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A B S T R A C T   

The need to transform economic models to implement a circular use of resources is crucial due to the current 
waste accumulation crisis. New waste-to-resource alternatives are constantly emerging to close material loops; 
therefore, tools are needed to identify the best synergies to upcycle waste. An approach has been developed to 
identify and assess waste-to-resource processing routes not currently implemented at the industrial level to 
valorize waste. The proposed framework consists of several interconnected modules that include ontologies for 
knowledge management, graph theory and short-path algorithms for the generation of paths and pre-assessment 
of processes, a Mixed-Integer Linear Programming (MILP) model for superstructure optimization; and the 
rigorous design, simulation, and optimization exclusively of those alternatives that show the best performance in 
previous steps. A case study for the treatment of mixed plastic waste reveals chemical recycling and the pro
duction of pyrolytic fuels as tentatively favorable options, both environmentally and economically.   

1. Introduction 

Traditional economic paradigms, following the current driving 
forces and trends, are proven to be unsustainable due to the exponential 
growth of the world population, the rapid industrialization of emerging 
economies, and the massive resources consumption in developed 
countries (Ellen MacArthur Foundation, 2019). This model corresponds 
to the so-called linear economy, where materials flow in a straight line 
from the extraction of finite natural resources, production of consumer 
goods (often single- use), and disposal to landfills or incineration. This 
linear consumption of materials and energy is putting a strain on eco
systems. Therefore, the awareness of the fact that people’s lives and 
businesses rely on the world’s ecosystem has increased notably (Vale
che-Altinel et al., 2021). 

As a result, the circular economy concept arises as a suitable solution 
to this problem and offers an attractive path forward since it creates 
value and growth in ways that benefit customers, businesses, society, 
and the environment. It is estimated that applying circular economy 
principles to five of the most used resources (cement, aluminum, steel, 
plastics, and food) could reduce more than 50% of the GHG emissions, 
corresponding to 9.3 gigatonnes of CO2eq by 2050 (Ellen MacArthur 
Foundation, 2019). This amount is equivalent to all global emissions 
from transport during the same period. This transformation can be 
achieved by extending the useful life of assets and recycling the mate
rials used to make them, therefore reducing the demand for raw mate
rials and the generation of waste, which in turn helps improve air 
quality, reduce water contamination, and protect biodiversity. 

Among the abovementioned materials, plastics play a key role in the 
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transition to the circular economy. Plastics are widely spread materials 
due to their versatility, good performance in a wide range of applica
tions, lightweight, and low production cost. Over the last decades, this 
fact has led to the rapid increase of plastic items production, especially 
in segments showing low costs and short useful life. To put it into 
context, their use has increased twentyfold in the last 50 years, reaching 
almost 370 million tonnes of plastic produced in 2019 worldwide 
(PlasticsEurope, 2020), which is expected to double in the next 20 years. 
The problem arises when this plastic is destined for single-use applica
tions and/or its end-of-life is poorly managed. For instance, after a short 
first-use cycle, 95% of plastic packaging material value is lost to the 
economy and a staggering 32% of it escapes collection systems (Ellen 
MacArthur Foundation, 2017). Thus, waste accumulation and resources 
depletion concerns are growing recently due to the lack of effective and 
efficient resources and waste management policies in most countries 
worldwide (Kakadellis and Rosetto, 2021). In an effort to improve the 
situation, there has been an increasing interest in developing 
waste-to-resource processes to obtain valuable products from plastic 
waste, opening up a wide range of upcycling options. 

Conventional plastic reclamation methods are commonly based on 
mechanical methods, incineration, or landfilling. Mechanical recycling is 
the main technology applied to large-scale plastic waste treatment. 
However, this treatment poses important limitations since each type of 
plastic responds differently to the process depending on its mechanical 
behavior, chemical structure, and thermal properties. For instance, 
temperature-sensitive plastics, composites, and plastics that do not flow at 
elevated temperatures (thermosets e.g.) cannot be processed mechani
cally. Therefore, only two types of plastic are recovered this way: poly
ethylene terephthalate (PET) and polyethylenes (Garcia and Robertson, 
2017), in addition, mechanical methods usually result in lower-quality 
products than the original plastic material. On the other hand, incinera
tion recovers energy from the waste as heat but with low efficiency 
(Rahimi and Garcia, 2017), and with landfilling, the value of the material 
is lost to the economy and potentially destroys natural habitats. 

