 ; 
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!water network operating costs; 

Cost_regeneration_1 = F_treated_1 * 

1.5 * 300 ; Cost_regeneration_2 = 

F_treated_2 * 0.7 * 300 ; Cost_fresh = F_fresh_1 * 1 * 300 ; 

Cost_treatment = (F_discharge ) * 2 * 300 ; 

Cost_operating_costs = (F_available_1 + F_available_2 + 

F_available_3 + F_available_4 + F_fresh_1) * 1.5 ; 

Total_water_costs = (Cost_regeneration_1 + Cost_regeneration_2 + Cost_fresh + 

Cost_treatment + Cost_operating_costs ) ;  
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Appendix 2(b): LINGO mathematical modeling codes for Scenario 2 

 

!objective function;  maximum 

SWROIM (sustainability 

weighted return on investment 

metric); 

 

!Water network sinks Demands; 

!flowrate(ton/day); 

F_demand_1 = 100 ;  

F_demand_2 = 20 ; 

F_demand_3 = 80 ; 

F_demand_4 = 60 ; 

F_demand_5_EIP = EX_H2O * 0.432 ; 

!water quality (mg/liter); 

C_demand_1 = 10 ; 

C_demand_2 = 100 ; 

C_demand_3 = 20 ; 

C_demand_4 = 50 ; 

C_demand_5 = 70 ; 

!available water sources;  

!flowrate(ton/day); 

F_available_1 = 100 ; 

F_available_2 = 20 ; 

F_available_3 = 50 ; 

F_available_4 = 100 ; 

F_available_5_EIP = D_H2O * 0.432 ; 

!available water quality 

(mg/liter); 

C_available_1 = 100 ; 

C_available_2 = 250 ; 

C_available_3 = 80 ; 

C_available_4 = 200 ; 

C_available_5 = 80 ; 

!Freshwater quality ; 

C_fresh_1 = 10 ; 

!regeneration facilities output water quality ; 

C_treated_1 = 25 ; 

C_treated_2 = 65 ; 

! Mixer's water balances; 

F_demand_1 = X_untreated_11 + X_untreated_21 + X_untreated_31 + X_untreated_41 + 

X_untreated_51 + X_fresh_11 + X_treated_11 + X_treated_21 ; 

F_demand_2 = X_untreated_12 + X_untreated_22 + X_untreated_32 + X_untreated_42 + 

X_untreated_52 + X_fresh_12 + X_treated_12 + X_treated_22 ; 

F_demand_3 = X_untreated_13 + X_untreated_23 + X_untreated_33 + X_untreated_43 + 

X_untreated_53 + X_fresh_13 + X_treated_13 + X_treated_23 ; 

F_demand_4 = X_untreated_14 + X_untreated_24 + X_untreated_34 + X_untreated_44 + 

X_untreated_54 + X_fresh_14 + X_treated_14 + X_treated_24 ; 

F_demand_5_EIP = X_untreated_15 + X_untreated_25 + X_untreated_35 + X_untreated_45 + 

X_untreated_55 + X_fresh_15 + X_treated_15 + X_treated_25 ; 

!Participating plants/mass network Water sources ; 

F_available_1 = F_untreated_1 + F_going_1 + F_waste_1 ; 

F_available_2 = F_untreated_2 + F_going_2 + F_waste_2 ; 

F_available_3 = F_untreated_3 + F_going_3 + F_waste_3 ; 

F_available_4 = F_untreated_4 + F_going_4 + F_waste_4 ; 

F_available_5_EIP = F_untreated_5 + F_going_5 + F_waste_5 ; 

! water from Participating plants/mass network Water sources to the mixers water balance; 

F_untreated_1 = X_untreated_11 + X_untreated_12 + X_untreated_13 + X_untreated_14 + 

X_untreated_15 ; 

F_untreated_2 = X_untreated_21 + X_untreated_22 + X_untreated_23 + X_untreated_24 + 

X_untreated_25 ; 

F_untreated_3 = X_untreated_31 + X_untreated_32 + X_untreated_33 + X_untreated_34 + 

X_untreated_35 ; 

F_untreated_4 = X_untreated_41 + X_untreated_42 + X_untreated_43 + X_untreated_44 + 

X_untreated_45 ;
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F_untreated_5 = X_untreated_51 + X_untreated_52 + X_untreated_53 + X_untreated_54 + 

X_untreated_55 ; 

 

!regeneration facilities water balance; 

F_going_1 = X_going_11 + X_going_12 ; 

F_going_2 = X_going_21 + X_going_22 ; 

F_going_3 = X_going_31 + X_going_32 ; 

F_going_4 = X_going_41 + X_going_42 ; 

F_going_5 = X_going_51 + X_going_52 ; 
 

F_treated_1 = X_treated_11 + X_treated_12 + X_treated_13 + X_treated_14 + X_treated_15 ; 

F_treated_2 = X_treated_21 + X_treated_22 + X_treated_23 + X_treated_24 + X_treated_25 ; 
 

F_treated_1 = X_going_11 + X_going_21 + X_going_31 + X_going_41 + X_going_51; 

F_treated_2 = X_going_12 + X_going_22 + X_going_32 + X_going_42 + X_going_52 ; 

 

!freshwater mass balance; 

F_fresh_1 = X_fresh_11 + X_fresh_12 + X_fresh_13 + X_fresh_14 + X_fresh_15 ; 

F_fresh_1 < F_fresh_max_1; 

F_fresh_max_1 = 225; 

 

!component mass balance; 

 

!equality constraints for each mixer (participating plants sinks); 

Mixers have to fulfill the participating plant water sinks constraints; 

F_demand_1 * C_demand_1 > (X_untreated_11 * C_available_1) + (X_untreated_21 * 

C_available_2) + (X_untreated_31 * C_available_3) + (X_untreated_41 * C_available_4) + 

(X_untreated_51 * C_available_5) + (X_fresh_11 * C_fresh_1) + (X_treated_11 * C_treated_ 

1) + (X_treated_21 * C_treated_2) ; 

F_demand_2 * C_demand_2 > (X_untreated_12 * C_available_1) + (X_untreated_22 * 

C_available_2) + (X_untreated_32 * C_available_3) + (X_untreated_42 * C_available_4) + 

(X_untreated_52 * C_available_5) + (X_fresh_12 * C_fresh_1) + (X_treated_12 * C_treated_ 

1) + (X_treated_22 * C_treated_2) ; 

F_demand_3 * C_demand_3 > (X_untreated_13 * C_available_1) + (X_untreated_23 * 

C_available_2) + (X_untreated_33 * C_available_3) + (X_untreated_43 * C_available_4) + 

(X_untreated_53 * C_available_5) + (X_fresh_13 * C_fresh_1) + (X_treated_13 * C_treated_ 

1) + (X_treated_23 * C_treated_2) ; 

F_demand_4 * C_demand_4 > (X_untreated_14 * C_available_1) + (X_untreated_24 * 

C_available_2) + (X_untreated_34 * C_available_3) + (X_untreated_44 * C_available_4) + 

(X_untreated_54 * C_available_5) + (X_fresh_14 * C_fresh_1) + (X_treated_14 * C_treated_ 

1) + (X_treated_24 * C_treated_2) ; 

F_demand_5_EIP * C_demand_5 > (X_untreated_15 * C_available_1) + (X_untreated_25 * 

C_available_2) + (X_untreated_35 * C_available_3) + (X_untreated_45 * C_available_4) + 

(X_untreated_55 * C_available_5) + (X_fresh_15 * C_fresh_1) + (X_treated_15 * C_treated_ 

1) + (X_treated_25 * C_treated_2) ; 

 

 

!discharge water to treatment facility water balance; 

 

F_discharge = F_waste_1 + F_waste_2 + F_waste_3 + F_waste_4 + F_waste_5 ; 

 

!F_discharge < F_discharge_max; 

 

!F_discharge_max = 1000 ; 

 
 

!F_discharge*C_discharge = (F_waste_1*C_available_1) + (F_waste_2*C_available_2) + 

(F_waste_3*C_available_3) + (F_waste_4*C_available_4) + (F_waste_5*C_EIP_avalaible_H2O) ; 

!Environmental_impact = (F_discharge*C_discharge) - (F_fresh_1 *C_fresh_1); 

 

!atomic targeting ; 

!C_DEMAND; 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP; 

! Calculation of number of CHO atoms in internal streams; 

 
 

IS_CO = 930; 

IS_CO2 = 3990; 
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IS_H2      = 9965; 

IS_CH4     = 39; 

IS_C3H8O3  = 1000; 
 

AC_SRC = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 
 

!DMD STANDS FOR DEMAND BY the participating plants;  

! Calculation of number of CHO atoms in demand streams; 

CH3OH_DEMAND = 7500; 

C3H8O2_DEMAND    = 1000; 

C3H4O_DEMAND     = 1000; 
 

AC_DMD = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD = CH3OH_DEMAND * 4 + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 
 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams; 

AC_NET = AC_SRC - AC_DMD; 

AH_NET     = AH_SRC - AH_DMD; 

AO_NET     = AO_SRC - AO_DMD; 
 

!EX STANDS FOR EXTERNAL SOURCES REQUIRED BY EIP TO ACHIEVE DEMAND REQUESTED BY THE 

participating plants while DI is the chemical species discharged in the process; 

AC_NET + 3 * EX_C3H8O3 - 3 * DI_C3H8O3 + 1 * EX_CH4 - 1 * DI_CH4 + 0 * EX_H2 - 0 * 

DI_H2 + 1 * EX_CO - 1 * DI_CO + 0 * EX_H2O - 0 * D_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 - 8 * DI_C3H8O3 + 4 * EX_CH4 - 4 * DI_CH4 + 2 * EX_H2 - 2 * 

DI_H2 + 0 * EX_CO - 0 * DI_CO + 2 * EX_H2O - 2 * D_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 - 3 * DI_C3H8O3 + 0 * EX_CH4 - 0 * DI_CH4 + 0 * EX_H2 - 0 * 

DI_H2 + 1 * EX_CO - 1 * DI_CO + 1 * EX_H2O - 1 * D_H2O - 2 * D_CO2 = 0; 

 

@FREE(AC_NET); 

@FREE(AH_NET); 

@FREE(AO_NET); 

@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 

 
 

!overall mass balanced equations for the MWCHOSYN); 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 ) ; 

Out_C3H8O3 = ( DI_C3H8O3) ; 

 

IN_CH4 = (IS_CH4 + EX_CH4 ); 

Out_CH4 = (DI_CH4); 
 

IN_H2 = (IS_H2 + EX_H2 ); 

Out_H2 = ( DI_H2); 
 

IN_CO = (IS_CO + EX_CO ) ; 

Out_CO = (DI_CO); 

 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 
 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
 

EX_CO > 0; 

DI_CO > 0; 
 

EX_H2 > 0; 

DI_H2 > 0; 
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EX_CH4 > 0; 

DI_CH4 > 0; 
 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 ) + 

(IN_CO - Out_CO) + (EX_H2O - D_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + C3H4O_DEMAND; 
 

OVR_C3H8O3 = (IN_C3H8O3 - Out_C3H8O3) ; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 );  
OVR_CH4 = (IN_CH4 - Out_CH4) ; 

OVR_H2O = (EX_H2O - D_H2O) ; 

 

 

@FREE(OVR_C3H8O3); 

@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 

 

 

! X STANDS FOR STOICHMETRIC COFFICIENT FOR A SET OF EQUATIONS DETERMINED BY THE MWCHOSYN; 

(x5 + x8 + x9 ) = OVR_C3H8O3 

; 

(x1 - x3 + x6 - x7 ) = OVR_CO ; 

(x2 - x4 - 3*x5 - x6 + x7 ) = OVR_CO2; 

(2*x1 + 3*x2 - 3*x3 - 4*x4 - 7*x5 - x6 + x7 + x8 ) = OVR_H2; 

(-1*x2+ x3 + 2*x4 + 3*x5 + x6_ - x7 - x8 - 2*x9) = OVR_H2O; 

(x3 + x4 ) = OVR_CH4; 

(x1 + x2 ) = 

CH3OH_DEMAND; 

(x8 ) = C3H8O2 

_DEMAND; 

(x9 ) = 

C3H4O_DEMAND; 
 

x1>0; 

x2>0; 

x3 >0; 

x4>0; 

x5>0; 

x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

 

 

!purchased chemical species costs; 

COST_C3H8O3 = (EX_C3H8O3) * 1.2 * 24 * 300 ; 
 

COST_CH4 = (EX_CH4) * 1 * 24 * 300 ;  
COST_H2 = (EX_H2 ) * 2 * 24 * 300   ; 

COST_CO = (EX_CO ) * 1 * 24 * 300  ;  

!sold chemical species profit; 
 

PROFIT_CH3OH = CH3OH_DEMAND * 54 * 24 * 300 ; 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 85 * 24 * 300 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 75 * 24 * 300 ; 

!mass network operating costs; 

Production_cost_1 = 19.52 * x1 * 24 * 300 ; 

Production_cost_2 = 32.32 * x2 * 24 * 300 ; 
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Production_cost_3 = 1.98 * x3 * 24 * 300 ; 

Production_cost_4 = 2.64 * x4 * 24 * 300 ; 

Production_cost_5 = 18.2 * x5 * 24 * 300 ; 

Production_cost_6 = 0.1 * x6 * 24 * 300 ; 

Production_cost_7 = 2.8 * x7 * 24 * 300 ; 

Production_cost_8 = 64.6 * x8 * 24 * 300 ; 

Production_cost_9 = 23.52 * x9 * 24 * 300  ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 

 

!mass network equipment costs; 

EQUIP_cost_1 = (0.31 * (x1) * 32) * 24 * 300 ; 

EQUIP_cost_2 = (0.49 * (x2) * 32)* 24 * 300 ; 

EQUIP_cost_3 = (0.29 * (x3) * 3) * 24 * 300 ; 

EQUIP_cost_4 = (0.29 * (x4) * 4) * 24 * 300 ; 

EQUIP_cost_5 = (0.66 * (x5) * 7) * 24 * 300 ; 

EQUIP_cost_6 = (0.1 * (x6))  * 24 * 300  ; 

EQUIP_cost_7 = (0.1 * (x7) * 28) * 24 * 300  ; 

EQUIP_cost_8 = (0.28 * (x8) * 76) * 24 * 300 ; 

EQUIP_cost_9 = (0.21 * (x9) * 56) * 24 * 300 ; 
 

! mass network capital costs; 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 

Fixed_cost_9 =  PPC_9+ IPC_9; 
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Capital_cost_9 = Fixed_cost_9*1.18; 

 

Cost_piping = 5 * ( 300 + 50 + 150 + 150 + 200 + 200 + 200 + 200) ; 

Total_capital_cost = Cost_piping + Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + 

Capital_cost_4 + Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + 

Capital_cost_9 ; 

 

!annualized fixed costs, sales, return on investment, sustainability weighted return on 

investment calculations; 

AFC = 0.1 * Total_capital_cost ; 

Annual_sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - 

COST_H2 - COST_CO -(Total_water_costs+Total_production_cost+AFC))*(1-0.25)) + AFC ; 

ROI = ( Annual_sales/ Total_Capital_cost) * 100 ; 

SWROIM = (Annual_sales *100* ( 1 + (0.1*((15000-D_CO2)/10000)) + (0.1*((10000- 

F_discharge)/10000))) )/Total_capital_cost ; 

!SASWROIM = Annual_sales * (1 + ((0.1*((15000- D_CO2)/(15000-1000))) + (0.1*((15000 - 

F_discharge)/(1000-0)))))/Total_Capital_cost; 

 

 

!CO2_base = 15000 ; 

!Actual emissions = D_CO2 ; 

!CO2_target_reduction = 

!CO2_actual_reduction = ; 

!max = Annual_sales ; 

!min = F_fresh_1 + EX_H2O - ROI ; 

!min = EX_H2O ; 

!D_CO2 > 1; 

!ROI > 15; 

!min = F_fresh_1 + EX_c3h8o3 + EX_CO + EX_h2 +EX_ch4 ; 

!min = F_discharge + D_CO2 ; 

Max = SWROIM ; 

!EX_C3H8O3 < 1000; 

 
 

!water network operating costs; 

Cost_regeneration_1 = F_treated_1 * 1.5 * 300 ; 

Cost_regeneration_2 = F_treated_2 * 0.7 * 300 ; 
 

Cost_fresh = F_fresh_1 * 1 * 300 ;  
Cost_treatment = (F_discharge ) * 2 * 300 ; 

Cost_operating_costs = (F_available_1 + F_available_2 + F_available_3 + 

F_available_4 + F_fresh_1) * 1.5 ; 

Total_water_costs = (Cost_regeneration_1 + Cost_regeneration_2 + Cost_fresh + 

Cost_treatment + Cost_operating_costs ) ; 

!min = F_waste_1 + F_waste_2 + F_waste_3 + F_waste_4; 

 

!max = F_waste_1 + F_waste_2 + F_waste_3 + F_waste_4; 
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Appendix 2(c): LINGO mathematical modeling codes for Scenario 3 

 

!objective function; 

 Minimum external sources and 

freshwater; 

!Water network sinks Demands; 

!flowrate(ton/day); 

F_demand_1 = 100 ;  

F_demand_2 = 20 ; 

F_demand_3 = 80 ; 

F_demand_4 = 60 ; 

F_demand_5_EIP = EX_H2O * 0.432 ; 

!water quality (mg/liter); 

C_demand_1 = 10 ; 

C_demand_2 = 100 ; 

C_demand_3 = 20 ; 

C_demand_4 = 50 ; 

C_demand_5 = 70 ; 

!available water sources;  

!flowrate(ton/day); 

F_available_1 = 100 ; 

F_available_2 = 20 ; 

F_available_3 = 50 ; 

F_available_4 = 100 ; 

F_available_5_EIP = D_H2O * 0.432 ; 

!available water sources 

quality (mg/liter); 

C_available_1 = 100 ; 

C_available_2 = 250 ; 