In addition to mechanical recycling, recent research is focusing on 
repurposing chemically recyclable polymers and depolymerization of 
commercially available plastics (Hong and Chen, 2017). Among these 
resource recovery technologies, the one drawing more attention lately is 
chemical recycling that consists of thermo-catalytic processes such as 
pyrolysis, hydrocracking, and gasification, which are being studied 
under a wide range of conditions (Zhang et al., 2021), and chemolysis 
processes such as methanolysis, ammonolysis, aminolysis, glycolysis, 
hydrolysis, etc. (Chanda, 2021; Zhang et al., 2021). Relevant reviews are 
available on thermal and catalytic pyrolysis of plastic waste to produce a 
wide range of products ranging from pyrolytic oils and gasses to 
fuel-range chemicals, among others (Al-Salem et al., 2017; Lee et al., 
2021; Miandad et al., 2016). Other reviews focus on gasification as a 
valorization route to produce syngas (Lopez et al., 2018), hydrocracking 
to produce high-quality fuels (Kunwar et al., 2016; Munir et al., 2018), 
and the co-conversion of biomass and plastic waste to obtain gaseous 
fuels (Mariyam et al., 2022). In addition, Kazemi et al. (2021) proposed 
the use of chemolysis and thermolysis processes for recycling plastics 
applied to the construction sector. 

Bio-upcycling of plastic waste shows that microbial plastic meta
bolism might open new pathways to substitute fossil-based synthesis 
routes (Tiso et al., 2022). Muñoz Meneses et al. (2022) reviewed tech
nological solutions that generate new uses for discarded polymeric 
materials or turn them into novel materials, such as carbon nanotubes, 
graphene, or other carbonaceous high added-value materials. Formela 
(2021) reported the recent progress in the sustainable development of 
waste rubber tire recycling technologies and discussed the main chal
lenges affecting the future trends of their industrial application. Despite 
being very promising for chemical recycling or energy recovery, most of 
these alternatives currently present low technology readiness levels 
(TRL) and their industrial implementation requires extra modeling and 
assessment efforts. 

Considering that the field of possibilities to upcycle waste keeps 
widening and most of the new developments do not evolve further than 
the lab scale, new potentially beneficial implementations may never get 
to see the light. For this reason, and due to the knowledge management 
challenges that the great availability of alternatives and information 
present, new synthesis tools are necessary to find the best possible routes 
for each kind of waste as well as to manage these substantial amounts of 
data more efficiently. Therefore, there is a surging need for holistic and 
efficient tools to systematically retrieve and evaluate the available al
ternatives for the treatment of given wastes (Yang et al., 2013). 

There have been some attempts to develop models for the integration 
of upcycling technologies for the treatment of available plastic waste, as it 
is mixed plastic waste (MPW), such as the one proposed by Somoza-
Tornos et al. (2021). The authors presented a systematic framework for 
the synthesis and optimization of circular economy networks and used it 
to identify the most promising paths to upcycle plastic waste. An 
optimization-based systematic and rigorous computational framework 
with integrated life cycle assessment was used in the work by Thakker and 
Bakshi (2021) to build general circular value chains. They evaluated a 
given network and find the best alternatives holistically with a special 
focus on LCA (Life Cycle Assessment) and design methods. Juárez-García 
et al. (2021) extended their previous works on carbon-hydrogen-oxygen 
symbiosis networks (i.e. Farouk et al., 2021) and detailed the process 
simulations to better assess the process-dependent parameters. Despite 
their success to solve the problem of closing material loops, they 
addressed it from a global perspective and assessed each alternative in 
detail, which adds extra complexity and would require significant 
computational efforts when the number of alternatives to consider is very 
large. Baratsas et al. (2021) proposed a novel CE system-engineering 
framework and decision-making tool for the modeling and optimization 
of food supply chains. This framework identifies all the possible pathways 
for the manufacture of a desired product and the valorization of wastes 
and by-products, from which a Resource-Task-Network was built, and a 
MILP model applied to optimize the supply chain considering multiple 
objectives, thus allowing a holistic modeling and optimization approach 
of the entire food supply chain. Robles et al. (2020) developed a waste 
supply chain optimization to recover value-added products from the 
organic fraction of municipal solid waste. Their systems-modeling 
approach integrates spatial data analysis, MILP optimization, and tech
nology performance evaluation to aid the design of waste-to-resource 
value chains to recover nutrient and carbon-rich resources. These works 
show the potential of decision-making tools in a particular domain and 
their application needs to be extrapolated to other fields. To promote 
information exchange, Soldatos et al. (2020) proposed a digital platform 
that aims to facilitate knowledge exchange in cross-sectorial scenarios 
which could potentially promote new insights and opportunities towards 
the paradigm of the circular economy. In the same direction, Cecelja et al. 
(2015), proposed a semantic algorithm for the synthesis of industrial 
symbiosis networks based on the use of ontologies for knowledge 
modeling. This tool enables the acquisition of knowledge from the user 
through ontology instantiation and input-output matching based on se
mantic relevance between participants. They were able to form innova
tive networks by the decomposition of process properties and optimize it 
to maximize environmental performance. However, they identified issues 
with the availability of data and the efficiency of knowledge acquisition 
and management. 

On a different note, graph theory and modular process representa
tions have been used in a multitude of process synthesis approaches 
(Affery et al., 2021; Medina-González et al., 2020; Pastore De Lima and 
Maravelias, 2022; Proios et al., 2005; Tian and Pistikopoulos, 2019). 
Modular optimization approaches have also been successfully applied to 
several process syntheses case studies, such as biorefineries (Tay et al., 
2012) and waste management systems (Batista et al., 2021; Flower et al., 
1995; Kuznetsova et al., 2019). Finally, the integration of different tools 
into a unified framework has been applied to the circular economy and 
industrial symbiosis problems with promising results (Balgobin and 
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Evrard, 2020; Cagno et al., 2023; Hamilton et al., 2015; Silk et al., 
2020). Ontologies have emerged in the last decades as a useful tool for 
knowledge management within decision-making frameworks, which 
proves their potential to address the identified challenges (Muñoz et al., 
2012; Poveda-Villalón et al., 2022; Wilde et al., 2022; Zhou et al., 2018). 
To address these identified challenges, and paying attention to the 
recent developments and emerging tools in the field, the framework 
proposed in this work seeks to efficiently identify and build pathways to 
connect waste and resources to promote sustainability, as well as to 
reduce the required human and computational efforts. 

Since the number of alternatives available to treat a specific material 
or waste might be too large to be studied through rigorous traditional 
methods, a multi-stage, sequential approach is proposed to perform 
consecutive filtering and discard those alternatives that are less prom
ising or underdeveloped. The initial stages of the framework perform a 
simplified analysis and reduce the number of alternatives from an un
manageable set to one that can be more easily processed by an optimi
zation algorithm. Each step of the framework adds gradually more detail 
and complexity to the analysis, taking advantage of the fact that the 
number of options has been previously reduced, and a more thorough 
assessment and optimization is performed only on the most promising 
alternatives. By doing so, the set of decisions is sequentially divided into 
various stages, thus avoiding dealing with a large volume of data all at 
once. This way, a sub-optimal solution might be obtained at first; 
however, this can be sorted out with an iterative procedure. 

2. Problem statement 

The integrated problem of waste-to-resource path generation and 
assessment with rigorous process design can be structured as follows:  

• Given:  
○ A set of waste-to-resource transformations with their associated 

costs, environmental impacts, processing capacity, and product 
yields.  

○ A list of available waste sources, including information about their 
compositions, costs, and environmental footprints.  

○ A list of potential resources demands, including information about 
their market prices, quality requirements, and other technical 
specifications.  

• Obtain:  
○ A prioritized list of the most promising routes and alternatives, 

according to aggregated economic, environmental, and maturity 
performance indicators.  

○ The optimal material processing superstructures connecting waste 
streams with raw material demands according to different objec
tives such as economic profit and environmental damage on 
different impact categories.  

○ Perform the rigorous process design, including process integration 
of the selected processes. 

3. Materials and methods 

We present a hierarchical multi-stage framework that integrates 
different Process Systems Engineering tools: ontologies for knowledge 
management, short-path algorithms to build processing routes, mathe
matical programming for superstructure optimization, and process 
integration and design techniques. 

The set of decisions is divided into several stages to reduce the 
computational effort required by traditional optimization and decision- 
making procedures. This is done at the expense of the chance of losing 
global optimality in small datasets, but it is the only option to get so
lutions in a reasonable time for large cases. Thus, the steps of the 
methodology were designed to sequentially filter out the least appealing 
alternatives. The decisions go from general (i.e., if a technology is 
attractive or not), to more specific (i.e., which technologies should be 

used to treat a specific waste stream) towards a final rigorous technology 
design (i.e., process conditions for optimal performance). 

The methodology is structured in four interoperable modules as 
depicted in Fig. 1. The core or central module consists of a knowledge 
management system (I), while the other three modules exchange the 
necessary information with it. These three modules are executed 
sequentially towards route synthesis and rigorous process design. 
Module II entails the routing, pre-assessment, and pre-selection of al
ternatives to narrow down the number of options based on the metrics 
identified by (Pacheco-López et al., 2021b). In module III, the most 
promising alternatives are then represented as the superstructure 
developed in Somoza-Tornos et al. (2021), considering the actual waste 
flow rates to be managed in each particular case study. Finally, module 
IV consists of the rigorous design of the processes identified in the 
network optimization. The modules are described in detail in the sec
tions below. 