C_available_3 = 80 ; 

C_available_4 = 200 ; 

C_available_5 = 80 ; 
 

!Freshwater quality ; 

C_fresh_1 = 10 ; 

!regeneration facilities output water quality ; 

C_treated_1 = 25 ; 

C_treated_2 = 65 ; 

! Mixer's water balances; 

F_demand_1 = X_untreated_11 + X_untreated_21 + X_untreated_31 + X_untreated_41 + 

X_untreated_51 + X_fresh_11 + X_treated_11 + X_treated_21 ; 

F_demand_2 = X_untreated_12 + X_untreated_22 + X_untreated_32 + X_untreated_42 + 

X_untreated_52 + X_fresh_12 + X_treated_12 + X_treated_22 ; 

F_demand_3 = X_untreated_13 + X_untreated_23 + X_untreated_33 + X_untreated_43 + 

X_untreated_53 + X_fresh_13 + X_treated_13 + X_treated_23 ; 

F_demand_4 = X_untreated_14 + X_untreated_24 + X_untreated_34 + X_untreated_44 + 

X_untreated_54 + X_fresh_14 + X_treated_14 + X_treated_24 ; 

F_demand_5_EIP = X_untreated_15 + X_untreated_25 + X_untreated_35 + X_untreated_45 + 

X_untreated_55 + X_fresh_15 + X_treated_15 + X_treated_25 ; 

!Participating plants/mass network Water sources ; 

F_available_1 = F_untreated_1 + F_going_1 + F_waste_1 ; 

F_available_2 = F_untreated_2 + F_going_2 + F_waste_2 ; 

F_available_3 = F_untreated_3 + F_going_3 + F_waste_3 ; 

F_available_4 = F_untreated_4 + F_going_4 + F_waste_4 ; 

F_available_5_EIP = F_untreated_5 + F_going_5 + F_waste_5 ; 

! water from Participating plants/mass network Water sources to the mixers water balance; 

F_untreated_1 = X_untreated_11 + X_untreated_12 + X_untreated_13 + X_untreated_14 + 

X_untreated_15 ; 

F_untreated_2 = X_untreated_21 + X_untreated_22 + X_untreated_23 + X_untreated_24 + 

X_untreated_25 ; 

F_untreated_3 = X_untreated_31 + X_untreated_32 + X_untreated_33 + X_untreated_34 + 

X_untreated_35 ; 

F_untreated_4 = X_untreated_41 + X_untreated_42 + X_untreated_43 + X_untreated_44 + 

X_untreated_45 ;
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F_untreated_5 = X_untreated_51 + X_untreated_52 + X_untreated_53 + X_untreated_54 + 

X_untreated_55 ; 
 

!regeneration facilities water balance; 

F_going_1 = X_going_11 + X_going_12 ; 

F_going_2 = X_going_21 + X_going_22 ; 

F_going_3 = X_going_31 + X_going_32 ; 

F_going_4 = X_going_41 + X_going_42 ; 

F_going_5 = X_going_51 + X_going_52 ; 

 

F_treated_1 = X_treated_11 + X_treated_12 + X_treated_13 + X_treated_14 + X_treated_15 ; 

F_treated_2 = X_treated_21 + X_treated_22 + X_treated_23 + X_treated_24 + X_treated_25 ; 
 

F_treated_1 = X_going_11 + X_going_21 + X_going_31 + X_going_41 + X_going_51; 

F_treated_2 = X_going_12 + X_going_22 + X_going_32 + X_going_42 + X_going_52 ; 

 

!freshwater balance; 

F_fresh_1 = X_fresh_11 + X_fresh_12 + X_fresh_13 + X_fresh_14 + X_fresh_15 ; 

!F_fresh_1 < F_fresh_max_1; 

!F_fresh_max_1 = 130; 

 

 

!component mass balance; 

 

!equality constraints for each mixer (participating plants sinks); 

Mixers have to fulfill the participating plant water sinks constraints; 

F_demand_1 * C_demand_1 > (X_untreated_11 * C_available_1) + (X_untreated_21 * 

C_available_2) + (X_untreated_31 * C_available_3) + (X_untreated_41 * C_available_4) + 

(X_untreated_51 * C_available_5) + (X_fresh_11 * C_fresh_1) + (X_treated_11 * C_treated_ 

1) + (X_treated_21 * C_treated_2) ; 

F_demand_2 * C_demand_2 > (X_untreated_12 * C_available_1) + (X_untreated_22 * 

C_available_2) + (X_untreated_32 * C_available_3) + (X_untreated_42 * C_available_4) + 

(X_untreated_52 * C_available_5) + (X_fresh_12 * C_fresh_1) + (X_treated_12 * C_treated_ 

1) + (X_treated_22 * C_treated_2) ; 

F_demand_3 * C_demand_3 > (X_untreated_13 * C_available_1) + (X_untreated_23 * 

C_available_2) + (X_untreated_33 * C_available_3) + (X_untreated_43 * C_available_4) + 

(X_untreated_53 * C_available_5) + (X_fresh_13 * C_fresh_1) + (X_treated_13 * C_treated_ 

1) + (X_treated_23 * C_treated_2) ; 

F_demand_4 * C_demand_4 > (X_untreated_14 * C_available_1) + (X_untreated_24 * 

C_available_2) + (X_untreated_34 * C_available_3) + (X_untreated_44 * C_available_4) + 

(X_untreated_54 * C_available_5) + (X_fresh_14 * C_fresh_1) + (X_treated_14 * C_treated_ 

1) + (X_treated_24 * C_treated_2) ; 

F_demand_5_EIP * C_demand_5 > (X_untreated_15 * C_available_1) + (X_untreated_25 * 

C_available_2) + (X_untreated_35 * C_available_3) + (X_untreated_45 * C_available_4) + 

(X_untreated_55 * C_available_5) + (X_fresh_15 * C_fresh_1) + (X_treated_15 * C_treated_ 

1) + (X_treated_25 * C_treated_2) ; 

 

!discharge water to treatment facility water balance; 

 

F_discharge = F_waste_1 + F_waste_2 + F_waste_3 + F_waste_4 + F_waste_5 ; 

 

!F_discharge < F_discharge_max; 

 

!F_discharge_max = 1000 ; 

!F_discharge*C_discharge = (F_waste_1*C_available_1) + (F_waste_2*C_available_2) + 

(F_waste_3*C_available_3) + (F_waste_4*C_available_4) + (F_waste_5*C_EIP_avalaible_H2O) ; 

!Environmental_impact = (F_discharge*C_discharge) - (F_fresh_1 *C_fresh_1); 

 

!atomic targeting ; 

!C_DEMAND; 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP; 

! Calculation of number of CHO atoms in internal streams; 

 
 

IS_CO = 930; 

IS_CO2 = 3990; 
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IS_H2      = 9965; 

IS_CH4     = 39; 

IS_C3H8O3  = 1000; 
 

AC_SRC = IS_CO * 1 + IS_CO2 * 1 + IS_CH4 * 1 + IS_C3H8O3 * 3; 

AH_SRC     = IS_H2 * 2 + IS_CH4 * 4 + IS_C3H8O3 * 8; 

AO_SRC     = IS_CO * 1 + IS_CO2 * 2 + IS_C3H8O3 * 3; 
 

!DMD STANDS FOR DEMAND BY the participating plants;  

! Calculation of number of CHO atoms in demand streams; 

CH3OH_DEMAND = 7500; 

C3H8O2_DEMAND    = 1000; 

C3H4O_DEMAND     = 1000; 
 

AC_DMD = CH3OH_DEMAND * 1 + 3 * C3H8O2_DEMAND + 3 * C3H4O_DEMAND ; 

AH_DMD = CH3OH_DEMAND * 4 + 8 * C3H8O2_DEMAND + 4 * C3H4O_DEMAND ; 

AO_DMD     = CH3OH_DEMAND * 1 + 2 * C3H8O2_DEMAND + 1 * C3H4O_DEMAND ; 
 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL AND DEMAND streams; 

AC_NET = AC_SRC - AC_DMD; 

AH_NET     = AH_SRC - AH_DMD; 

AO_NET     = AO_SRC - AO_DMD; 
 

!EX STANDS FOR EXTERNAL SOURCES REQUIRED BY EIP TO ACHIEVE DEMAND REQUESTED BY THE 

participating plants while DI is the chemical species discharged in the process; 

AC_NET + 3 * EX_C3H8O3 - 3 * DI_C3H8O3 + 1 * EX_CH4 - 1 * DI_CH4 + 0 * EX_H2 - 0 * 

DI_H2 + 1 * EX_CO - 1 * DI_CO + 0 * EX_H2O - 0 * D_H2O - 1 * D_CO2 = 0; 

AH_NET + 8 * EX_C3H8O3 - 8 * DI_C3H8O3 + 4 * EX_CH4 - 4 * DI_CH4 + 2 * EX_H2 - 2 * 

DI_H2 + 0 * EX_CO - 0 * DI_CO + 2 * EX_H2O - 2 * D_H2O - 0 * D_CO2 = 0; 

AO_NET + 3 * EX_C3H8O3 - 3 * DI_C3H8O3 + 0 * EX_CH4 - 0 * DI_CH4 + 0 * EX_H2 - 0 * 

DI_H2 + 1 * EX_CO - 1 * DI_CO + 1 * EX_H2O - 1 * D_H2O - 2 * D_CO2 = 0; 

 

@FREE(AC_NET); 

@FREE(AH_NET); 

@FREE(AO_NET); 

@FREE(EX_C3H8O3); 

@FREE(EX_CH4); 

@FREE(EX_H2O); 

@FREE(D_CO2); 

@FREE(EX_H2); 

@FREE(EX_CO); 
 

!overall mass balanced equations for the MWCHOSYN); 

IN_C3H8O3 = (IS_C3H8O3 + EX_C3H8O3 ) ; 

Out_C3H8O3 = ( DI_C3H8O3) ; 

 

IN_CH4 = (IS_CH4 + EX_CH4 ); 

Out_CH4 = (DI_CH4); 
 

IN_H2 = (IS_H2 + EX_H2 ); 

Out_H2 = ( DI_H2); 
 

IN_CO = (IS_CO + EX_CO ) ; 

Out_CO = (DI_CO); 

 

D_CO2 > 0; 

EX_H2O > 0; 

DI_H2O > 0; 

!D_H2O < D_H2O_Max ; 

D_H2O= 1998; 

EX_C3H8O3 > 0; 

DI_C3H8O3 > 0; 
 

EX_CO > 0; 

DI_CO > 0; 
 

EX_H2 > 0; 
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DI_H2 > 0; 

 

EX_CH4 > 0; 

DI_CH4 > 0; 
 

(IN_C3H8O3 - Out_C3H8O3 ) + (IN_CH4 - Out_CH4) + (IS_CO2 - D_CO2) + (IN_H2 - Out_H2 ) + 

(IN_CO - Out_CO) + (EX_H2O - D_H2O) = CH3OH_DEMAND + C3H8O2_DEMAND + C3H4O_DEMAND; 
 

OVR_C3H8O3 = (IN_C3H8O3 - Out_C3H8O3) ; 

OVR_CO = (IN_CO - Out_CO) ; 

OVR_CO2 = (IS_CO2 - D_CO2) ; 

OVR_H2 = (IN_H2 - Out_H2 );  
OVR_CH4 = (IN_CH4 - Out_CH4) ; 

OVR_H2O = (EX_H2O - D_H2O) ; 

 

 

@FREE(OVR_C3H8O3); 

@FREE(OVR_CO); 

@FREE(OVR_CO2); 

@FREE(OVR_H2); 

@FREE(OVR_CH4); 

@FREE(OVR_H2O); 

 

 

! X STANDS FOR STOICHMETRIC COFFICIENT FOR A SET OF EQUATIONS DETERMINED BY THE MWCHOSYN; 

(x5 + x8 + x9 ) = OVR_C3H8O3 

; 

(x1 - x3 + x6 - x7 ) = OVR_CO ; 

(x2 - x4 - 3*x5 - x6 + x7 ) = OVR_CO2; 

(2*x1 + 3*x2 - 3*x3 - 4*x4 - 7*x5 - x6 + x7 + x8 ) = OVR_H2; 

(-1*x2+ x3 + 2*x4 + 3*x5 + x6_ - x7 - x8 - 2*x9) = OVR_H2O; 

(x3 + x4 ) = OVR_CH4; 

(x1 + x2 ) = 

CH3OH_DEMAND; 

(x8 ) = C3H8O2 

_DEMAND; 

(x9 ) = 

C3H4O_DEMAND; 
 

x1>0; 

x2>0; 

x3 >0; 

x4>0; 

x5>0; 

x6>0; 

x7 > 0; 

x6 + x7 < 1; 

x8>0; 

x9>0; 

 

!purchased chemical 

COST_C3H8O3 = 

species costs; 

(EX_C3H8O3) * 1.2 

 
* 24 * 300 ; 

COST_CH4 

COST_H2 

COST_CO 

= 

= 

= 

(EX_CH4) 

(EX_H2 ) 

(EX_CO ) 

* 1 

* 2 

* 1 

* 24 * 300 

* 24 * 300 

* 24 * 300 

;  
 

; 

 

; 

!sold chemical species profit; 

PROFIT_CH3OH = CH3OH_DEMAND * 52 * 24 * 300 ; 

PROFIT_C3H8O2 = C3H8O2_DEMAND * 78 * 24 * 300 ; 

PROFIT_C3H40 = C3H4O_DEMAND * 75 * 24 * 300 ; 

 

!mass network operating costs; 

Production_cost_1 = 19.52 * x1 * 24 * 300 ; 
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Production_cost_2 = 32.32 * x2 * 24 * 300 ; 

Production_cost_3 = 1.98 * x3 * 24 * 300 ; 

Production_cost_4 = 2.64 * x4 * 24 * 300 ; 

Production_cost_5 = 18.2 * x5 * 24 * 300 ; 

Production_cost_6 = 0.1 * x6 * 24 * 300 ; 

Production_cost_7 = 2.8 * x7 * 24 * 300 ; 

Production_cost_8 = 64.6 * x8 * 24 * 300 ; 

Production_cost_9 = 23.52 * x9 * 24 * 300  ; 

Total_production_cost = Production_cost_1 + Production_cost_2 + Production_cost_3 + 

Production_cost_4 + Production_cost_5 + Production_cost_6 + Production_cost_7 + 

Production_cost_8+Production_cost_9; 

 

!mass network equipment costs; 

EQUIP_cost_1 = (0.31 * (x1) * 32) * 24 * 300 ; 

EQUIP_cost_2 = (0.49 * (x2) * 32)* 24 * 300 ; 

EQUIP_cost_3 = (0.29 * (x3) * 3) * 24 * 300 ; 

EQUIP_cost_4 = (0.29 * (x4) * 4) * 24 * 300 ; 

EQUIP_cost_5 = (0.66 * (x5) * 7) * 24 * 300 ; 

EQUIP_cost_6 = (0.1 * (x6))  * 24 * 300  ; 

EQUIP_cost_7 = (0.1 * (x7) * 28) * 24 * 300  ; 

EQUIP_cost_8 = (0.28 * (x8) * 76) * 24 * 300 ; 

EQUIP_cost_9 = (0.21 * (x9) * 56) * 24 * 300 ; 
 

! mass network capital costs; 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.47* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
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Fixed_cost_9 = PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

Cost_piping = 5 * ( 300 + 50 + 150 + 150 + 200 + 200 + 200 + 200) ; 

Total_capital_cost = Cost_piping + Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + 

Capital_cost_4 + Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + 

Capital_cost_9 ; 

 

!annualized fixed costs, sales, return on investment, sustainability weighted return on 

investment calculations; 

AFC = 0.1 * Total_capital_cost ; 

Annual_sales = ((PROFIT_CH3OH + PROFIT_C3H8O2 + PROFIT_C3H40 - COST_C3H8O3 - COST_CH4 - 

COST_H2 - COST_CO -(Total_water_costs+Total_production_cost+AFC))*(1-0.25)) + AFC ; 

ROI = ( Annual_sales/ Total_Capital_cost) * 100 ; 

SWROIM = (Annual_sales *100* ( 1 + (0.2*((15000-D_CO2)/10000)) + (0.2*((10000- 

F_discharge)/10000))) )/Total_capital_cost ; 

!SASWROIM = Annual_sales * (1 + ((0.1*((15000- D_CO2)/(15000-1000))) + (0.1*((15000 - 

F_discharge)/(1000-0)))))/Total_Capital_cost; 

 

 

!CO2_base = 15000 ; 

!Actual emissions = D_CO2 ; 

!CO2_target_reduction = 

!CO2_actual_reduction = ; 

!max = Annual_sales ; 

!min = F_fresh_1 + EX_H2O - ROI ; 

!min = EX_H2O ; 

!D_CO2 > 1; 

!ROI > 15; 

min = F_fresh_1 + EX_c3h8o3 + EX_CO + EX_h2 +EX_ch4 ; 

!min = F_discharge + D_CO2 ; 

!Max = Annual_sales ; 

!EX_C3H8O3 < 1000; 

 
 

!water network operating costs; 

Cost_regeneration_1 = F_treated_1 * 1.5 * 300 ; 

Cost_regeneration_2 = F_treated_2 * 0.7 * 300 ; 

Cost_fresh = F_fresh_1 * 1 * 300 ; 

Cost_treatment = (F_discharge ) * 2 * 300 ; 

Cost_operating_costs = (F_available_1 + F_available_2 + F_available_3 + 

F_available_4 + F_fresh_1) * 1.5 ; 

Total_water_costs = (Cost_regeneration_1 + Cost_regeneration_2 + Cost_fresh + 

Cost_treatment + Cost_operating_costs ) ; 

!min = F_waste_1 + F_waste_2 + F_waste_3 + F_waste_4; 
 

!max = F_waste_1 + F_waste_2 + F_waste_3 + F_waste_4; 