The different modules are centralized and managed with a program 
script coded in Python 3. This program interacts with the tools imple
mented in the four modules to perform sequentially all the steps of the 
methodology. It can read/write data from/into the ontology and 
generate reports with the results to ease their interpretation. In the same 
way, an accessory program has also been developed to read information 
from a spreadsheet, create new instances, and assert their relevant in
formation and relationships into the ontology. The whole framework 
(see Fig. 1) has been designated as iSMA (after the acronym for inte
grated Synthesis, Modeling, and Assessment). 

3.1. Knowledge management (module I) 

All the input and output data used in the framework are managed 
within an ontology-based system. Ontologies have proven to be an 
efficient and flexible repository of information and knowledge that al
lows versatile interrelation between concepts at multiple levels of detail. 
They are usually programmed in OWL language (OWL Working Group, 
2012), which is a semantic language designed to represent rich and 
complex knowledge about things, groups of things, and relations be
tween things. This way, the knowledge can be represented in a 
machine-readable way, but also allowing the use of semantic operators 
to query information, making access to data very efficient and intuitive 
for human interaction. Further clarification of how knowledge was 
represented in the ontology can be seen in previous contributions 
(Pacheco-López et al., 2021b). 

Within the domain of Process Systems Engineering (PSE), a modified 
version of OntoCAPE (Marquardt et al., 2010) was used (Pacheco-López 
et al., 2020). The ontology includes all the axioms needed in the 
methodological framework: the definition of classes and instances and 
the object and data property assertions. All the processes, waste mate
rials, intermediate products, and tentative final products have been 
instantiated in the ontology with their corresponding costs, prices, 
yields, and environmental indicators assertions. The results of the other 
modules are fed back into the ontology, enabling communication be
tween modules II, III, and IV. 

3.2. Path generation and pre-assessment (module II) 

This module was developed and tested as a standalone application in 
Python code, as reported in a previous contribution (Pacheco-López 
et al., 2021b). The ontology is queried to implicitly generate all possible 
routes connecting available wastes with valuable products in a P-Graph. 
Bounds for partial and complete routes are assessed according to eco
nomic, maturity, and environmental aspects for the identification of the 
most promising alternatives. To do so, a Bellman-Ford short-path algo
rithm is used (Bellman, 1954), where the shortest paths to all tentative 
final nodes are built and assessed. All these paths are compared and 
sorted according to the proposed global performance indicator (GPI) 
which is also used as a weight to measure path length. The GPI is 
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calculated using the economic and monetized environmental impact 
balances, as well as economic, environmental, and maturity perfor
mance pondering factors as shown in Eq. (1) (for more details about this 
metric refer to Pacheco-López et al. (2021b)). 

GPI = (Peco +Penv)⋅f eco⋅f env⋅f TRL (1)  

Where:  

• Peco is the economic profit of a concrete route  
• Penvis the environmental monetized profit of the route  
• f eco is the economic pondering factor  
• f env is the environmental pondering factor  
• fTRL is the technology readiness level pondering factor 

A limited list of alternatives is passed through to the next stage, 
making sure to select a heterogeneous set of options based on clusters 
according to the type of technology (e.g., pyrolytic semi-batch reactors, 
pyrolytic fluidized bed reactors, gasification, etc.). This clustering is 
defined in the ontology as a property that is used by the algorithm to 
identify each type of technology. The algorithm limits the number of 
technologies chosen for each cluster depending on the total number of 
alternatives, the number of clusters, and the number of alternatives that 
are set to be sent to the next stage. It guarantees that at least one tech
nology from each cluster is selected and only the best ones of those with 
several similar options. 

3.3. Superstructure optimization (module III) 

This module starts with the pre-selected alternatives from the pre
vious module, whose necessary parameters are already available in the 
ontology and are read directly from it. Superstructure representation is 
used to link these technologies with sources of waste and demands for 
raw materials. The superstructure is optimized using the model devel
oped by Somoza-Tornos et al. (2021) that was developed in GAMS and 
embedded within the previously mentioned Python code. It is a useful 
tool to select the most suitable processing networks based on economic 
profit and three environmental endpoint indicators (impacts on human 
health, ecosystems, and resources). The assessment of these environ
mental objectives is done against economic profit through the repre
sentation of Pareto bicriteria fronts, which reduces the complexity and 
computational expense of dealing with four objectives simultaneously. 

Each one of the resulting configurations is defined by which pro
cesses are used, the amount of material that is processed in each one of 
them, the products and byproducts amounts obtained to be sold, and the 

amount of waste or byproducts that are sent to waste management (i.e., 
landfill or incineration). Along with these results, the maximized eco
nomic objective (tentative profit) and the endpoints resulting from the 
LCA of the whole superstructure are also obtained. 

It is important to remark that the techno-economic and environ
mental assessment performed on the processes to estimate parameters, 
such as process cost and environmental impacts, are common for both 
pre-assessment and superstructure optimization stages but used differ
ently. In the former, they are used to assess and filter alternatives while 
in the latter they are used in a network optimization that yields a set of 
Pareto solutions to aid decision-making. 

3.4. Process design and optimization (module IV) 

This module includes process simulation (using the commercial 
simulator Aspen Plus) and integration (e.g., heat integration, energy 
recovery, CO2 capture). The goal is to obtain a rigorous design for 
processes resulting from the network configurations in the previous 
module. This part of the framework entails the most expert-intervention 
requirement of the whole methodology and the most detailed design 
among all three. In this stage, the designers must make several decisions 
based on their expertise, on the available information in the literature 
source for the process under development, and using the latest available 
and more adequate design tools and techniques. They must choose each 
piece of equipment, piping, and accessories, and their configuration 
based on the process conditions and most costly efficient materials. 
Additionally, they must choose and optimize their specific working 
conditions, such as pressure, temperature, employed technology, inter
nal configuration, etc. 

4. Case study 

The effectiveness of the integrated decision-making framework is 
illustrated through a case study that considers the use of mixed plastic 
waste to obtain valuable products and reduce the environmental foot
print of plastics. 

The chosen feedstock corresponds to a simulated mixed plastic waste 
(MPW) sample from sorting plants where mainly packaging plastic is 
separated from municipal solid waste (MSW). It was assumed to be 
composed of 40% of polyethylene (PE), 35% of polypropylene (PP), 18% 
of polystyrene (PS), 4% of polyethylene terephthalate (PET), and 3% of 
polyvinyl chloride (PVC) as proposed by Adrados et al. (2012). 

The ontology was filled with processes from several publications (e. 
g.: Brandrup et al., 1996; Kaminsky et al., 2004; Kannan et al., 2014; 
Onwudili et al., 2019, 2009; Anuar Sharuddin et al., 2016; Kunwar et al., 

Fig. 1. Schematic representation of the proposed framework.  
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2016; Rahimi and Garcia, 2017; Thiounn and Smith, 2020; Vollmer 
et al., 2020; Zhang et al., 2021). Among these processes, there is the one 
proposed by López et al. (2011) who tested the pyrolysis of MPW at 
different temperatures in a semi-batch reactor with and without the 
presence of catalysts (ZSM-5 zeolite and Red Mud). Lin et al. (2010) 
proposed the utilization of post-use commercial FCC catalysts using a 
fluidizing reaction system that operates isothermally and at atmospheric 
pressure. They tested four different catalysts obtaining good yields of 
valuable hydrocarbons and proposed a model to predict the behavior of 
the reactor under different conditions, such as different temperatures, 
different catalysts, particle size, and rate of fluidizing gas. For the 
elimination of plastic waste, gasification, and co-gasification processes 
have also been studied by several authors (Aznar et al., 2006; Kannan 
et al., 2013; Saebea et al., 2020; Toledo et al., 2011). To do so, they used 
an air-fluidized bed using dolomite as a tar-cracking catalyst at different 
bed temperatures and co-gasification ratios with coal and biomass. The 
main products from these operations were syngas, char, and light hy
drocarbons. MPW can also be previously sorted into different materials 
and treated separately. For the treatment of PE waste, Uemichi et al. 
(1999) used a fixed bed tubular flow reactor catalyzed by the presence of 
zeolite (HZSM-5) and amorphous silica-alumina (SA) obtaining signifi
cantly favorable results when they were combined in a weight ratio of 
9:1 at 375 ◦C. They obtained an oil phase that was transformed into 
high-quality gasoline. Sharma et al. (2014) pyrolyzed HDPE grocery 
bags and obtained an alternative fuel, mainly composed of paraffinic 
hydrocarbons, with properties complying with diesel standards, such as 
cetane number and lubricity among other specifications. Therefore, they 
are suitable to be used in blends with conventional petroleum diesel 
fuel. Miskolczi et al. (2009) investigated a pilot-scale process where 
packaging wastes (mainly PE and PP) were cracked in a horizontal 
gas-heated tube reactor at 520 ◦C using ZSM-5 catalyst and obtaining a 
wide range of fuels such as gasses, gasoline, light, and heavy oil. In 
addition, data for the pyrolysis of PE at different temperatures, residence 
times, and heating rates were added according to the results from 
Quesada et al. (2019), who characterized the oil obtained with the py
rolysis of plastic film (mostly composed by PE). They found that this oil 
had similar chemical and physical characteristics to those of commercial 
fuels (gasoline and diesel). 