134 
 

Appendix 3: LINGO model formulation for chapter 5 

Appendix 3(a): LINGO mathematical modeling codes for scenario 1 – base case 

!objective function maximum annual sales; 

!Available internal sources for each operation period; 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP; 

! Calculation of number of CHO atoms in internal streams; 

IS_CO_t1         = 930; 

IS_CO2_t1        = 3990; 

IS_H2_t1         = 10000; 

IS_CH4_t1        = 500 ; 

IS_C3H8O3_t1     = 1500; 

AC_SRC_t1 = IS_CO_t1 * 1 + IS_CO2_t1 * 1 + IS_CH4_t1 * 1 + IS_C3H8O3_t1 * 3; 

AH_SRC_t1  = IS_H2_t1 * 2 + IS_CH4_t1 * 4 + IS_C3H8O3_t1 * 8; 

AO_SRC_t1  = IS_CO_t1 * 1 + IS_CO2_t1 * 2 + IS_C3H8O3_t1 * 3; 

 

IS_CO_t2         = 530; 

IS_CO2_t2        = 2000; 

IS_H2_t2         = 15000; 

IS_CH4_t2        = 2000; 

IS_C3H8O3_t2     = 4000; 

AC_SRC_t2 = IS_CO_t2 * 1 + IS_CO2_t2 * 1 + IS_CH4_t2 * 1 + IS_C3H8O3_t2 * 3; 

AH_SRC_t2  = IS_H2_t2 * 2 + IS_CH4_t2 * 4 + IS_C3H8O3_t2 * 8; 

AO_SRC_t2  = IS_CO_t2 * 1 + IS_CO2_t2 * 2 + IS_C3H8O3_t2 * 3; 

!Required demand by each participating plant for each operation period; 

!DMD STANDS FOR DEMAND BY FACTORIES;  

! Calculation of number of CHO atoms in demand streams; 

CH3OH_DEMAND_t1 = 10000; 

H2_Demand_t1        = 5000; 

C3H8O2_DEMAND_t1    = 2000; 

C3H4O_DEMAND_t1     = 2000; 

AC_DMD_t1 = CH3OH_DEMAND_t1 * 1 + 3 * C3H8O2_DEMAND_t1 + 3 * 

C3H4O_DEMAND_t1 ; 

AH_DMD_t1 = CH3OH_DEMAND_t1 * 4 + 2 * H2_DEMAND_t1 + 8 * C3H8O2_DEMAND_t1 + 4 * 

C3H4O_DEMAND_t1 ; 

AO_DMD_t1 = CH3OH_DEMAND_t1 * 1 + 2 * C3H8O2_DEMAND_t1 + 1 * 

C3H4O_DEMAND_t1 ; 

 

CH3OH_DEMAND_t2     = 7500; 

H2_Demand_t2        = 11000; 

C3H8O2_DEMAND_t2    = 1000; 

C3H4O_DEMAND_t2     = 1000; 

AC_DMD_t2 = CH3OH_DEMAND_t2 * 1 + 3 * C3H8O2_DEMAND_t2 + 3 * 

C3H4O_DEMAND_t2 ; 

AH_DMD_t2 = CH3OH_DEMAND_t2 * 4 + 2 * H2_DEMAND_t2 + 8 * C3H8O2_DEMAND_t2 + 4 * 

C3H4O_DEMAND_t2 ; 

AO_DMD_t2 = CH3OH_DEMAND_t2 * 1 + 2 * C3H8O2_DEMAND_t2 + 1 * 

C3H4O_DEMAND_t2 ; 

!Atomic balanced equations to determine a minimum benchmark for required and discharged 

chemical species; 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL SOURCES AND DEMAND; 

!calculated for each operation period; 

AC_NET_t1 = AC_SRC_t1 - AC_DMD_t1; 

AH_NET_t1 = AH_SRC_t1 - AH_DMD_t1; 

AO_NET_t1  = AO_SRC_t1 - AO_DMD_t1; 
 

AC_NET_t2 = AC_SRC_t2 - AC_DMD_t2; 

AH_NET_t2 = AH_SRC_t2 - AH_DMD_t2; 

AO_NET_t2  = AO_SRC_t2 - AO_DMD_t2; 

!Molecular balanced equations for each operation period to determine required flowrates of 

external sources and discharged chemical species; 

AC_NET_t1 + 3 * EX_C3H8O3_t1 - 3 * DI_C3H8O3_t1 + 1 * EX_CH4_t1 - 1 * DI_CH4_t1 + 0 * 

EX_H2_t1 - 0 * DI_H2_t1 + 1 * EX_CO_t1 - 1 * DI_CO_t1 + 0 * EX_H2O_t1 - 0 * DI_H2O_t1 - 

1 * D_CO2_t1 = 0; 

AH_NET_t1 + 8 * EX_C3H8O3_t1 - 8 * DI_C3H8O3_t1 + 4 * EX_CH4_t1 - 4 * DI_CH4_t1 + 2 * 

EX_H2_t1 - 2 * DI_H2_t1 + 0 * EX_CO_t1 - 0 * DI_CO_t1 + 2 * EX_H2O_t1 - 2 * DI_H2O_t1 - 
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0 * D_CO2_t1 = 0; 

AO_NET_t1 + 3 * EX_C3H8O3_t1 - 3 * DI_C3H8O3_t1 + 0 * EX_CH4_t1 - 0 * DI_CH4_t1 + 0 * 

EX_H2_t1 - 0 * DI_H2_t1 + 1 * EX_CO_t1 - 1 * DI_CO_t1 + 1 * EX_H2O_t1 - 1 * DI_H2O_t1 - 

2 * D_CO2_t1 = 0; 

 

AC_NET_t2 + 3 * EX_C3H8O3_t2 - 3 * DI_C3H8O3_t2 + 1 * EX_CH4_t2 - 1 * DI_CH4_t2 + 0 * 

EX_H2_t2 - 0 * DI_H2_t2 + 1 * EX_CO_t2 - 1 * DI_CO_t2 + 0 * EX_H2O_t2 - 0 * DI_H2O_t2 - 

1 * D_CO2_t2 = 0; 

AH_NET_t2 + 8 * EX_C3H8O3_t2 - 8 * DI_C3H8O3_t2 + 4 * EX_CH4_t2 - 4 * DI_CH4_t2 + 2 * 

EX_H2_t2 - 2 * DI_H2_t2 + 0 * EX_CO_t2 - 0 * DI_CO_t2 + 2 * EX_H2O_t2 - 2 * DI_H2O_t2 - 

0 * D_CO2_t2 = 0; 

AO_NET_t2 + 3 * EX_C3H8O3_t2 - 3 * DI_C3H8O3_t2 + 0 * EX_CH4_t2 - 0 * DI_CH4_t2 + 0 * 

EX_H2_t2 - 0 * DI_H2_t2 + 1 * EX_CO_t2 - 1 * DI_CO_t2 + 1 * EX_H2O_t2 - 1 * DI_H2O_t2 - 

2 * D_CO2_t2 = 0; 

 

@free(AC_NET_t1); 

@free(AH_NET_t1); 

@free(AO_NET_t1); 

@free(AC_NET_t2); 

@free(AH_NET_t2); 

@free(AO_NET_t2); 

D_CO2_t1 > 0; 

EX_H2O_t1 > 0; 

DI_H2O_t1 > 0; 

D_CO2_t2 > 0; 

EX_H2O_t2 > 0; 

DI_H2O_t2 > 0; 
 

EX_C3H8O3_t1 > 0; 

DI_C3H8O3_t1 > 0; 

EX_C3H8O3_t2 > 0; 

DI_C3H8O3_t2 > 0; 

 

 

EX_CO_t1 > 0; 

DI_CO_t1 > 0; 

EX_CO_t2 > 0; 

DI_CO_t2 > 0; 

 

 

EX_H2_t1 > 0; 

DI_H2_t1 > 0; 

EX_H2_t2 > 0; 

DI_H2_t2 > 0; 
 

EX_CH4_t1 > 0; 

DI_CH4_t1 > 0; 

EX_CH4_t2 > 0; 

DI_CH4_t2 > 0; 
 

!overall mass balanced equation; 

!OVR STANDS FOR THE OVERALL EQUATION FOR THE WHOLE EIP for each operation period; 
 

(EX_C3H8O3_t1 + IS_C3H8O3_t1 - DI_C3H8O3_t1) + (IS_CO_t1 + EX_CO_t1 -DI_CO_t1) + (IS_CO2 

_t1 - D_CO2_t1) + (IS_H2_t1 + EX_H2_t1 - H2_DEMAND_t1-DI_H2_t1) + (IS_CH4_t1 + EX_CH4_t1 - 

DI_CH4_t1) + (EX_H2O_t1-DI_H2O_t1) = CH3OH_DEMAND_t1 + C3H8O2_DEMAND_t1 + C3H4O_DEMAND_t1; 

OVR_C3H8O3_t1 = (EX_C3H8O3_t1 + IS_C3H8O3_t1  - DI_C3H8O3_t1); 

OVR_CO_t1 = (IS_CO_t1 + EX_CO_t1 - DI_CO_t1); 

OVR_CO2_t1 = (IS_CO2_t1 - D_CO2_t1); 

OVR_H2_t1 = (IS_H2_t1 + EX_H2_t1 - H2_DEMAND_t1 -DI_H2_t1); 

OVR_CH4_t1 = (IS_CH4_t1 + EX_CH4_t1 -DI_CH4_t1); 

OVR_H2O_t1 = (EX_H2O_t1 -DI_H2O_t1); 

OVR_C3H8O2_t1 = (C3H8O2_DEMAND_t1); 

OVR_C3H40_t1 = C3H4O_DEMAND_t1; 
 

(EX_C3H8O3_t2 + IS_C3H8O3_t2 -DI_C3H8O3_t2) + (IS_CO_t2 + EX_CO_t2 -DI_CO_t2) + (IS_CO2_t2 

- D_CO2_t2) + (IS_H2_t2 + EX_H2_t2 - H2_DEMAND_t2-DI_H2_t2) + (IS_CH4_t2 + EX_CH4_t2 - 
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DI_CH4_t2) + (EX_H2O_t2-DI_H2O_t2) = CH3OH_DEMAND_t2 + C3H8O2_DEMAND_t2 + C3H4O_DEMAND_t2; 

OVR_C3H8O3_t2 = (EX_C3H8O3_t2 + IS_C3H8O3_t2 -DI_C3H8O3_t2); 

OVR_CO_t2 = (IS_CO_t2 + EX_CO_t2 -DI_CO_t2); 

OVR_CO2_t2 = (IS_CO2_t2 - D_CO2_t2); 

OVR_H2_t2 = (IS_H2_t2 + EX_H2_t2 - H2_DEMAND_t2-DI_H2_t2); 

OVR_CH4_t2 = (IS_CH4_t2 + EX_CH4_t2 - DI_CH4_t2); 

OVR_H2O_t2 = (EX_H2O_t2-DI_H2O_t2); 

OVR_C3H8O2_t2 = (C3H8O2_DEMAND_t2); 

OVR_C3H40_t2 = C3H4O_DEMAND_t2; 

 

@FREE(OVR_C3H8O3_t1); 

@FREE(OVR_CO_t1); 

@FREE(OVR_CO2_t1); 

@FREE(OVR_H2_t1); 

@FREE(OVR_CH4_t1); 

@FREE(OVR_H2O_t1); 

@FREE(CH3OH_DEMAND_t1); 

@FREE(H2_DEMAND_t1); 

@FREE(OVR_C3H8O2_t1); 

@FREE(C3H8O2_DEMAND_t1); 
 

@FREE(OVR_C3H8O3_t2); 

@FREE(OVR_CO_t2); 

@FREE(OVR_CO2_t2); 

@FREE(OVR_H2_t2); 

@FREE(OVR_CH4_t2); 

@FREE(OVR_H2O_t2); 

@FREE(CH3OH_DEMAND_t2); 

@FREE(H2_DEMAND_t2); 

@FREE(OVR_C3H8O2_t2); 

@FREE(C3H8O2_DEMAND_t2); 
 

! determine the required reactions to achieve the participating plant demands 

! X STANDS FOR STOICHIOMETRIC COEFFICIENT FOR A SET OF EQUATIONS DETERMINED BY THE EIP AND 

NUMBER OF COMPONENTS PARTICIPATING; 

 

x5_t1 + x8_t1 + x9_t1 = OVR_C3H8O3 

_t1; 

x1_t1 - x3_t1 + x6_t1 - x7_t1 = OVR_CO_t1; 

x2_t1 - x4_t1 - 3*x5_t1 - x6_t1 + x7_t1  = OVR_CO2_t1; 

2*x1_t1 + 3*x2_t1 - 3*x3_t1 - 4*x4_t1 - 7*x5_t1 - x6_t1 + x7_t1 + x8_t1 = OVR_H2_t1; 

-1*x2_t1+ x3_t1 + 2*x4_t1 + 3*x5_t1 + x6_t1 - x7_t1 - x8_t1 - 2*x9_t1 = OVR_H2O_t1; 

x3_t1 + x4_t1    = OVR_CH4_t1; 

x1_t1 + x2_t1 = 

CH3OH_DEMAND_t1; 

x8_t1 = C3H8O2 

_DEMAND_t1; 

x9_t1 = 

C3H4O_DEMAND_t1; 
 

x5_t2 + x8_t2 + x9_t2 = OVR_C3H8O3 

_t2; 

x1_t2 - x3_t2 + x6_t2 - x7_t2 = OVR_CO_t2; 

x2_t2 - x4_t2 - 3*x5_t2 - x6_t2 + x7_t2  = OVR_CO2_t2; 

2*x1_t2 + 3*x2_t2 - 3*x3_t2 - 4*x4_t2 - 7*x5_t2 - x6_t2 + x7_t2 + x8_t2 = OVR_H2_t2; 

-1*x2_t2+ x3_t2 + 2*x4_t2 + 3*x5_t2 + x6_t2 - x7_t2 - x8_t2 - 2*x9_t2 = OVR_H2O_t2; 

x3_t2 + x4_t2    = OVR_CH4_t2; 

x1_t2 + x2_t2 = 

CH3OH_DEMAND_t2; 

x8_t2 = C3H8O2 

_DEMAND_t2; 

x9_t2 = 

C3H4O_DEMAND_t2; 

 
 

x1_t1>0; 

x2_t1>0; 
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x3_t1>0; 

x4_t1>0; 

x5_t1>0; 

x6_t1>0; 

x7_t1> 0; 

x6_t1 + x7_t1 < 1; 

x8_t1>0; 

x9_t1>0; 

 

x1_t2>0; 

x2_t2>0; 

x3_t2>0; 

x4_t2>0; 

x5_t2>0; 

x6_t2>0; 

x7_t2> 0; 

x6_t2 + x7_t2 < 1; 

x8_t2>0; 

x9_t2>0; 

 

!CHOSYN Reactions; 

!chemical species flowrates per each reaction; 

!during t1 operation; 

 
 

F_H2_x1_P1 = 2*x1_t1; 

F_CO_x1_P1 = x1_t1; 

F_CH3OH_x1_P1 = x1_t1 ; 

 

F_H2_x2_P1 = 3*x2_t1; 

F_CO2_x2_P1 = x2_t1; 

F_CH3OH_x2_P1 = x2_t1; 

F_H2O_x2_P1 = x2_t1; 

 

F_CH4_x3_P1 = x3_t1; 

F_H2O_x3_P1 = x3_t1; 

F_H2_x3_P1 = 3*x3_t1; 

F_CO_x3_P1 = x3_t1; 
 

F_CH4_x4_P1 = x4_t1; 

F_H2O_x4_P1 = 2*x4_t1; 

F_H2_x4_P1 = 4*x4_t1; 

F_CO2_x4_P1 = x4_t1; 

 

F_C3H8O3_x5_P1 = x5_t1; 

F_H2O_x5_P1 = 3*x5_t1; 

F_H2_x5_P1 = 7*x5_t1; 

F_CO2_x5_P1 = 3*x5_t1; 

 

F_H2O_x6_P1 = x6_t1; 

F_CO_x6_P1 = x6_t1; 

F_H2_x6_P1 = x6_t1; 

F_CO2_x6_P1 = x6_t1; 
 

F_H2_x7_P1 = x7_t1; 

F_CO2_x7_P1 = x7_t1; 

F_H2O_x7_P1 = x7_t1; 

F_CO_x7_P1    = x7_t1; 

 

F_C3H8O3_x8_P1 = x8_t1; 

F_H2_x8_P1 = x8_t1; 

F_C3H8O2_x8_P1 = x8_t1; 

F_H2O_x8_P1   = x8_t1; 
 

F_C3H8O3_x9_P1 = x9_t1; 

F_H2O_x9_P1 = 2*x9_t1; 

F_C3H4O_x9_P1 = x9_t1; 
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!During t2 operation; 

 

F_H2_x1_P2 = 2*x1_t2; 

F_CO_x1_P2 = x1_t2; 

F_CH3OH_x1_P2 = x1_t2 ; 

 

F_H2_x2_P2 = 3*x2_t2; 

F_CO2_x2_P2 = x2_t2; 

F_CH3OH_x2_P2 = x2_t2; 

F_H2O_x2_P2 = x2_t2; 
 

F_CH4_x3_P2  = x3_t2; 

F_H2O_x3_P2  = x3_t2; 

F_H2_x3_P2 = 3*x3_t2; 

F_CO_x3_P2 = x3_t2; 
 

F_CH4_x4_P2 = x4_t2; 

F_H2O_x4_P2 = 2*x4_t2; 

F_H2_x4_P2 = 4*x4_t2; 

F_CO2_x4_P2 = x4_t2; 

 

F_C3H8O3_x5_P2 = x5_t2; 

F_H2O_x5_P2 = 3*x5_t2; 

F_H2_x5_P2 = 7*x5_t2; 

F_CO2_x5_P2 = 3*x5_t2; 
 

F_H2O_x6_P2 = x6_t2; 

F_CO_x6_P2 = x6_t2; 

F_H2_x6_P2 = x6_t2; 