Recently, the authors (Pacheco-López et al., 2021a) also proposed a 
techno-economic and environmental assessment of the alternatives to 
fossil fuels, finding the use of pyrolytic oil from PP very promising 
against biomass and fossil-based alternatives. In addition, the hydration 
of ethylene to ethanol was proposed to replace gasoline-like fuels, with 
complementary results depending on the objective. Finally, Dimitrov 
et al. (2013), analyzed the potential of recycling PET bottles by 
pyrolysis-gas chromatography at 600 ◦C obtaining substantial amounts 
of acetaldehyde and benzoic acid. 

The alternatives added to the ontology were chosen to include a 
diverse set of processes:  

• thermal and catalytic pyrolysis at different temperatures and heating 
rates, gasification, co-gasification, catalytic cracking, etc.;  

• various kinds of reactors such as stirred or unstirred batch reactors, 
fluidized or fixed bed reactors, horizontally heated-extruder tube 
reactors, etc.;  

• different catalysts such as ZSM-5, HZSM-5, HUSY zeolites, red mud 
(a byproduct of the aluminum industry), SAHA (amorphous silica- 
alumina); and  

• different operation modes such as continuous, semi-continuous, or 
discontinuous. 

Product market prices were retrieved from the PRODCOM database 
of 2019 (Eurostat - European Union, 2021). Environmental impacts 
were obtained via a life cycle assessment following the ReCiPe2016 
method and additionally monetized (for the pre-assessment in module 
II) following the Environmental Prices Handbook for the European 

Union (de Bruyn et al., 2018). The used life cycle inventory came from 
the database EcoInvent 3.6 (Wernet et al., 2016), accessed via SimaPro 
with gate-to-gate system boundaries and 1 tonne of waste as a functional 
unit. Technology readiness levels (TRL) were estimated following the 
guidelines from the European Commission (European Commission, 
2017). More details on these assessment methods were presented in 
previous contributions (Pacheco-López et al., 2021b; Somoza-Tornos 
et al., 2021). 

Specific products demand satisfaction was considered in this case 
and all obtained products were assumed to be sold at market price. 
Products demands were obtained from the PRODCOM database and 
escalated to a scenario of 32.71 tonnes of MPW per hour (volume of post- 
consumer plastic waste collected in the EU28 in 2018, 29.1 million 
tonnes, and escalated to a region of around 5 million inhabitants such as 
the Province of Barcelona). The plant costs and environmental impacts 
have been considered to vary linearly with the plant’s capacity for a 
limited range of capacities. 

5. Results and discussion 

Following the same structure as the methodology, the results of each 
one of the different modules previously described for the proposed case 
study are presented below. The process information used in these 
modules was obtained from the literature (e.g., market prices, demands, 
process yields) or estimated following standard procedures (i.e., techno- 
economic and environmental assessments). This information is available 
in Supplementary Material’s section 7. The methods and assumptions for 
the techno-economic analysis and life cycle assessment of the technol
ogies can also be consulted in Somoza-Tornos et al. (2021). 

5.1. Path generation and pre-assessment (module II) 

Departing from a total of 58 different tentative steps included in the 
ontology which were directly or indirectly related to this specific case 
study, approximately 180 potential paths were obtained, from which 
around 40 complete paths were deployed, and 140 partial routes were 
also analyzed. A simplified version of the resulting P-graph is depicted in 
Fig. 2. 

Then, the algorithm builds all shortest paths between the initial node 
and all other material nodes resulting in the set of paths shown in 
Table 1, sorted according to the proposed indicator. The pyrolysis of 
MPW at 500 ◦C seems to be the most attractive alternative, followed by 
this same kind of pyrolysis with catalysts such as red mud and ZSM-5 
zeolite, as opposed to landfilling and incineration that were heavily 
penalized due to their inferior performance both in economic and 
environmental terms. As seen in Table 1, the alternatives with the worst 
economic and/or environmental performances are always at the bottom 
of the list with a GPI value equal to zero. This is due to the multiplying 
effect of the defined factors, which values were standardized compara
tively among all alternatives, and ranged from zero to one, being zero for 
the last alternative in that category, and one for the first. 

Once the pre-assessment is performed, the pre-selected alternatives 
are sent to the network synthesis stage, where an actual superstructure 
optimization is performed. As mentioned above, to perform equitable 
filtering of alternatives, they can be clustered, and only those more 
promising from each cluster were selected. The criteria for screening 
alternatives may depend on the total number of alternatives and can be 
tuned accordingly to each scenario. 

5.2. Superstructure optimization (module III) 

This network optimization model was implemented in GAMS 37.1.0 
and solved using CPLEX 20.1.0.1 on a machine running an Intel i7–2600 
with 4 cores @3.40/3.70 GHz processor. The optimization model fea
tures 230 equations, 458 continuous variables, and 56 discrete vari
ables, which takes an average time of 3.5 s to be solved 34 times. 
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Fig. 2. Implicitly generated graph in the pre-assessment stage with tentative connections. Pyr.: Pyrolysis; ZY1: Y zeolite (Onwudili et al., 2019); ZSM5: ZSM-5 zeolite 
(López et al., 2011); FCC: fluid catalytic cracking; R1: FCC-R1 commercial FCC equilibrium catalysts with different levels of rare earth oxides, zeolite, and a 
silica-alumina matrix; HUSY: Ultra stabilized Y zeolite; SAHA: amorphous silica-alumina (Lin et al., 2010); HZSM: HZSM-5 zeolite; SA9Z1: hybrid catalyst combining 
9 parts of silica-alumina(SA) and 1 part of HZSM-5 zeolite (Uemichi et al., 1999); EOLA: End of life alternative; PE: polyethylene; PP: polypropylene; PS: polystyrene; 
PET: polyethylene terephthalate; PVC: polyvinyl chloride. For more details about the composition of “Pure Components”, see Table 1 below. 
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In this module, a multi-objective optimization was performed. First, 
the superstructure was optimized to maximize economic profit allowing 
the variation of the material flows entering each one of the pre-selected 
alternatives. Then, the ε-constraint method was applied to obtain the 
Pareto fronts for each bi-criteria pair (Branke et al., 2008; Cohon, 1978; 
Haimes, 1973; Mavrotas, 2009). In this case, the anchor point’s 
configuration from the optimization to minimize environmental impacts 
on human health and ecosystems was considered coincidental since the 
Pareto obtained for human health dominates the one for ecosystems. 
Although this is not the general case, here the midpoints with the most 
weight are shared by both endpoints (such as global warming potential 
or fine particle matter formation); therefore, resulting in three different 
anchor points: one for the maximum profit, one for the minimum impact 
on human health and ecosystems, and one for the minimum impact on 

resources. Each Pareto front was built up using epsilon intervals be
tween the mentioned anchor points and solving the model to maximize 
profit subject to their respective ε-constraints. Each one of the points of 
the Pareto fronts represents a different process configuration. The con
figurations that were leading to significant economic losses (profit 
below − 1000 €/h) were disregarded from the solution set since they 
would be turned down by any decision-makers under current standards 
due to the importance of economic feasibility. As an illustrative 
example, Fig. 3 shows the configuration obtained for the best economic 
performance. 

Fig. 4 below shows the Pareto plots for each one of the three envi
ronmental objectives against the economic profit, the coordinates for 
these points can be seen in Table S1. Table S2 presents the level of 
production matrix for each technology in each configuration. 

Table 1 
Deployed process paths for MPW treatment, outputs, and GPI for the illustrative 20 alternatives. Sort.: Sorting; r.t.: residence time; FBR: Fluidized bed reactor; ZY1: Y 
zeolite (Onwudili et al., 2019); ZSM5: ZSM-5 zeolite (López et al., 2011); FCC: fluid catalytic cracking; R1: FCC-R1 commercial FCC equilibrium catalysts; HUSY: 
Ultra-stabilized Y zeolite; SAHA: amorphous silica-alumina (Lin et al., 2010); HZSM: HZSM-5 zeolite; SA9Z1: hybrid catalyst combining 9 parts of silica-alumina(SA) 
and 1 part of HZSM-5 zeolite (Uemichi et al., 1999); LPG: liquefied petroleum gasses; WPPO: waste plastic pyrolysis oil.   

Processes Outputs GPI 

1 Pyrolysis 500 ◦C + Separation Methane, ethane/ene, propane, butane, hydrogen, pentane, hexene, toluene, ethylbenzene, styrene, naphthalene, xylene, 
2,4-dimethyl-heptene & C9-C14 compounds 

784 

2 Pyrolysis 500 ◦C /Red Mud/ +
Separation 

Methane, ethane/ene, propane, butane/ene, hydrogen, pentane, hexene, toluene, ethylbenzene, styrene, methyl 
naphthalene, xylene, 2,4-dimethyl-heptene & C9-C14 compounds 

723 

3 Pyrolysis 500 ◦C /ZSM5/ + Separation Methane, ethane/ene, propane, butane/ene, hydrogen, pentane, hexene, toluene, ethylbenzene, styrene, methyl 
naphthalene, xylene, 2,4-dimethyl-heptene & C9-C14 compounds 