F_CO2_x6_P2 = x6_t2; 
 

F_H2_x7_P2 = x7_t2; 

F_CO2_x7_P2 = x7_t2; 

F_H2O_x7_P2 = x7_t2; 

F_CO_x7_P2    = x7_t2; 

 

F_C3H8O3_x8_P2 = x8_t2; 

F_H2_x8_P2 = x8_t2; 

F_C3H8O2_x8_P2 = x8_t2; 

F_H2O_x8_P2   = x8_t2; 
 

F_C3H8O3_x9_P2 = x9_t2; 

F_H2O_x9_P2 = 2*x9_t2; 

F_C3H4O_x9_P2 = x9_t2; 

 

!Component Material Balance; 

!during t1 operation; 

F_CO_x1_P1 - F_CO_x3_P1 + F_CO_x6_P1 - F_CO_x7_P1 - IS_CO_t1 - EX_CO_t1 

+ DI_CO_t1 =0; 

F_H2_x1_P1 + F_H2_x2_P1 - F_H2_x3_P1 - F_H2_x4_P1 - F_H2_x5_P1 - F_H2_x6_P1 + 

F_H2_x7_P1 + F_H2_x8_P1 - IS_H2_t1 - EX_H2_t1  + H2_DEMAND_t1 +DI_H2_t1 =0; 

F_CH4_x3_P1 + F_CH4_x4_P1 - IS_CH4_t1 - EX_CH4_t1 +DI_CH4_t1 =0; 

F_C3H8O3_x5_P1 + F_C3H8O3_x8_P1 + F_C3H8O3_x9_P1 - EX_C3H8O3_t1 - IS_C3H8O3_t1 + 

DI_C3H8O3_t1 =0; 
 

F_CH3OH_x1_P1 + F_CH3OH_x2_P1 - CH3OH_DEMAND_t1 =0; 

F_C3H8O2_x8_P1 - C3H8O2_DEMAND_t1 =0; 

F_C3H4O_x9_P1 - C3H4O_DEMAND_t1 =0; 

 

-F_H2O_x2_P1 + F_H2O_x3_P1 + F_H2O_x4_P1 + F_H2O_x5_P1 + F_H2O_x6_P1 - F_H2O_x7_P1 - 

F_H2O_x8_P1 - F_H2O_x9_P1 - EX_H2O_t1 +DI_H2O_t1 =0; 

F_CO2_x2_P1 - F_CO2_x4_P1 - F_CO2_x5_P1 - F_CO2_x6_P1 + F_CO2_x7_P1 - IS_CO2_t1 + D_CO2 

_t1 =0; 

 

 

!during t2 operation; 
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F_CO_x1_P2 - F_CO_x3_P2 + F_CO_x6_P2 - F_CO_x7_P2 - IS_CO_t2 - EX_CO_t2 

+DI_CO_t2 =0;     
F_H2_x1_P2 + F_H2_x2_P2 - F_H2_x3_P2 - F_H2_x4_P2 - F_H2_x5_P2 - F_H2_x6_P2 + 

F_H2_x7_P2 + F_H2_x8_P2 - IS_H2_t2 - EX_H2_t2 + H2_DEMAND_t2+DI_H2_t2 =0; 

F_CH4_x3_P2 + F_CH4_x4_P2 - IS_CH4_t2 - EX_CH4_t2 + DI_CH4_t2 =0; 

F_C3H8O3_x5_P2 + F_C3H8O3_x8_P2 + F_C3H8O3_x9_P2 - EX_C3H8O3_t2 - IS_C3H8O3_t2 +DI_C3H8O3 

_t2 =0; 
 

F_CH3OH_x1_P2 + F_CH3OH_x2_P2 - CH3OH_DEMAND_t2 =0; 

F_C3H8O2_x8_P2 - C3H8O2_DEMAND_t2 =0; 

F_C3H4O_x9_P2 - C3H4O_DEMAND_t2 =0; 

 

-F_H2O_x2_P2 + F_H2O_x3_P2 + F_H2O_x4_P2 + F_H2O_x5_P2 + F_H2O_x6_P2 - F_H2O_x7_P2 - 

F_H2O_x8_P2 - F_H2O_x9_P2 - EX_H2O_t2+DI_H2O_t2 =0; 

F_CO2_x2_P2 - F_CO2_x4_P2 - F_CO2_x5_P2 - F_CO2_x6_P2 + F_CO2_x7_P2 - IS_CO2_t2 + D_CO2 

_t2 =0; 

 

 

!Cost analysis; 

!COST CALCULATIONS in $/kg for purchased and sold chemical species; 

COST_C3H8O3_t1 = EX_C3H8O3_t1 * 115 ; 

COST_CH4_t1 = EX_CH4_t1 * 116 ; 

COST_H2_t1 = EX_H2_t1 * 50  ; 

COST_CO_t1 = EX_CO_t1 * 120 ; 

PROFIT_CH3OH_t1 = CH3OH_DEMAND_t1 * 35 ; 

PROFIT_C3H8O2_t1 = C3H8O2_DEMAND_t1 * 380 ; 

PROFIT_C3H40_t1 = C3H4O_DEMAND_t1 * 168 ; 

 

COST_C3H8O3_t2 = EX_C3H8O3_t2 * 115 ; 

COST_CH4_t2 = EX_CH4_t2 * 116 ; 

COST_H2_t2 = EX_H2_t2 * 3  ; 

COST_CO_t2 = EX_CO_t2 * 120 ; 

PROFIT_CH3OH_t2 = CH3OH_DEMAND_t2 * 35  ; 

PROFIT_C3H8O2_t2 = C3H8O2_DEMAND_t2 * 380 ; 

PROFIT_C3H40_t2 = C3H4O_DEMAND_t2 * 168 ; 

 

 

!Capital cost calculations using factorial method; 

EQUIP_cost_1 = (0.31 * (x1_t1*I1) * 32) + (2.31 * x1_t2*(1-I1) * 32) ; 

EQUIP_cost_2 = (0.49 * (x2_t1*I2) * 32) + (3.4 * x2_t2*(1-I2) * 32) ; 

EQUIP_cost_3 = (0.29 * (x3_t1*I3) * 3)+ (2.33 * x3_t2*(1-I3) * 3) ; 

EQUIP_cost_4 = (0.29 * (x4_t1*I4) * 4)+ (2.33 * x4_t2*(1-I4) * 4) ; 

EQUIP_cost_5 = (0.66 * (x5_t1*I5) * 7)+ (4.64 * x5_t2*(1-I5) * 7)  ; 

EQUIP_cost_6 = (0.1 * (x6_t1*I6))  + (0.1 * x6_t2*(1-I6) )  ; 

EQUIP_cost_7 = (0.1 * (x7_t1*I7) * 28) + (0.1 * x7_t2*(1-I7) * 28) ; 

EQUIP_cost_8 = (0.28 * (x8_t1*I8) * 76)+ (2.13 * x8_t2*(1-I8) * 76)  ; 

EQUIP_cost_9 = (0.21 * (x9_t1*I9) * 56) + (1.52 * x9_t2*(1-I9) * 56)  ; 

 

 

PPC_1 = 3.32*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.32*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.32* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 

 

PPC_4 = 3.32* EQUIP_cost_4; 
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IPC_4 = 0.45*  PPC_4; 

Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 
 

PPC_5 = 3.32* EQUIP_cost_5; 

IPC_5 = 0.45* PPC_5; 
Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.32* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.32* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.32* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.32* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

 

Total_capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 
 

x1_t1 > x1_t2*I1; 

x1_t1*(1-I1) < x1_t2; 

x2_t1 > x2_t2*I2; 

x2_t1*(1-I2) < x2_t2; 

x3_t1 > x3_t2*I3; 

x3_t1*(1-I3) < x3_t2; 

x4_t1 > x4_t2*I4; 

x4_t1*(1-I4) < x4_t2; 

x5_t1 > x5_t2*I5; 

x5_t1*(1-I5) < x5_t2; 

x6_t1 > x6_t2*I6; 

x6_t1*(1-I6) < x6_t2; 

x7_t1 > x7_t2*I7; 

x7_t1*(1-I7) < x7_t2; 

x8_t1 > x8_t2*I8; 

x8_t1*(1-I8) < x8_t2; 

x9_t1 > x9_t2*I9; 

x9_t1*(1-I9) < x9_t2; 

@bin (I1); 

@bin (I2); 

@bin (I3); 

@bin (I4); 

@bin (I5); 

@bin (I6); 

@bin (I7); 

@bin (I8); 

@bin (I9); 
 

!production cost calculations for each operation period; 

Production_cost_1_t1 = 19.52 * x1_t1 ; 

Production_cost_2_t1 = 32.32 * x2_t1 ; 

Production_cost_3_t1 = 1.98 * x3_t1 ; 
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Production_cost_4_t1 = 2.64 * x4_t1 ; 

Production_cost_5_t1 = 18.2 * x5_t1 ; 

Production_cost_6_t1 = 0.1 * x6_t1 ; 

Production_cost_7_t1 = 2.8 * x7_t1 ; 

Production_cost_8_t1 = 64.6 * x8_t1 ; 

Production_cost_9_t1 = 23.52 * x9_t1 ; 

production_cost_t1 = 0.7*( Production_cost_1_t1 + Production_cost_2_t1 + Production_cost_3 

_t1 + Production_cost_4_t1 + Production_cost_5_t1 + Production_cost_6_t1 + 

Production_cost_7_t1 + Production_cost_8_t1 +Production_cost_9_t1); 

 

Production_cost_1_t2 = 19.52 * x1_t2 ; 

Production_cost_2_t2 = 32.32 * x2_t2 ; 

Production_cost_3_t2 = 1.98 * x3_t2 ; 

Production_cost_4_t2 = 2.64 * x4_t2 ; 

Production_cost_5_t2 = 18.2 * x5_t2 ; 

Production_cost_6_t2 = 0.1 * x6_t2 ; 

Production_cost_7_t2 = 2.8 * x7_t2 ; 

Production_cost_8_t2 = 64.6 * x8_t2 ; 

Production_cost_9_t2 = 23.52 * x9_t2 ; 

production_cost_t2 = 0.3*( Production_cost_1_t2 + Production_cost_2_t2 + Production_cost_3 

_t2 + Production_cost_4_t2 + Production_cost_5_t2 + Production_cost_6_t2 + 

Production_cost_7_t2 + Production_cost_8_t2 +Production_cost_9_t2); 

 

 

!sales, ROI calculations; 

AFC = 0.1* Total_capital_cost; 

sales_t1 = (PROFIT_CH3OH_t1 + PROFIT_C3H8O2_t1 + PROFIT_C3H40_t1 - COST_C3H8O3_t1 - 

COST_CH4_t1 - COST_H2_t1 - (COST_CO_t1))*0.5; 

sales_t2 = (PROFIT_CH3OH_t2 + PROFIT_C3H8O2_t2 + PROFIT_C3H40_t2 - COST_C3H8O3_t2 - 

COST_CH4_t2 - COST_H2_t2 - COST_CO_t2)*0.5; 

sales = ((sales_t1 + sales_t2 -(production_cost_t1 + production_cost_t2 + AFC))*(1-0.25)) 

+ AFC ; 

ROI = ( sales/ Total_Capital_cost) * 100 ;  

!Min = D_CO2_t1 + D_CO2_t2; 

!Min = DI_H2O_t1 + DI_H2O_t2; 

ROI > 18; 

!Max = ROI; 

Total_production_cost_t1 = production_cost_t1 * 24 * 300 ; 

Total_production_cost_t2 = production_cost_t2 * 24 * 300 ; 

Annual_sales = sales * 24 * 300; 

Capital = Total_capital_cost * 24 * 300; 
 

!SASWROIM = Annual_sales * (1 + ((0.1*((2990- D_CO2)/(2990-0))) + (0.1*((-4000 - EX_H2O)/ 
(-4000-0))) + (0.1*((35 - Total_PSI)/(35-2)))))/Total_Capital_cost; 

!Max = Annual_sales; 

!Min = Total_PSI; 

!Min = EX_C3H8O3 + EX_CH4; 

!min = Total_capital_cost; 

!EX_H2 < -3000; 

 

!Objective function; 

Max = Annual_sales; 

 

@FREE(COST_C3H8O3_t1); 

@FREE(PROFIT_CH3OH_t1); 

@FREE(COST_CH4_t1); 

@FREE( COST_H2_t1) ; 

@FREE( COST_CO_t1) ; 

D_CO2_t1 > 0; 

@FREE(COST_C3H8O3_t2); 

@FREE(PROFIT_CH3OH_t2); 

@FREE(COST_CH4_t2); 

@FREE( COST_H2_t2) ; 

@FREE( COST_CO_t2) ; 

D_CO2_t2 > 0;
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Appendix 3(b): LINGO mathematical modeling codes for scenario 2  

 

!objective function maximum return on investment; 

!Available internal sources for each operation period; 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP; 

! Calculation of number of CHO atoms in internal streams; 

IS_CO_t1         = 930; 

IS_CO2_t1        = 3990; 

IS_H2_t1         = 10000; 

IS_CH4_t1        = 500 ; 

IS_C3H8O3_t1     = 1500; 

AC_SRC_t1 = IS_CO_t1 * 1 + IS_CO2_t1 * 1 + IS_CH4_t1 * 1 + IS_C3H8O3_t1 * 3; 

AH_SRC_t1  = IS_H2_t1 * 2 + IS_CH4_t1 * 4 + IS_C3H8O3_t1 * 8; 

AO_SRC_t1  = IS_CO_t1 * 1 + IS_CO2_t1 * 2 + IS_C3H8O3_t1 * 3; 

 

IS_CO_t2         = 530; 

IS_CO2_t2        = 2000; 

IS_H2_t2         = 15000; 

IS_CH4_t2        = 2000; 

IS_C3H8O3_t2     = 4000; 

AC_SRC_t2 = IS_CO_t2 * 1 + IS_CO2_t2 * 1 + IS_CH4_t2 * 1 + IS_C3H8O3_t2 * 3; 

AH_SRC_t2  = IS_H2_t2 * 2 + IS_CH4_t2 * 4 + IS_C3H8O3_t2 * 8; 

AO_SRC_t2  = IS_CO_t2 * 1 + IS_CO2_t2 * 2 + IS_C3H8O3_t2 * 3; 

!Required demand by each participating plant for each operation period; 

!DMD STANDS FOR DEMAND BY FACTORIES; 

! Calculation of number of CHO atoms in demand streams; 

 CH3OH_DEMAND_t1 = 10000; 

H2_Demand_t1        = 5000; 

C3H8O2_DEMAND_t1    = 2000; 

C3H4O_DEMAND_t1     = 2000; 

AC_DMD_t1 = CH3OH_DEMAND_t1 * 1 + 3 * C3H8O2_DEMAND_t1 + 3 * 

C3H4O_DEMAND_t1 ; 

AH_DMD_t1 = CH3OH_DEMAND_t1 * 4 + 2 * H2_DEMAND_t1 + 8 * C3H8O2_DEMAND_t1 + 4 * 

C3H4O_DEMAND_t1 ; 

AO_DMD_t1 = CH3OH_DEMAND_t1 * 1 + 2 * C3H8O2_DEMAND_t1 + 1 * 

C3H4O_DEMAND_t1 ; 

 

CH3OH_DEMAND_t2     = 7500; 

H2_Demand_t2        = 11000; 

C3H8O2_DEMAND_t2    = 1000; 

C3H4O_DEMAND_t2     = 1000; 

AC_DMD_t2 = CH3OH_DEMAND_t2 * 1 + 3 * C3H8O2_DEMAND_t2 + 3 * 

C3H4O_DEMAND_t2 ; 

AH_DMD_t2 = CH3OH_DEMAND_t2 * 4 + 2 * H2_DEMAND_t2 + 8 * C3H8O2_DEMAND_t2 + 4 * 

C3H4O_DEMAND_t2 ; 

AO_DMD_t2 = CH3OH_DEMAND_t2 * 1 + 2 * C3H8O2_DEMAND_t2 + 1 * 

C3H4O_DEMAND_t2 ; 

!Atomic balanced equations to determine minimum benchmark for required and discharged 

chemical species; 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL SOURCES AND DEMAND; 

AC_NET_t1 = AC_SRC_t1 - AC_DMD_t1; 

AH_NET_t1 = AH_SRC_t1 - AH_DMD_t1; 

AO_NET_t1 = AO_SRC_t1 - AO_DMD_t1; 

 

AC_NET_t2 = AC_SRC_t2 - AC_DMD_t2; 

AH_NET_t2 = AH_SRC_t2 - AH_DMD_t2; 

AO_NET_t2  = AO_SRC_t2 - AO_DMD_t2; 

!Molecular balanced equations for each operation period to determine required flowrates of 

external sources and discharged chemical species; 

!EX STANDS FOR EXTERNAL SOURCES REQUIRED BY EIP TO ACHIEVE DEMAND REQUESTED BY THE 

FACTORIES; 

AC_NET_t1 + 3 * EX_C3H8O3_t1 + 3 * F_C3H8O3_IFS_t1 - 3 * F_C3H8O3_ITS_t1 - 3 * DI_C3H8O3 

_t1 + 1 * EX_CH4_t1 + 1 * F_CH4_IFS_t1 - 1 * F_CH4_ITS_t1 - 1 * DI_CH4_t1 + 0 * EX_H2_t1 

+ 0 * F_H2_IFS_t1 - 0 * F_H2_ITS_t1 - 0 * DI_H2_t1 + 1 * EX_CO_t1 + 1 * F_CO_IFS_t1 - 1 * 

F_CO_ITS_t1 - 1 * DI_CO_t1 + 0 * EX_H2O_t1 - 0 * DI_H2O_t1 - 1 * D_CO2_t1 = 0; 

AH_NET_t1 + 8 * EX_C3H8O3_t1 + 8 * F_C3H8O3_IFS_t1 - 8 * F_C3H8O3_ITS_t1 - 8 * DI_C3H8O3 
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_t1 + 4 * EX_CH4_t1 + 4 * F_CH4_IFS_t1 - 4 * F_CH4_ITS_t1 - 4 * DI_CH4_t1 + 2 * EX_H2_t1 

+ 2 * F_H2_IFS_t1 - 2 * F_H2_ITS_t1 - 2 * DI_H2_t1 + 0 * EX_CO_t1 + 0 * F_CO_IFS_t1 - 0 * 

F_CO_ITS_t1 - 0 * DI_CO_t1 + 2 * EX_H2O_t1 - 2 * DI_H2O_t1 - 0 * D_CO2_t1 = 0; 

AO_NET_t1 + 3 * EX_C3H8O3_t1 + 3 * F_C3H8O3_IFS_t1 - 3 * F_C3H8O3_ITS_t1 - 3 * DI_C3H8O3 

_t1 + 0 * EX_CH4_t1 + 0 * F_CH4_IFS_t1 - 0 * F_CH4_ITS_t1 - 0 * DI_CH4_t1 + 0 * EX_H2_t1 

+ 0 * F_H2_IFS_t1 - 0 * F_H2_ITS_t1 - 0 * DI_H2_t1 + 1 * EX_CO_t1 + 1 * F_CO_IFS_t1 - 1 * 

F_CO_ITS_t1 - 1 * DI_CO_t1 + 1 * EX_H2O_t1 - 1 * DI_H2O_t1 - 2 * D_CO2_t1 = 0; 

 

AC_NET_t2 + 3 * EX_C3H8O3_t2 + 3 * F_C3H8O3_IFS_t2 - 3 * F_C3H8O3_ITS_t2 - 3 * DI_C3H8O3 

_t2 + 1 * EX_CH4_t2 + 1 * F_CH4_IFS_t2 - 1 * F_CH4_ITS_t2 - 1 * DI_CH4_t2 + 0 * EX_H2_t2 

+ 0 * F_H2_IFS_t2 - 0 * F_H2_ITS_t2 - 0 * DI_H2_t2 + 1 * EX_CO_t2 + 1 * F_CO_IFS_t2 - 1 * 

F_CO_ITS_t2 - 1 * DI_CO_t2 + 0 * EX_H2O_t2 - 0 * DI_H2O_t2 - 1 * D_CO2_t2 = 0; 

AH_NET_t2 + 8 * EX_C3H8O3_t2 + 8 * F_C3H8O3_IFS_t2 - 8 * F_C3H8O3_ITS_t2 - 8 * DI_C3H8O3 

_t2 + 4 * EX_CH4_t2 + 4 * F_CH4_IFS_t2 - 4 * F_CH4_ITS_t2 - 4 * DI_CH4_t2 + 2 * EX_H2_t2 

+ 2 * F_H2_IFS_t2 - 2 * F_H2_ITS_t2 - 2 * DI_H2_t2 + 0 * EX_CO_t2 + 0 * F_CO_IFS_t2 - 0 * 

F_CO_ITS_t2 - 0 * DI_CO_t2 + 2 * EX_H2O_t2 - 2 * DI_H2O_t2 - 0 * D_CO2_t2 = 0; 

AO_NET_t2 + 3 * EX_C3H8O3_t2 + 3 * F_C3H8O3_IFS_t2 - 3 * F_C3H8O3_ITS_t2 - 3 * DI_C3H8O3 

_t2 + 0 * EX_CH4_t2 + 0 * F_CH4_IFS_t2 - 0 * F_CH4_ITS_t2 - 0 * DI_CH4_t2 + 0 * EX_H2_t2 

+ 0 * F_H2_IFS_t2 - 0 * F_H2_ITS_t2 - 0 * DI_H2_t2 + 1 * EX_CO_t2 + 1 * F_CO_IFS_t2 - 1 * 

F_CO_ITS_t2 - 1 * DI_CO_t2 + 1 * EX_H2O_t2 - 1 * DI_H2O_t2 - 2 * D_CO2_t2 = 0; 

 

@free(AC_NET_t1); 

@free(AH_NET_t1); 

@free(AO_NET_t1); 

@free(AC_NET_t2); 

@free(AH_NET_t2); 

@free(AO_NET_t2); 

D_CO2_t1 > 0; 

EX_H2O_t1 > 0; 

DI_H2O_t1 > 0; 

D_CO2_t2 > 0; 

EX_H2O_t2 > 0; 

DI_H2O_t2 > 0; 
 

EX_C3H8O3_t1 > 0; 

DI_C3H8O3_t1 > 0; 

F_C3H8O3_IFS_t1 > 0; 

F_C3H8O3_ITS_t1 > 0; 

EX_C3H8O3_t2 > 0; 

DI_C3H8O3_t2 > 0; 

F_C3H8O3_IFS_t2 > 0; 

F_C3H8O3_ITS_t2 > 0; 
 

EX_CO_t1 > 0; 

DI_CO_t1 > 0; 

F_CO_IFS_t1 > 0; 

F_CO_ITS_t1 > 0; 

EX_CO_t2 > 0; 

DI_CO_t2 > 0; 

F_CO_IFS_t2 > 0; 

F_CO_ITS_t2 > 0; 
 

EX_H2_t1 > 0; 

DI_H2_t1 > 0; 

F_H2_IFS_t1 > 0; 

F_H2_ITS_t1 > 0; 

EX_H2_t2 > 0; 

DI_H2_t2 > 0; 

F_H2_IFS_t2 > 0; 

F_H2_ITS_t2 > 0; 
 

EX_CH4_t1 > 0; 

DI_CH4_t1 > 0; 

F_CH4_IFS_t1 > 0; 

F_CH4_ITS_t1 > 0; 

EX_CH4_t2 > 0; 

DI_CH4_t2 > 0; 
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F_CH4_IFS_t2 > 0; 

F_CH4_ITS_t2 > 0; 
 

!overall mass balanced equation; 

!OVR STANDS FOR THE OVERALL EQUATION FOR THE WHOLE EIP; 

(EX_C3H8O3_t1 + IS_C3H8O3_t1 + F_C3H8O3_IFS_t1 - F_C3H8O3_ITS_t1 - DI_C3H8O3_t1) + 

(IS_CO_t1 + EX_CO_t1+ F_CO_IFS_t1 - F_CO_ITS_t1 -DI_CO_t1) + (IS_CO2_t1 - D_CO2_t1) + 

(IS_H2_t1 + EX_H2_t1+ F_H2_IFS_t1 - F_H2_ITS_t1 - H2_DEMAND_t1-DI_H2_t1) + (IS_CH4_t1 + 

EX_CH4_t1+ F_CH4_IFS_t1 - F_CH4_ITS_t1 -DI_CH4_t1) + (EX_H2O_t1-DI_H2O_t1) = 

CH3OH_DEMAND_t1 + C3H8O2_DEMAND_t1 + C3H4O_DEMAND_t1; 

OVR_C3H8O3_t1 = (EX_C3H8O3_t1 + IS_C3H8O3_t1 + F_C3H8O3_IFS_t1 - F_C3H8O3_ITS_t1 - 

DI_C3H8O3_t1); 

OVR_CO_t1 = (IS_CO_t1 + EX_CO_t1 + F_CO_IFS_t1 - F_CO_ITS_t1 - DI_CO_t1); 

OVR_CO2_t1 = (IS_CO2_t1 - D_CO2_t1); 

OVR_H2_t1 = (IS_H2_t1 + EX_H2_t1 - H2_DEMAND_t1 + F_H2_IFS_t1 - F_H2_ITS_t1- 

DI_H2_t1); 

OVR_CH4_t1 = (IS_CH4_t1 + EX_CH4_t1 + F_CH4_IFS_t1 - F_CH4_ITS_t1 -DI_CH4_t1); 

OVR_H2O_t1 = (EX_H2O_t1  -DI_H2O_t1); 

OVR_C3H8O2_t1 = (C3H8O2_DEMAND_t1); 

OVR_C3H40_t1 = C3H4O_DEMAND_t1; 

 

(EX_C3H8O3_t2 + IS_C3H8O3_t2+ F_C3H8O3_IFS_t2 - F_C3H8O3_ITS_t2 -DI_C3H8O3_t2) + (IS_CO_t2 

+ EX_CO_t2+ F_CO_IFS_t2 - F_CO_ITS_t2 -DI_CO_t2) + (IS_CO2_t2 - D_CO2_t2) + (IS_H2_t2 + 

EX_H2_t2+ F_H2_IFS_t2 - F_H2_ITS_t2 - H2_DEMAND_t2-DI_H2_t2) + (IS_CH4_t2 + EX_CH4_t2+ 

F_CH4_IFS_t2 - F_CH4_ITS_t2 -DI_CH4_t2) + (EX_H2O_t2-DI_H2O_t2) = CH3OH_DEMAND_t2 + C3H8O2 

_DEMAND_t2 + C3H4O_DEMAND_t2; 

OVR_C3H8O3_t2 = (EX_C3H8O3_t2 + IS_C3H8O3_t2+ F_C3H8O3_IFS_t2 - F_C3H8O3_ITS_t2 - 

DI_C3H8O3_t2); 

OVR_CO_t2 = (IS_CO_t2 + EX_CO_t2+ F_CO_IFS_t2 - F_CO_ITS_t2 -DI_CO_t2); 

OVR_CO2_t2 = (IS_CO2_t2 - D_CO2_t2); 

OVR_H2_t2 = (IS_H2_t2 + EX_H2_t2 + F_H2_IFS_t2 - F_H2_ITS_t2 - H2_DEMAND_t2-DI_H2 

_t2); 

OVR_CH4_t2 = (IS_CH4_t2 + EX_CH4_t2 + F_CH4_IFS_t1 - F_CH4_ITS_t1 -DI_CH4_t2); 

OVR_H2O_t2 = (EX_H2O_t2-DI_H2O_t2); 

OVR_C3H8O2_t2 = (C3H8O2_DEMAND_t2); 

OVR_C3H40_t2 = C3H4O_DEMAND_t2; 

 

@FREE(OVR_C3H8O3_t1); 

@FREE(OVR_CO_t1); 

@FREE(OVR_CO2_t1); 

@FREE(OVR_H2_t1); 

@FREE(OVR_CH4_t1); 

@FREE(OVR_H2O_t1); 

@FREE(CH3OH_DEMAND_t1); 

@FREE(H2_DEMAND_t1); 

@FREE(OVR_C3H8O2_t1); 

@FREE(C3H8O2_DEMAND_t1); 
 

@FREE(OVR_C3H8O3_t2); 

@FREE(OVR_CO_t2); 

@FREE(OVR_CO2_t2); 

@FREE(OVR_H2_t2); 

@FREE(OVR_CH4_t2); 

@FREE(OVR_H2O_t2); 

@FREE(CH3OH_DEMAND_t2); 

@FREE(H2_DEMAND_t2); 

@FREE(OVR_C3H8O2_t2); 

@FREE(C3H8O2_DEMAND_t2); 

 

 

! determine the required reactions to achieve the participating plant demands 

! X STANDS FOR STOICHMETRIC COEFFICIENT FOR A SET OF EQUATIONS DETERMINED BY THE EIP 

AND NUMBER OF COMPONENTS PARTICIPATING; 
 

x5_t1 + x8_t1 + x9_t1  = OVR_C3H8O3 

_t1;      
x1_t1 - x3_t1 + x6_t1 - x7_t1 = OVR_CO_t1; 
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x2_t1 - x4_t1 - 3*x5_t1 - x6_t1 + x7_t1  = OVR_CO2_t1; 

2*x1_t1 + 3*x2_t1 - 3*x3_t1 - 4*x4_t1 - 7*x5_t1 - x6_t1 + x7_t1 + x8_t1 = OVR_H2_t1; 

-1*x2_t1+ x3_t1 + 2*x4_t1 + 3*x5_t1 + x6_t1 - x7_t1 - x8_t1 - 2*x9_t1 = OVR_H2O_t1; 

x3_t1 + x4_t1    = OVR_CH4_t1; 

x1_t1 + x2_t1 = 

CH3OH_DEMAND_t1; 

x8_t1 = C3H8O2 

_DEMAND_t1; 

x9_t1 = 

C3H4O_DEMAND_t1; 
 

x5_t2 + x8_t2 + x9_t2 = OVR_C3H8O3 

_t2; 

x1_t2 - x3_t2 + x6_t2 - x7_t2 = OVR_CO_t2; 

x2_t2 - x4_t2 - 3*x5_t2 - x6_t2 + x7_t2  = OVR_CO2_t2; 

2*x1_t2 + 3*x2_t2 - 3*x3_t2 - 4*x4_t2 - 7*x5_t2 - x6_t2 + x7_t2 + x8_t2 = OVR_H2_t2; 

-1*x2_t2+ x3_t2 + 2*x4_t2 + 3*x5_t2 + x6_t2 - x7_t2 - x8_t2 - 2*x9_t2 = OVR_H2O_t2; 

x3_t2 + x4_t2    = OVR_CH4_t2; 

x1_t2 + x2_t2 = 

CH3OH_DEMAND_t2; 

x8_t2 = C3H8O2 

_DEMAND_t2; 

x9_t2 = 

C3H4O_DEMAND_t2; 

 
 

x1_t1>0; 

x2_t1>0; 

x3_t1>0; 

x4_t1>0; 

x5_t1>0; 

x6_t1>0; 

x7_t1> 0; 

x6_t1 + x7_t1 < 1; 

x8_t1>0; 

x9_t1>0; 

 

x1_t2>0; 

x2_t2>0; 

x3_t2>0; 

x4_t2>0; 

x5_t2>0; 

x6_t2>0; 

x7_t2> 0; 

x6_t2 + x7_t2 < 1; 

x8_t2>0; 

x9_t2>0; 

 

!CHOSYN Reactions; 

!chemical species flowrate per each reaction; 

!during t1 operation; 

 
 

F_H2_x1_P1 = 2*x1_t1; 

F_CO_x1_P1 = x1_t1; 

F_CH3OH_x1_P1 = x1_t1 ; 

 

F_H2_x2_P1 = 3*x2_t1; 

F_CO2_x2_P1 = x2_t1; 

F_CH3OH_x2_P1 = x2_t1; 

F_H2O_x2_P1 = x2_t1; 
 

F_CH4_x3_P1 = x3_t1; 

F_H2O_x3_P1 = x3_t1; 

F_H2_x3_P1 = 3*x3_t1; 

F_CO_x3_P1 = x3_t1; 
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F_CH4_x4_P1 = x4_t1; 

F_H2O_x4_P1 = 2*x4_t1; 

F_H2_x4_P1 = 4*x4_t1; 

F_CO2_x4_P1 = x4_t1; 
 

F_C3H8O3_x5_P1 = x5_t1; 

F_H2O_x5_P1 = 3*x5_t1; 

F_H2_x5_P1 = 7*x5_t1; 

F_CO2_x5_P1 = 3*x5_t1; 

 

F_H2O_x6_P1 = x6_t1; 

F_CO_x6_P1 = x6_t1; 

F_H2_x6_P1 = x6_t1; 

F_CO2_x6_P1 = x6_t1; 
 

F_H2_x7_P1 = x7_t1; 

F_CO2_x7_P1 = x7_t1; 

F_H2O_x7_P1 = x7_t1; 

F_CO_x7_P1    = x7_t1; 
 

F_C3H8O3_x8_P1 = x8_t1; 

F_H2_x8_P1 = x8_t1; 

F_C3H8O2_x8_P1 = x8_t1; 

F_H2O_x8_P1   = x8_t1; 

 

F_C3H8O3_x9_P1 = x9_t1; 

F_H2O_x9_P1 = 2*x9_t1; 

F_C3H4O_x9_P1 = x9_t1; 

 

!During t2 operation; 

 

F_H2_x1_P2 = 2*x1_t2; 

F_CO_x1_P2 = x1_t2; 

F_CH3OH_x1_P2 = x1_t2 ; 
 

F_H2_x2_P2 = 3*x2_t2; 

F_CO2_x2_P2 = x2_t2; 

F_CH3OH_x2_P2 = x2_t2; 

F_H2O_x2_P2 = x2_t2; 

 

F_CH4_x3_P2  = x3_t2; 

F_H2O_x3_P2  = x3_t2; 

F_H2_x3_P2 = 3*x3_t2; 

F_CO_x3_P2 = x3_t2; 
 

F_CH4_x4_P2 = x4_t2; 

F_H2O_x4_P2 = 2*x4_t2; 

F_H2_x4_P2 = 4*x4_t2; 

F_CO2_x4_P2 = x4_t2; 
 

F_C3H8O3_x5_P2 = x5_t2; 

F_H2O_x5_P2 = 3*x5_t2; 

F_H2_x5_P2 = 7*x5_t2; 

F_CO2_x5_P2 = 3*x5_t2; 

 

F_H2O_x6_P2 = x6_t2; 

F_CO_x6_P2 = x6_t2; 

F_H2_x6_P2 = x6_t2; 

F_CO2_x6_P2 = x6_t2; 
 

F_H2_x7_P2 = x7_t2; 

F_CO2_x7_P2 = x7_t2; 

F_H2O_x7_P2 = x7_t2; 

F_CO_x7_P2    = x7_t2; 
 

F_C3H8O3_x8_P2 = x8_t2; 

F_H2_x8_P2 = x8_t2; 
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F_C3H8O2_x8_P2 = x8_t2; 

F_H2O_x8_P2 = x8_t2; 
 

F_C3H8O3_x9_P2 = x9_t2; 

F_H2O_x9_P2 = 2*x9_t2; 

F_C3H4O_x9_P2 = x9_t2; 

 

!Component Material Balance; 

!during t1 operation; 

F_CO_x1_P1 - F_CO_x3_P1  + F_CO_x6_P1 - F_CO_x7_P1 - IS_CO_t1 - EX_CO_t1 - 

F_CO_IFS_t1 + F_CO_ITS_t1 + DI_CO_t1 =0; 

F_H2_x1_P1 + F_H2_x2_P1 - F_H2_x3_P1 - F_H2_x4_P1 - F_H2_x5_P1 - F_H2_x6_P1 + 

F_H2_x7_P1 + F_H2_x8_P1 - IS_H2_t1 - EX_H2_t1  + H2_DEMAND_t1 - F_H2_IFS_t1 + F_H2 

_ITS_t1+DI_H2_t1 =0; 

F_CH4_x3_P1 + F_CH4_x4_P1 - IS_CH4_t1 - EX_CH4_t1 - F_CH4_IFS_t1 + F_CH4_ITS_t1 

+DI_CH4_t1 =0; 

F_C3H8O3_x5_P1 + F_C3H8O3_x8_P1 + F_C3H8O3_x9_P1 - EX_C3H8O3_t1 - IS_C3H8O3_t1 - F_C3H8O3 

_IFS_t1 + F_C3H8O3_ITS_t1 + DI_C3H8O3_t1 =0; 
 

F_CH3OH_x1_P1 + F_CH3OH_x2_P1 - CH3OH_DEMAND_t1 =0; 

F_C3H8O2_x8_P1 - C3H8O2_DEMAND_t1 =0; 

F_C3H4O_x9_P1 - C3H4O_DEMAND_t1 =0; 

 

-F_H2O_x2_P1 + F_H2O_x3_P1 + F_H2O_x4_P1 + F_H2O_x5_P1 + F_H2O_x6_P1 - F_H2O_x7_P1 - 

F_H2O_x8_P1 - F_H2O_x9_P1 - EX_H2O_t1 +DI_H2O_t1 =0; 

F_CO2_x2_P1 - F_CO2_x4_P1 - F_CO2_x5_P1 - F_CO2_x6_P1 + F_CO2_x7_P1 - IS_CO2_t1 + D_CO2 

_t1 =0; 

 

 

!during t2 operation; 

F_CO_x1_P2 - F_CO_x3_P2 + F_CO_x6_P2 - F_CO_x7_P2 - IS_CO_t2 - EX_CO_t2- 

F_CO_IFS_t2 + F_CO_ITS_t2 +DI_CO_t2 =0; 

F_H2_x1_P2 + F_H2_x2_P2 - F_H2_x3_P2 - F_H2_x4_P2 - F_H2_x5_P2 - F_H2_x6_P2 + 

F_H2_x7_P2 + F_H2_x8_P2 - IS_H2_t2 - EX_H2_t2 - F_H2_IFS_t2 + F_H2_ITS_t2 + H2 

_DEMAND_t2+DI_H2_t2 =0; 

F_CH4_x3_P2 + F_CH4_x4_P2 - IS_CH4_t2 - EX_CH4_t2 - F_CH4_IFS_t1 + F_CH4_ITS_t1 + 

DI_CH4_t2 =0; 

F_C3H8O3_x5_P2 + F_C3H8O3_x8_P2 + F_C3H8O3_x9_P2 - EX_C3H8O3_t2 - IS_C3H8O3_t2 - F_C3H8O3 

_IFS_t2 + F_C3H8O3_ITS_t2 +DI_C3H8O3_t2 =0; 
 

F_CH3OH_x1_P2 + F_CH3OH_x2_P2 - CH3OH_DEMAND_t2 =0; 

F_C3H8O2_x8_P2 - C3H8O2_DEMAND_t2 =0; 

F_C3H4O_x9_P2 - C3H4O_DEMAND_t2 =0; 

 

-F_H2O_x2_P2 + F_H2O_x3_P2 + F_H2O_x4_P2 + F_H2O_x5_P2 + F_H2O_x6_P2 - F_H2O_x7_P2 - 

F_H2O_x8_P2 - F_H2O_x9_P2 - EX_H2O_t2+DI_H2O_t2 =0; 

F_CO2_x2_P2 - F_CO2_x4_P2 - F_CO2_x5_P2 - F_CO2_x6_P2 + F_CO2_x7_P2 - IS_CO2_t2 + D_CO2 

_t2 =0; 

 

 

!Storage and dispatch system mass balanced equation; 

!CO; 

F_CO_I_storege = F_CO_ITS_t1 + F_CO_ITS_t2 - F_CO_IFS_t1 - F_CO_IFS_t2 ; 

!F_CO_ITS_t1 < 2000; 

!F_CO_ITS_t2 < 2000; 

F_CO_ITS_t1 = F_CO_IFS_t2 ; 

F_CO_ITS_t2 = F_CO_IFS_t1 ; 

 

!F_CO_I_storege_t1 = F_CO_ITS_t1 ; 

!F_CO_I_storege_t2 = F_CO_ITS_t1 + F_CO_ITS_t2 - F_CO_IFS_t2 ; 

!F_CO_I_storege_t3 = F_CO_ITS_t1 + F_CO_ITS_t2 - F_CO_IFS_t2 - F_CO_IFS_t3 ; 

 

 

!H2; 

F_H2_I_storege = F_H2_ITS_t1 + F_H2_ITS_t2 - F_H2_IFS_t1 - F_H2_IFS_t2 ; 
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!F_H2_ITS_t1 < 2000; 

!F_H2_ITS_t2 < 2000; 

F_H2_ITS_t1 = F_H2_IFS_t2 ; 

F_H2_ITS_t2 = F_H2_IFS_t1; 

!Ch4; 

F_CH4_I_storege = F_CH4_ITS_t1 + F_CH4_ITS_t2 - F_CH4_IFS_t1 - F_CH4_IFS_t2 ; 

!C3h8o3; 

F_C3h8o3_I_storege = F_C3H8O3_ITS_t1 + F_C3H8O3_ITS_t2 - F_C3H8O3_IFS_t1 - F_C3H8O3 

_IFS_t2 ; 

!F_C3H8O3_ITS_t1 < 1000; 

!F_C3H8O3_ITS_t2 < 1000; 

F_C3H8O3_ITS_t1 = F_C3H8O3_IFS_t2; 

F_C3H8O3_ITS_t2 = F_C3H8O3_IFS_t1 ; 

 

 

!Cost analysis; 

 

!COST CALCULATIONS in $/kg for purchased and sold chemical species; 

COST_C3H8O3_t1 = EX_C3H8O3_t1 * 115 ; 

COST_CH4_t1 = EX_CH4_t1 * 115.84 ; 

COST_H2_t1 = EX_H2_t1 * 3  ; 

COST_CO_t1 = EX_CO_t1 * 120 ; 

PROFIT_CH3OH_t1 = CH3OH_DEMAND_t1 * 35 ; 

PROFIT_C3H8O2_t1 = C3H8O2_DEMAND_t1 * 380 ; 

PROFIT_C3H40_t1 = C3H4O_DEMAND_t1 * 168 ; 

 

COST_C3H8O3_t2 = EX_C3H8O3_t2 * 115.2 ; 

COST_CH4_t2 = EX_CH4_t2 * 115.84 ; 

COST_H2_t2 = EX_H2_t2 * 3.1   ; 

COST_CO_t2 = EX_CO_t2 * 120 ; 

PROFIT_CH3OH_t2 = CH3OH_DEMAND_t2 * 35  ; 

PROFIT_C3H8O2_t2 = C3H8O2_DEMAND_t2 * 380 ; 

PROFIT_C3H40_t2 = C3H4O_DEMAND_t2 * 168 ; 

 

 

!Capital cost calculations using factorial method; 

EQUIP_cost_1 = (0.31 * (x1_t1*I1) * 32) + (2.31 * x1_t2*(1-I1) * 32)  ; 

EQUIP_cost_2 = (0.49 * (x2_t1*I2) * 32) + (3.4 * x2_t2*(1-I2) * 32) ; 

EQUIP_cost_3 = (0.29 * (x3_t1*I3) * 3)+ (2.33 * x3_t2*(1-I3) * 3) ; 

EQUIP_cost_4 = (0.29 * (x4_t1*I4) * 4)+ (2.33 * x4_t2*(1-I4) * 4) ; 

EQUIP_cost_5 = (0.66 * (x5_t1*I5) * 7)+ (4.64 * x5_t2*(1-I5) * 7)  ; 

EQUIP_cost_6 = (0.1 * (x6_t1*I6))  + (0.1 * x6_t2*(1-I6) )  ; 

EQUIP_cost_7 = (0.1 * (x7_t1*I7) * 28) + (0.1 * x7_t2*(1-I7) * 28) ; 

EQUIP_cost_8 = (0.28 * (x8_t1*I8) * 76)+ (2.13 * x8_t2*(1-I8) * 76)  ; 

EQUIP_cost_9 = (0.21 * (x9_t1*I9) * 56) + (1.52 * x9_t2*(1-I9) * 56)  ; 

 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 

 

PPC_5 = 3.47* EQUIP_cost_5; 
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IPC_5 = 0.45*  PPC_5; 

Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 
 

x1_t1 > x1_t2*I1; 

x1_t1*(1-I1) < x1_t2; 

x2_t1 > x2_t2*I2; 

x2_t1*(1-I2) < x2_t2; 

x3_t1 > x3_t2*I3; 

x3_t1*(1-I3) < x3_t2; 

x4_t1 > x4_t2*I4; 

x4_t1*(1-I4) < x4_t2; 

x5_t1 > x5_t2*I5; 

x5_t1*(1-I5) < x5_t2; 

x6_t1 > x6_t2*I6; 

x6_t1*(1-I6) < x6_t2; 

x7_t1 > x7_t2*I7; 

x7_t1*(1-I7) < x7_t2; 

x8_t1 > x8_t2*I8; 

x8_t1*(1-I8) < x8_t2; 

x9_t1 > x9_t2*I9; 

x9_t1*(1-I9) < x9_t2; 

@bin (I1); 

@bin (I2); 

@bin (I3); 

@bin (I4); 

@bin (I5); 

@bin (I6); 

@bin (I7); 

@bin (I8); 

@bin (I9); 
 

!production cost calculations for each operation period; 

Production_cost_1_t1 = 19.52 * x1_t1 ; 

Production_cost_2_t1 = 32.32 * x2_t1 ; 

Production_cost_3_t1 = 1.98 * x3_t1 ; 

Production_cost_4_t1 = 2.64 * x4_t1 ; 

Production_cost_5_t1 = 18.2 * x5_t1 ; 

Production_cost_6_t1 = 0.1 * x6_t1 ; 

Production_cost_7_t1 = 2.8 * x7_t1 ; 

Production_cost_8_t1 = 64.6 * x8_t1 ; 
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Production_cost_9_t1 = 23.52 * x9_t1 ; 

production_cost_t1 = 0.5*( Production_cost_1_t1 + Production_cost_2_t1 + Production_cost_3 

_t1 + Production_cost_4_t1 + Production_cost_5_t1 + Production_cost_6_t1 + 

Production_cost_7_t1 + Production_cost_8_t1 +Production_cost_9_t1); 

 

Production_cost_1_t2 = 19.52 * x1_t2 ; 

Production_cost_2_t2 = 32.32 * x2_t2 ; 

Production_cost_3_t2 = 1.98 * x3_t2 ; 

Production_cost_4_t2 = 2.64 * x4_t2 ; 

Production_cost_5_t2 = 18.2 * x5_t2 ; 

Production_cost_6_t2 = 0.1 * x6_t2 ; 

Production_cost_7_t2 = 2.8 * x7_t2 ; 

Production_cost_8_t2 = 64.6 * x8_t2 ; 

Production_cost_9_t2 = 23.52 * x9_t2 ; 

production_cost_t2 = 0.5*( Production_cost_1_t2 + Production_cost_2_t2 + Production_cost_3 

_t2 + Production_cost_4_t2 + Production_cost_5_t2 + Production_cost_6_t2 + 

Production_cost_7_t2 + Production_cost_8_t2 +Production_cost_9_t2); 

 

!sales, ROI calculations; 

AFC = 0.1* capital_cost; 

sales_t1 = (PROFIT_CH3OH_t1 + PROFIT_C3H8O2_t1 + PROFIT_C3H40_t1 - COST_C3H8O3_t1 - 

COST_CH4_t1 - COST_H2_t1 - (COST_CO_t1))*0.5; 

sales_t2 = (PROFIT_CH3OH_t2 + PROFIT_C3H8O2_t2 + PROFIT_C3H40_t2 - COST_C3H8O3_t2 - 

COST_CH4_t2 - COST_H2_t2 - COST_CO_t2)*0.5; 

sales = ((sales_t1 + sales_t2 -(production_cost_t1 + production_cost_t2 + AFC))*(1-0.25)) 

+ AFC ; 

ROI = ( sales/ Capital_cost) * 100 ; 

!Max = Annual_sales; 

!Min = D_CO2_t1 + D_CO2_t2; 

!Min = DI_H2O_t1 + DI_H2O_t2; 

!ROI > 19;  

 

Annual_sales = sales * 24*300; 

!Annual_sales_t2 = sales_t2 * 24*300; 

Total_production_cost_t1 = production_cost_t1 * 24*300; 

Total_production_cost_t2 = production_cost_t2 * 24*300; 

Total_capital_cost = capital_cost * 24 * 300; 

!SASWROIM = Annual_sales * (1 + ((0.1*((2990- D_CO2)/(2990-0))) + (0.1*((-4000 - EX_H2O)/ 
(-4000-0))) + (0.1*((35 - Total_PSI)/(35-2)))))/Total_Capital_cost; 

!Max = Annual_sales; 

!Min = Total_PSI; 

!Min = EX_C3H8O3 + EX_CH4; 

!min = Total_capital_cost; 

!EX_H2 < -3000; 

 

!objective function;  

Max = ROI; 

@FREE(COST_C3H8O3_t1); 

@FREE(PROFIT_CH3OH_t1); 

@FREE(COST_CH4_t1); 

@FREE( COST_H2_t1) ; 

@FREE( COST_CO_t1) ; 

D_CO2_t1 > 0; 

@FREE(COST_C3H8O3_t2); 

@FREE(PROFIT_CH3OH_t2); 

@FREE(COST_CH4_t2); 

@FREE( COST_H2_t2) ; 

@FREE( COST_CO_t2) ; 

D_CO2_t2 > 0; 
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Appendix 3(c): LINGO mathematical modeling codes for scenario 3 

 

!objective function minimum external sources; 

!Available internal sources for each operation period; 

!IS STANDS FOR INTERNAL SOURCES INSIDE EIP; 

! Calculation of number of CHO atoms in internal streams; 

IS_CO_t1         = 930; 

IS_CO2_t1        = 3990; 

IS_H2_t1         = 10000; 

IS_CH4_t1        = 500 ; 

IS_C3H8O3_t1     = 1500; 

AC_SRC_t1 = IS_CO_t1 * 1 + IS_CO2_t1 * 1 + IS_CH4_t1 * 1 + IS_C3H8O3_t1 * 3; 

AH_SRC_t1  = IS_H2_t1 * 2 + IS_CH4_t1 * 4 + IS_C3H8O3_t1 * 8; 

AO_SRC_t1  = IS_CO_t1 * 1 + IS_CO2_t1 * 2 + IS_C3H8O3_t1 * 3; 

 

IS_CO_t2         = 530; 

IS_CO2_t2        = 2000; 

IS_H2_t2         = 15000; 

IS_CH4_t2        = 2000; 

IS_C3H8O3_t2     = 4000; 

AC_SRC_t2 = IS_CO_t2 * 1 + IS_CO2_t2 * 1 + IS_CH4_t2 * 1 + IS_C3H8O3_t2 * 3; 

AH_SRC_t2  = IS_H2_t2 * 2 + IS_CH4_t2 * 4 + IS_C3H8O3_t2 * 8; 

AO_SRC_t2  = IS_CO_t2 * 1 + IS_CO2_t2 * 2 + IS_C3H8O3_t2 * 3; 

!Required demand by each participating plant for each operation period; 

!DMD STANDS FOR DEMAND BY FACTORIES;  

! Calculation of number of CHO atoms in demand streams; 

CH3OH_DEMAND_t1 = 10000; 

H2_Demand_t1        = 5000; 

C3H8O2_DEMAND_t1    = 2000; 

C3H4O_DEMAND_t1     = 2000; 

AC_DMD_t1 = CH3OH_DEMAND_t1 * 1 + 3 * C3H8O2_DEMAND_t1 + 3 * 

C3H4O_DEMAND_t1 ; 

AH_DMD_t1 = CH3OH_DEMAND_t1 * 4 + 2 * H2_DEMAND_t1 + 8 * C3H8O2_DEMAND_t1 + 4 * 

C3H4O_DEMAND_t1 ; 

AO_DMD_t1 = CH3OH_DEMAND_t1 * 1 + 2 * C3H8O2_DEMAND_t1 + 1 * 

C3H4O_DEMAND_t1 ; 

 

CH3OH_DEMAND_t2     = 7500; 

H2_Demand_t2        = 11000; 

C3H8O2_DEMAND_t2    = 1000; 

C3H4O_DEMAND_t2     = 1000; 

AC_DMD_t2 = CH3OH_DEMAND_t2 * 1 + 3 * C3H8O2_DEMAND_t2 + 3 * 

C3H4O_DEMAND_t2 ; 

AH_DMD_t2 = CH3OH_DEMAND_t2 * 4 + 2 * H2_DEMAND_t2 + 8 * C3H8O2_DEMAND_t2 + 4 * 

C3H4O_DEMAND_t2 ; 

AO_DMD_t2 = CH3OH_DEMAND_t2 * 1 + 2 * C3H8O2_DEMAND_t2 + 1 * 

C3H4O_DEMAND_t2 ; 

!Atomic balanced equations to determine minimum benchmark for required and discharged 

chemical species; 

!NET STANDS FOR NET RESULT BETWEEN INTERNAL SOURCES AND DEMAND; 

AC_NET_t1 = AC_SRC_t1 - AC_DMD_t1; 

AH_NET_t1 = AH_SRC_t1 - AH_DMD_t1; 

AO_NET_t1 = AO_SRC_t1 - AO_DMD_t1; 
 

AC_NET_t2 = AC_SRC_t2 - AC_DMD_t2; 

AH_NET_t2 = AH_SRC_t2 - AH_DMD_t2; 

AO_NET_t2  = AO_SRC_t2 - AO_DMD_t2; 
 

!Molecular balanced equations for each operation period to determine required flowrates of 

external sources and discharged chemical species; 

!EX STANDS FOR EXTERNAL SOURCES REQUIRED BY EIP TO ACHIEVE DEMAND REQUESTED BY THE 

FACTORIES; 

AC_NET_t1 + 3 * EX_C3H8O3_t1 + 3 * F_C3H8O3_IFS_t1 - 3 * F_C3H8O3_ITS_t1 - 3 * DI_C3H8O3 

_t1 + 1 * EX_CH4_t1 + 1 * F_CH4_IFS_t1 - 1 * F_CH4_ITS_t1 - 1 * DI_CH4_t1 + 0 * EX_H2_t1 

+ 0 * F_H2_IFS_t1 - 0 * F_H2_ITS_t1 - 0 * DI_H2_t1 + 1 * EX_CO_t1 + 1 * F_CO_IFS_t1 - 1 * 

F_CO_ITS_t1 - 1 * DI_CO_t1 + 0 * EX_H2O_t1 - 0 * DI_H2O_t1 - 1 * D_CO2_t1 = 0; 

AH_NET_t1 + 8 * EX_C3H8O3_t1 + 8 * F_C3H8O3_IFS_t1 - 8 * F_C3H8O3_ITS_t1 - 8 * DI_C3H8O3 
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_t1 + 4 * EX_CH4_t1 + 4 * F_CH4_IFS_t1 - 4 * F_CH4_ITS_t1 - 4 * DI_CH4_t1 + 2 * EX_H2_t1 

+ 2 * F_H2_IFS_t1 - 2 * F_H2_ITS_t1 - 2 * DI_H2_t1 + 0 * EX_CO_t1 + 0 * F_CO_IFS_t1 - 0 * 

F_CO_ITS_t1 - 0 * DI_CO_t1 + 2 * EX_H2O_t1 - 2 * DI_H2O_t1 - 0 * D_CO2_t1 = 0; 

AO_NET_t1 + 3 * EX_C3H8O3_t1 + 3 * F_C3H8O3_IFS_t1 - 3 * F_C3H8O3_ITS_t1 - 3 * DI_C3H8O3 

_t1 + 0 * EX_CH4_t1 + 0 * F_CH4_IFS_t1 - 0 * F_CH4_ITS_t1 - 0 * DI_CH4_t1 + 0 * EX_H2_t1 

+ 0 * F_H2_IFS_t1 - 0 * F_H2_ITS_t1 - 0 * DI_H2_t1 + 1 * EX_CO_t1 + 1 * F_CO_IFS_t1 - 1 * 

F_CO_ITS_t1 - 1 * DI_CO_t1 + 1 * EX_H2O_t1 - 1 * DI_H2O_t1 - 2 * D_CO2_t1 = 0; 

 

AC_NET_t2 + 3 * EX_C3H8O3_t2 + 3 * F_C3H8O3_IFS_t2 - 3 * F_C3H8O3_ITS_t2 - 3 * DI_C3H8O3 

_t2 + 1 * EX_CH4_t2 + 1 * F_CH4_IFS_t2 - 1 * F_CH4_ITS_t2 - 1 * DI_CH4_t2 + 0 * EX_H2_t2 

+ 0 * F_H2_IFS_t2 - 0 * F_H2_ITS_t2 - 0 * DI_H2_t2 + 1 * EX_CO_t2 + 1 * F_CO_IFS_t2 - 1 * 

F_CO_ITS_t2 - 1 * DI_CO_t2 + 0 * EX_H2O_t2 - 0 * DI_H2O_t2 - 1 * D_CO2_t2 = 0; 

AH_NET_t2 + 8 * EX_C3H8O3_t2 + 8 * F_C3H8O3_IFS_t2 - 8 * F_C3H8O3_ITS_t2 - 8 * DI_C3H8O3 

_t2 + 4 * EX_CH4_t2 + 4 * F_CH4_IFS_t2 - 4 * F_CH4_ITS_t2 - 4 * DI_CH4_t2 + 2 * EX_H2_t2 

+ 2 * F_H2_IFS_t2 - 2 * F_H2_ITS_t2 - 2 * DI_H2_t2 + 0 * EX_CO_t2 + 0 * F_CO_IFS_t2 - 0 * 

F_CO_ITS_t2 - 0 * DI_CO_t2 + 2 * EX_H2O_t2 - 2 * DI_H2O_t2 - 0 * D_CO2_t2 = 0; 

AO_NET_t2 + 3 * EX_C3H8O3_t2 + 3 * F_C3H8O3_IFS_t2 - 3 * F_C3H8O3_ITS_t2 - 3 * DI_C3H8O3 

_t2 + 0 * EX_CH4_t2 + 0 * F_CH4_IFS_t2 - 0 * F_CH4_ITS_t2 - 0 * DI_CH4_t2 + 0 * EX_H2_t2 

+ 0 * F_H2_IFS_t2 - 0 * F_H2_ITS_t2 - 0 * DI_H2_t2 + 1 * EX_CO_t2 + 1 * F_CO_IFS_t2 - 1 * 

F_CO_ITS_t2 - 1 * DI_CO_t2 + 1 * EX_H2O_t2 - 1 * DI_H2O_t2 - 2 * D_CO2_t2 = 0; 

 

@free(AC_NET_t1); 

@free(AH_NET_t1); 

@free(AO_NET_t1); 

@free(AC_NET_t2); 

@free(AH_NET_t2); 

@free(AO_NET_t2); 

D_CO2_t1 > 0; 

EX_H2O_t1 > 0; 

DI_H2O_t1 > 0; 

D_CO2_t2 > 0; 

EX_H2O_t2 > 0; 

DI_H2O_t2 > 0; 
 

EX_C3H8O3_t1 > 0; 

DI_C3H8O3_t1 > 0; 

F_C3H8O3_IFS_t1 > 0; 

F_C3H8O3_ITS_t1 > 0; 

EX_C3H8O3_t2 > 0; 

DI_C3H8O3_t2 > 0; 

F_C3H8O3_IFS_t2 > 0; 

F_C3H8O3_ITS_t2 > 0; 
 

EX_CO_t1 > 0; 

DI_CO_t1 > 0; 

F_CO_IFS_t1 > 0; 

F_CO_ITS_t1 > 0; 

EX_CO_t2 > 0; 

DI_CO_t2 > 0; 

F_CO_IFS_t2 > 0; 

F_CO_ITS_t2 > 0; 
 

EX_H2_t1 > 0; 

DI_H2_t1 > 0; 

F_H2_IFS_t1 > 0; 

F_H2_ITS_t1 > 0; 

EX_H2_t2 > 0; 

DI_H2_t2 > 0; 

F_H2_IFS_t2 > 0; 

F_H2_ITS_t2 > 0; 
 

EX_CH4_t1 > 0; 

DI_CH4_t1 > 0; 

F_CH4_IFS_t1 > 0; 

F_CH4_ITS_t1 > 0; 

EX_CH4_t2 > 0; 

DI_CH4_t2 > 0; 
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F_CH4_IFS_t2 > 0; 

F_CH4_ITS_t2 > 0; 
 

!overall mass balanced equation; 

!OVR STANDS FOR THE OVERALL EQUATION FOR THE WHOLE EIP; 

(EX_C3H8O3_t1 + IS_C3H8O3_t1 + F_C3H8O3_IFS_t1 - F_C3H8O3_ITS_t1 - DI_C3H8O3_t1) + 

(IS_CO_t1 + EX_CO_t1+ F_CO_IFS_t1 - F_CO_ITS_t1 -DI_CO_t1) + (IS_CO2_t1 - D_CO2_t1) + 

(IS_H2_t1 + EX_H2_t1+ F_H2_IFS_t1 - F_H2_ITS_t1 - H2_DEMAND_t1-DI_H2_t1) + (IS_CH4_t1 + 

EX_CH4_t1+ F_CH4_IFS_t1 - F_CH4_ITS_t1 -DI_CH4_t1) + (EX_H2O_t1-DI_H2O_t1) = 

CH3OH_DEMAND_t1 + C3H8O2_DEMAND_t1 + C3H4O_DEMAND_t1; 

OVR_C3H8O3_t1 = (EX_C3H8O3_t1 + IS_C3H8O3_t1 + F_C3H8O3_IFS_t1 - F_C3H8O3_ITS_t1 - 

DI_C3H8O3_t1); 

OVR_CO_t1 = (IS_CO_t1 + EX_CO_t1 + F_CO_IFS_t1 - F_CO_ITS_t1 - DI_CO_t1); 

OVR_CO2_t1 = (IS_CO2_t1 - D_CO2_t1); 

OVR_H2_t1 = (IS_H2_t1 + EX_H2_t1 - H2_DEMAND_t1 + F_H2_IFS_t1 - F_H2_ITS_t1- 

DI_H2_t1); 

OVR_CH4_t1 = (IS_CH4_t1 + EX_CH4_t1 + F_CH4_IFS_t1 - F_CH4_ITS_t1 -DI_CH4_t1); 

OVR_H2O_t1 = (EX_H2O_t1  -DI_H2O_t1); 

OVR_C3H8O2_t1 = (C3H8O2_DEMAND_t1); 

OVR_C3H40_t1 = C3H4O_DEMAND_t1; 

 

(EX_C3H8O3_t2 + IS_C3H8O3_t2+ F_C3H8O3_IFS_t2 - F_C3H8O3_ITS_t2 -DI_C3H8O3_t2) + (IS_CO_t2 

+ EX_CO_t2+ F_CO_IFS_t2 - F_CO_ITS_t2 -DI_CO_t2) + (IS_CO2_t2 - D_CO2_t2) + (IS_H2_t2 + 

EX_H2_t2+ F_H2_IFS_t2 - F_H2_ITS_t2 - H2_DEMAND_t2-DI_H2_t2) + (IS_CH4_t2 + EX_CH4_t2+ 

F_CH4_IFS_t2 - F_CH4_ITS_t2 -DI_CH4_t2) + (EX_H2O_t2-DI_H2O_t2) = CH3OH_DEMAND_t2 + C3H8O2 

_DEMAND_t2 + C3H4O_DEMAND_t2; 

OVR_C3H8O3_t2 = (EX_C3H8O3_t2 + IS_C3H8O3_t2+ F_C3H8O3_IFS_t2 - F_C3H8O3_ITS_t2 - 

DI_C3H8O3_t2); 

OVR_CO_t2 = (IS_CO_t2 + EX_CO_t2+ F_CO_IFS_t2 - F_CO_ITS_t2 -DI_CO_t2); 

OVR_CO2_t2 = (IS_CO2_t2 - D_CO2_t2); 

OVR_H2_t2 = (IS_H2_t2 + EX_H2_t2 + F_H2_IFS_t2 - F_H2_ITS_t2 - H2_DEMAND_t2-DI_H2 

_t2); 

OVR_CH4_t2 = (IS_CH4_t2 + EX_CH4_t2 + F_CH4_IFS_t1 - F_CH4_ITS_t1 -DI_CH4_t2); 

OVR_H2O_t2 = (EX_H2O_t2-DI_H2O_t2); 

OVR_C3H8O2_t2 = (C3H8O2_DEMAND_t2); 

OVR_C3H40_t2 = C3H4O_DEMAND_t2; 

 

@FREE(OVR_C3H8O3_t1); 

@FREE(OVR_CO_t1); 

@FREE(OVR_CO2_t1); 

@FREE(OVR_H2_t1); 

@FREE(OVR_CH4_t1); 

@FREE(OVR_H2O_t1); 

@FREE(CH3OH_DEMAND_t1); 

@FREE(H2_DEMAND_t1); 

@FREE(OVR_C3H8O2_t1); 

@FREE(C3H8O2_DEMAND_t1); 
 

@FREE(OVR_C3H8O3_t2); 

@FREE(OVR_CO_t2); 

@FREE(OVR_CO2_t2); 

@FREE(OVR_H2_t2); 

@FREE(OVR_CH4_t2); 

@FREE(OVR_H2O_t2); 

@FREE(CH3OH_DEMAND_t2); 

@FREE(H2_DEMAND_t2); 

@FREE(OVR_C3H8O2_t2); 

@FREE(C3H8O2_DEMAND_t2); 

 

 

! determine the required reactions to achieve the participating plant demands 

! X STANDS FOR STOICHMETRIC COEFFICIENT FOR A SET OF EQUATIONS DETERMINED BY THE EIP 

AND NUMBER OF COMPONENTS PARTICIPATING; 
 

x5_t1 + x8_t1 + x9_t1  = OVR_C3H8O3 

_t1;      
x1_t1 - x3_t1 + x6_t1 - x7_t1 = OVR_CO_t1; 



154 
 

x2_t1 - x4_t1 - 3*x5_t1 - x6_t1 + x7_t1  = OVR_CO2_t1; 

2*x1_t1 + 3*x2_t1 - 3*x3_t1 - 4*x4_t1 - 7*x5_t1 - x6_t1 + x7_t1 + x8_t1 = OVR_H2_t1; 

-1*x2_t1+ x3_t1 + 2*x4_t1 + 3*x5_t1 + x6_t1 - x7_t1 - x8_t1 - 2*x9_t1 = OVR_H2O_t1; 

x3_t1 + x4_t1    = OVR_CH4_t1; 

x1_t1 + x2_t1 = 

CH3OH_DEMAND_t1; 

x8_t1 = C3H8O2 

_DEMAND_t1; 

x9_t1 = 

C3H4O_DEMAND_t1; 
 

x5_t2 + x8_t2 + x9_t2 = OVR_C3H8O3 

_t2; 

x1_t2 - x3_t2 + x6_t2 - x7_t2 = OVR_CO_t2; 

x2_t2 - x4_t2 - 3*x5_t2 - x6_t2 + x7_t2  = OVR_CO2_t2; 

2*x1_t2 + 3*x2_t2 - 3*x3_t2 - 4*x4_t2 - 7*x5_t2 - x6_t2 + x7_t2 + x8_t2 = OVR_H2_t2; 

-1*x2_t2+ x3_t2 + 2*x4_t2 + 3*x5_t2 + x6_t2 - x7_t2 - x8_t2 - 2*x9_t2 = OVR_H2O_t2; 

x3_t2 + x4_t2    = OVR_CH4_t2; 

x1_t2 + x2_t2 = 

CH3OH_DEMAND_t2; 

x8_t2 = C3H8O2 

_DEMAND_t2; 

x9_t2 = 

C3H4O_DEMAND_t2; 

 
 

x1_t1>0; 

x2_t1>0; 

x3_t1>0; 

x4_t1>0; 

x5_t1>0; 

x6_t1>0; 

x7_t1> 0; 

x6_t1 + x7_t1 < 1; 

x8_t1>0; 

x9_t1>0; 

 

x1_t2>0; 

x2_t2>0; 

x3_t2>0; 

x4_t2>0; 

x5_t2>0; 

x6_t2>0; 

x7_t2> 0; 

x6_t2 + x7_t2 < 1; 

x8_t2>0; 

x9_t2>0; 

 

!CHOSYN Reactions; 

!chemical species flowrate per each reaction; 

!during t1 operation; 

 
 

F_H2_x1_P1 = 2*x1_t1; 

F_CO_x1_P1 = x1_t1; 

F_CH3OH_x1_P1 = x1_t1 ; 

 

F_H2_x2_P1 = 3*x2_t1; 

F_CO2_x2_P1 = x2_t1; 

F_CH3OH_x2_P1 = x2_t1; 

F_H2O_x2_P1 = x2_t1; 
 

F_CH4_x3_P1 = x3_t1; 

F_H2O_x3_P1 = x3_t1; 

F_H2_x3_P1 = 3*x3_t1; 

F_CO_x3_P1 = x3_t1; 
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F_CH4_x4_P1 = x4_t1; 

F_H2O_x4_P1 = 2*x4_t1; 

F_H2_x4_P1 = 4*x4_t1; 

F_CO2_x4_P1 = x4_t1; 
 

F_C3H8O3_x5_P1 = x5_t1; 

F_H2O_x5_P1 = 3*x5_t1; 

F_H2_x5_P1 = 7*x5_t1; 

F_CO2_x5_P1 = 3*x5_t1; 
 

F_H2O_x6_P1 = x6_t1; 

F_CO_x6_P1 = x6_t1; 

F_H2_x6_P1 = x6_t1; 

F_CO2_x6_P1 = x6_t1; 

 

F_H2_x7_P1 = x7_t1; 

F_CO2_x7_P1 = x7_t1; 

F_H2O_x7_P1 = x7_t1; 

F_CO_x7_P1    = x7_t1; 
 

F_C3H8O3_x8_P1 = x8_t1; 

F_H2_x8_P1 = x8_t1; 

F_C3H8O2_x8_P1 = x8_t1; 

F_H2O_x8_P1   = x8_t1; 
 

F_C3H8O3_x9_P1 = x9_t1; 

F_H2O_x9_P1 = 2*x9_t1; 

F_C3H4O_x9_P1 = x9_t1; 

 

!During t2 operation; 

 

F_H2_x1_P2 = 2*x1_t2; 

F_CO_x1_P2 = x1_t2; 

F_CH3OH_x1_P2 = x1_t2 ; 
 

F_H2_x2_P2 = 3*x2_t2; 

F_CO2_x2_P2 = x2_t2; 

F_CH3OH_x2_P2 = x2_t2; 

F_H2O_x2_P2 = x2_t2; 

 

F_CH4_x3_P2  = x3_t2; 

F_H2O_x3_P2  = x3_t2; 

F_H2_x3_P2 = 3*x3_t2; 

F_CO_x3_P2 = x3_t2; 
 

F_CH4_x4_P2 = x4_t2; 

F_H2O_x4_P2 = 2*x4_t2; 

F_H2_x4_P2 = 4*x4_t2; 

F_CO2_x4_P2 = x4_t2; 
 

F_C3H8O3_x5_P2 = x5_t2; 

F_H2O_x5_P2 = 3*x5_t2; 

F_H2_x5_P2 = 7*x5_t2; 

F_CO2_x5_P2 = 3*x5_t2; 
 

F_H2O_x6_P2 = x6_t2; 

F_CO_x6_P2 = x6_t2; 

F_H2_x6_P2 = x6_t2; 

F_CO2_x6_P2 = x6_t2; 
 

F_H2_x7_P2 = x7_t2; 

F_CO2_x7_P2 = x7_t2; 

F_H2O_x7_P2 = x7_t2; 

F_CO_x7_P2    = x7_t2; 
 

F_C3H8O3_x8_P2 = x8_t2; 

F_H2_x8_P2 = x8_t2; 



156 
 

F_C3H8O2_x8_P2 = x8_t2; 

F_H2O_x8_P2 = x8_t2; 

 

F_C3H8O3_x9_P2 = x9_t2; 

F_H2O_x9_P2 = 2*x9_t2; 

F_C3H4O_x9_P2 = x9_t2; 

 

!Component Material Balance; 

!during t1 operation; 

F_CO_x1_P1 - F_CO_x3_P1  + F_CO_x6_P1 - F_CO_x7_P1 - IS_CO_t1 - EX_CO_t1 - 

F_CO_IFS_t1 + F_CO_ITS_t1 + DI_CO_t1 =0; 

F_H2_x1_P1 + F_H2_x2_P1 - F_H2_x3_P1 - F_H2_x4_P1 - F_H2_x5_P1 - F_H2_x6_P1 + 

F_H2_x7_P1 + F_H2_x8_P1 - IS_H2_t1 - EX_H2_t1  + H2_DEMAND_t1 - F_H2_IFS_t1 + F_H2 

_ITS_t1+DI_H2_t1 =0; 

F_CH4_x3_P1 + F_CH4_x4_P1 - IS_CH4_t1 - EX_CH4_t1 - F_CH4_IFS_t1 + F_CH4_ITS_t1 

+DI_CH4_t1 =0; 

F_C3H8O3_x5_P1 + F_C3H8O3_x8_P1 + F_C3H8O3_x9_P1 - EX_C3H8O3_t1 - IS_C3H8O3_t1 - F_C3H8O3 

_IFS_t1 + F_C3H8O3_ITS_t1 + DI_C3H8O3_t1 =0; 
 

F_CH3OH_x1_P1 + F_CH3OH_x2_P1 - CH3OH_DEMAND_t1 =0; 

F_C3H8O2_x8_P1 - C3H8O2_DEMAND_t1 =0; 

F_C3H4O_x9_P1 - C3H4O_DEMAND_t1 =0; 

 

-F_H2O_x2_P1 + F_H2O_x3_P1 + F_H2O_x4_P1 + F_H2O_x5_P1 + F_H2O_x6_P1 - F_H2O_x7_P1 - 

F_H2O_x8_P1 - F_H2O_x9_P1 - EX_H2O_t1 +DI_H2O_t1 =0; 

F_CO2_x2_P1 - F_CO2_x4_P1 - F_CO2_x5_P1 - F_CO2_x6_P1 + F_CO2_x7_P1 - IS_CO2_t1 + D_CO2 

_t1 =0; 

 

 

!during t2 operation; 

F_CO_x1_P2 - F_CO_x3_P2 + F_CO_x6_P2 - F_CO_x7_P2 - IS_CO_t2 - EX_CO_t2- 

F_CO_IFS_t2 + F_CO_ITS_t2 +DI_CO_t2 =0; 

F_H2_x1_P2 + F_H2_x2_P2 - F_H2_x3_P2 - F_H2_x4_P2 - F_H2_x5_P2 - F_H2_x6_P2 + 

F_H2_x7_P2 + F_H2_x8_P2 - IS_H2_t2 - EX_H2_t2 - F_H2_IFS_t2 + F_H2_ITS_t2 + H2 

_DEMAND_t2+DI_H2_t2 =0; 

F_CH4_x3_P2 + F_CH4_x4_P2 - IS_CH4_t2 - EX_CH4_t2 - F_CH4_IFS_t1 + F_CH4_ITS_t1 + 

DI_CH4_t2 =0; 

F_C3H8O3_x5_P2 + F_C3H8O3_x8_P2 + F_C3H8O3_x9_P2 - EX_C3H8O3_t2 - IS_C3H8O3_t2 - F_C3H8O3 

_IFS_t2 + F_C3H8O3_ITS_t2 +DI_C3H8O3_t2 =0; 
 

F_CH3OH_x1_P2 + F_CH3OH_x2_P2 - CH3OH_DEMAND_t2 =0; 

F_C3H8O2_x8_P2 - C3H8O2_DEMAND_t2 =0; 

F_C3H4O_x9_P2 - C3H4O_DEMAND_t2 =0; 

 

-F_H2O_x2_P2 + F_H2O_x3_P2 + F_H2O_x4_P2 + F_H2O_x5_P2 + F_H2O_x6_P2 - F_H2O_x7_P2 - 

F_H2O_x8_P2 - F_H2O_x9_P2 - EX_H2O_t2+DI_H2O_t2 =0; 

F_CO2_x2_P2 - F_CO2_x4_P2 - F_CO2_x5_P2 - F_CO2_x6_P2 + F_CO2_x7_P2 - IS_CO2_t2 + D_CO2 

_t2 =0; 

 

 

!Storage and dispatch system mass balanced equation; 

!CO; 

F_CO_I_storege = F_CO_ITS_t1 + F_CO_ITS_t2 - F_CO_IFS_t1 - F_CO_IFS_t2 ; 

!F_CO_ITS_t1 < 2000; 

!F_CO_ITS_t2 < 2000; 

F_CO_ITS_t1 = F_CO_IFS_t2 ; 

F_CO_ITS_t2 = F_CO_IFS_t1 ; 

 

!F_CO_I_storege_t1 = F_CO_ITS_t1 ; 

!F_CO_I_storege_t2 = F_CO_ITS_t1 + F_CO_ITS_t2 - F_CO_IFS_t2 ; 

!F_CO_I_storege_t3 = F_CO_ITS_t1 + F_CO_ITS_t2 - F_CO_IFS_t2 - F_CO_IFS_t3 ; 

 

 

!H2; 

F_H2_I_storege = F_H2_ITS_t1 + F_H2_ITS_t2 - F_H2_IFS_t1 - F_H2_IFS_t2 ; 
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!F_H2_ITS_t1 < 2000; 

!F_H2_ITS_t2 < 2000; 

F_H2_ITS_t1 = F_H2_IFS_t2 ; 

F_H2_ITS_t2 = F_H2_IFS_t1; 

!Ch4; 

F_CH4_I_storege = F_CH4_ITS_t1 + F_CH4_ITS_t2 - F_CH4_IFS_t1 - F_CH4_IFS_t2 ; 

!C3h8o3; 

F_C3h8o3_I_storege = F_C3H8O3_ITS_t1 + F_C3H8O3_ITS_t2 - F_C3H8O3_IFS_t1 - F_C3H8O3 

_IFS_t2 ; 

!F_C3H8O3_ITS_t1 < 1000; 

!F_C3H8O3_ITS_t2 < 1000; 

F_C3H8O3_ITS_t1 = F_C3H8O3_IFS_t2; 

F_C3H8O3_ITS_t2 = F_C3H8O3_IFS_t1 ; 

 

 

!Cost analysis; 

 

!COST CALCULATIONS in $/kg for purchased and sold chemical species; 

COST_C3H8O3_t1 = EX_C3H8O3_t1 * 115 ; 

COST_CH4_t1 = EX_CH4_t1 * 115.84 ; 

COST_H2_t1 = EX_H2_t1 * 3  ; 

COST_CO_t1 = EX_CO_t1 * 120 ; 

PROFIT_CH3OH_t1 = CH3OH_DEMAND_t1 * 35 ; 

PROFIT_C3H8O2_t1 = C3H8O2_DEMAND_t1 * 380 ; 

PROFIT_C3H40_t1 = C3H4O_DEMAND_t1 * 168 ; 

 

COST_C3H8O3_t2 = EX_C3H8O3_t2 * 115.2 ; 

COST_CH4_t2 = EX_CH4_t2 * 115.84 ; 

COST_H2_t2 = EX_H2_t2 * 3.1   ; 

COST_CO_t2 = EX_CO_t2 * 120 ; 

PROFIT_CH3OH_t2 = CH3OH_DEMAND_t2 * 35  ; 

PROFIT_C3H8O2_t2 = C3H8O2_DEMAND_t2 * 380 ; 

PROFIT_C3H40_t2 = C3H4O_DEMAND_t2 * 168 ; 

 

 

!Capital cost calculations using factorial method; 

EQUIP_cost_1 = (0.31 * (x1_t1*I1) * 32) + (2.31 * x1_t2*(1-I1) * 32)  ; 

EQUIP_cost_2 = (0.49 * (x2_t1*I2) * 32) + (3.4 * x2_t2*(1-I2) * 32) ; 

EQUIP_cost_3 = (0.29 * (x3_t1*I3) * 3)+ (2.33 * x3_t2*(1-I3) * 3) ; 

EQUIP_cost_4 = (0.29 * (x4_t1*I4) * 4)+ (2.33 * x4_t2*(1-I4) * 4) ; 

EQUIP_cost_5 = (0.66 * (x5_t1*I5) * 7)+ (4.64 * x5_t2*(1-I5) * 7)  ; 

EQUIP_cost_6 = (0.1 * (x6_t1*I6))  + (0.1 * x6_t2*(1-I6) )  ; 

EQUIP_cost_7 = (0.1 * (x7_t1*I7) * 28) + (0.1 * x7_t2*(1-I7) * 28) ; 

EQUIP_cost_8 = (0.28 * (x8_t1*I8) * 76)+ (2.13 * x8_t2*(1-I8) * 76)  ; 

EQUIP_cost_9 = (0.21 * (x9_t1*I9) * 56) + (1.52 * x9_t2*(1-I9) * 56)  ; 

 

PPC_1 = 3.47*EQUIP_cost_1; 

IPC_1 = 0.45* PPC_1; 

Fixed_cost_1 = PPC_1+IPC_1; 

Capital_cost_1 = Fixed_cost_1*1.18; 
 

PPC_2 = 3.47*EQUIP_cost_2; 

IPC_2 = 0.45* PPC_2; 

Fixed_cost_2 = PPC_2+IPC_2; 

Capital_cost_2 = Fixed_cost_2*1.18; 
 

PPC_3 = 3.47* EQUIP_cost_3; 

IPC_3 = 0.45* PPC_3; 
Fixed_cost_3 =  PPC_3+ IPC_3; 

Capital_cost_3 = Fixed_cost_3*1.18; 
 

PPC_4 = 3.47* EQUIP_cost_4; 

IPC_4 = 0.45* PPC_4; 
Fixed_cost_4 =  PPC_4+ IPC_4; 

Capital_cost_4 = Fixed_cost_4*1.18; 

 

PPC_5 = 3.47* EQUIP_cost_5; 
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IPC_5 = 0.45*  PPC_5; 

Fixed_cost_5 =  PPC_5+ IPC_5; 

Capital_cost_5 = Fixed_cost_5*1.18; 
 

PPC_6 = 3.47* EQUIP_cost_6; 

IPC_6 = 0.45* PPC_6; 
Fixed_cost_6 =  PPC_6+ IPC_6; 

Capital_cost_6 = Fixed_cost_6*1.18; 
 

PPC_7 = 3.47* EQUIP_cost_7; 

IPC_7 = 0.45* PPC_7; 
Fixed_cost_7 =  PPC_7+ IPC_7; 

Capital_cost_7 = Fixed_cost_7*1.18; 

 

PPC_8 = 3.47* EQUIP_cost_8; 

IPC_8 = 0.45* PPC_8; 
Fixed_cost_8 =  PPC_8+ IPC_8; 

Capital_cost_8 = Fixed_cost_8*1.18; 
 

PPC_9 = 3.47* EQUIP_cost_9; 

IPC_9 = 0.45* PPC_9; 
Fixed_cost_9 =  PPC_9+ IPC_9; 

Capital_cost_9 = Fixed_cost_9*1.18; 

 

 

capital_cost = Capital_cost_1 + Capital_cost_2 + Capital_cost_3 + Capital_cost_4 + 

Capital_cost_5 + Capital_cost_6 + Capital_cost_7 + Capital_cost_8 + Capital_cost_9 ; 
 

x1_t1 > x1_t2*I1; 

x1_t1*(1-I1) < x1_t2; 

x2_t1 > x2_t2*I2; 

x2_t1*(1-I2) < x2_t2; 

x3_t1 > x3_t2*I3; 

x3_t1*(1-I3) < x3_t2; 

x4_t1 > x4_t2*I4; 

x4_t1*(1-I4) < x4_t2; 

x5_t1 > x5_t2*I5; 

x5_t1*(1-I5) < x5_t2; 

x6_t1 > x6_t2*I6; 

x6_t1*(1-I6) < x6_t2; 

x7_t1 > x7_t2*I7; 

x7_t1*(1-I7) < x7_t2; 

x8_t1 > x8_t2*I8; 

x8_t1*(1-I8) < x8_t2; 

x9_t1 > x9_t2*I9; 

x9_t1*(1-I9) < x9_t2; 

@bin (I1); 

@bin (I2); 

@bin (I3); 

@bin (I4); 

@bin (I5); 

@bin (I6); 

@bin (I7); 

@bin (I8); 

@bin (I9); 
 

!production cost calculations for each operation period; 

Production_cost_1_t1 = 19.52 * x1_t1 ; 

Production_cost_2_t1 = 32.32 * x2_t1 ; 

Production_cost_3_t1 = 1.98 * x3_t1 ; 

Production_cost_4_t1 = 2.64 * x4_t1 ; 

Production_cost_5_t1 = 18.2 * x5_t1 ; 

Production_cost_6_t1 = 0.1 * x6_t1 ; 

Production_cost_7_t1 = 2.8 * x7_t1 ; 

Production_cost_8_t1 = 64.6 * x8_t1 ; 
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Production_cost_9_t1 = 23.52 * x9_t1 ; 

production_cost_t1 = 0.5*( Production_cost_1_t1 + Production_cost_2_t1 + Production_cost_3 

_t1 + Production_cost_4_t1 + Production_cost_5_t1 + Production_cost_6_t1 + 

Production_cost_7_t1 + Production_cost_8_t1 +Production_cost_9_t1); 

 

Production_cost_1_t2 = 19.52 * x1_t2 ; 

Production_cost_2_t2 = 32.32 * x2_t2 ; 

Production_cost_3_t2 = 1.98 * x3_t2 ; 

Production_cost_4_t2 = 2.64 * x4_t2 ; 

Production_cost_5_t2 = 18.2 * x5_t2 ; 

Production_cost_6_t2 = 0.1 * x6_t2 ; 

Production_cost_7_t2 = 2.8 * x7_t2 ; 

Production_cost_8_t2 = 64.6 * x8_t2 ; 

Production_cost_9_t2 = 23.52 * x9_t2 ; 

production_cost_t2 = 0.5*( Production_cost_1_t2 + Production_cost_2_t2 + Production_cost_3 

_t2 + Production_cost_4_t2 + Production_cost_5_t2 + Production_cost_6_t2 + 

Production_cost_7_t2 + Production_cost_8_t2 +Production_cost_9_t2); 

 

!sales, ROI calculations; 

AFC = 0.1* capital_cost; 

sales_t1 = (PROFIT_CH3OH_t1 + PROFIT_C3H8O2_t1 + PROFIT_C3H40_t1 - COST_C3H8O3_t1 - 

COST_CH4_t1 - COST_H2_t1 - (COST_CO_t1))*0.5; 

sales_t2 = (PROFIT_CH3OH_t2 + PROFIT_C3H8O2_t2 + PROFIT_C3H40_t2 - COST_C3H8O3_t2 - 

COST_CH4_t2 - COST_H2_t2 - COST_CO_t2)*0.5; 

sales = ((sales_t1 + sales_t2 -(production_cost_t1 + production_cost_t2 + AFC))*(1-0.25)) 

+ AFC ; 

ROI = ( sales/ Capital_cost) * 100 ; 

!Max = Annual_sales; 

!Min = D_CO2_t1 + D_CO2_t2; 

Min = DI_H2O_t1 + DI_H2O_t2+ D_CO2_t1 + D_CO2_t2; 

ROI > 15; 

!Max = ROI; 
 

Annual_sales = sales * 24*300; 

!Annual_sales_t2 = sales_t2 * 24*300; 

Total_production_cost_t1 = production_cost_t1 * 24*300; 

Total_production_cost_t2 = production_cost_t2 * 24*300; 

Total_capital_cost = capital_cost * 24 * 300; 

!SASWROIM = Annual_sales * (1 + ((0.1*((2990- D_CO2)/(2990-0))) + (0.1*((-4000 - EX_H2O)/ 
(-4000-0))) + (0.1*((35 - Total_PSI)/(35-2)))))/Total_Capital_cost; 

!Max = Annual_sales; 

!Min = Total_PSI; 

!Min = EX_C3H8O3 + EX_CH4; 

!min = Total_capital_cost; 

!EX_H2 < -3000; 

 

! Objective function; 

Min = DI_H2O_t1 + DI_H2O_t2+ D_CO2_t1 + D_CO2_t2; 

@FREE(COST_C3H8O3_t1); 

@FREE(PROFIT_CH3OH_t1); 

@FREE(COST_CH4_t1); 

@FREE( COST_H2_t1) ; 

@FREE( COST_CO_t1) ; 

D_CO2_t1 > 0; 

@FREE(COST_C3H8O3_t2); 

@FREE(PROFIT_CH3OH_t2); 

@FREE(COST_CH4_t2); 

@FREE( COST_H2_t2) ; 

@FREE( COST_CO_t2) ; 

D_CO2_t2 > 0; 
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