548 

4 Pyrolysis 500 ◦C Pyrolysis gas & pyrolysis oil 473 
5 Pyrolysis 600 ◦C /ZY1/ + Separation Methane, ethylene, propene, ethane, butane, butane, hydrogen, benzene, toluene, ethylbenzene & styrene 464 
6 Pyrolysis 600 ◦C /ZY1/ Pyrolysis gas & pyrolysis oil 460 
7 Acid FCC 390 ◦C /ZSM5/ + Separation Gasoline, LPG, aromatics mixture, C9-C14 compounds, char & hydrochloric acid 318 
8 Acid FCC 390 ◦C /HUSY/ + Separation Gasoline, LPG, aromatics mixture, C9-C14 compounds, char & hydrochloric acid 316 
9 Acid FCC 390 ◦C /SAHA/ + Separation Gasoline, LPG, aromatics mixture, C9-C14 compounds, char & hydrochloric acid 313 
10 Acid FCC 390 ◦C /R1/ + Separation Gasoline, LPG, aromatics mixture, C9-C14 compounds, char & hydrochloric acid 311 
11 Co-gasification 850 ◦C Methane, ethane, syngas & char 195 
12 Gasification 850 ◦C Methane, ethane, syngas & char 190 
13 Sort. + PE pyrolysis 740 ◦C + Separation PP, PS, PET, PVC sorted wastes + Methane, ethane, ethylene, propene, benzene, toluene, indane & pyrene 78 
14 Sort. + PE pyrolysis /SA9Z1/ FBR 375 ◦C Gasoline, ethane, propane, butane + char 70 
15 Sort. + PP pyrolysis 760 ◦C + Separation Methane, ethylene, propene, ethane, benzene, toluene & naphthalene 60 
16 Sort. + PE pyrolysis 1000 ◦C +

Separation 
Methane, ethylene, propene, butadiene & benzene 57 

17 Sort. + PP pyrolysis 350 ◦C + Separation WPPO (pyrolysis oil – diesel substitute) & char 50 
18 Sort. + PE pyrolysis 550 ◦C; r.t.: 40 min WPPO (pyrolysis oil – diesel substitute) & char 40 
19 Incineration Energy Recovery 0 
20 Landfill None 0  

Fig. 3. Configuration obtained for maximized profit. Color-coded as orange (point number 10) in Fig. 4.  
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The anchor points are situated at the end of each Pareto front. More 
specifically, point number 10 corresponds to the configuration with 
maximum profit, point 1 to the one with minimum impact on human 
health (HH) and ecosystems (ECO), point 16 to the one with the lowest 
impact on resources (RES), and the rest of the points are solutions in 
between. As seen in Fig. 4a and 4b, both Pareto tendencies are equiva
lent, as opposed to Fig. 4c in which the tendency is notably different. 

Configuration 10 has a maximum profit of 6274.65 €/h and config
urations 9, 8, 7, 6, and 5 have similar profits (above 6000€/h) but their 
impacts on HH and ECO decrease considerably for slight changes in their 
economic profit. This is due to the decrease in the amount of pyrolysis 
gas sent to separation and sold as a byproduct instead. The environ
mental impact of the separation, in this case, is relatively high and the 
profit obtained from separating the gas is not as significant (around 100 
€/t of separated gas) as it is the environmental impact associated with 
this process. 

Comparing the variation of each objective, configuration 5 for 
instance seems to be particularly promising compared to number 1. The 
profit for configuration 5 has decreased by 3% from the maximum profit 
and the resulting impacts on HH and ECO have decreased by 4% each. 
However, the profit for configuration 1 against the maximum profit has 
decreased by 92% while only a reduction of 7.5% impact on HH and 
ECO was obtained. This means that configurations 1 to 4 have a sig
nificant impact on economic performance while slightly reducing their 
impact on HH and ECO, in contrast with configurations 5 to 9, where the 
impact on profit when reducing environmental damages is very subtle. 
The main change introduced in configurations 1 to 4 corresponds with 
the inclusion of the preliminary sorting of plastics. This change has a 
greater economic influence (the cost of sorting is 314.56 €/t against 
80.71 €/t for direct pyrolysis at 500 ◦C, 75% less) compared to the 
reduction on the environmental indicators (for instance, the impact of 
sorting on ecosystems is 4.09⋅10− 7 against 2.34⋅10− 7 species⋅year/t for 
direct pyrolysis at 500 ◦C, 43% less). 

A similar phenomenon can be observed in the Resources vs Profit 
Pareto space (Fig. 4c) for configurations from 1 to 10, but with more 
noticeable changes. The impact on Profit is small when reducing envi
ronmental damage for points 5 to 10, but a much greater impact can be 
observed for points 4 and below. This indicates that the impact on re
sources when reducing the amount of gas separated from unsorted 
plastic pyrolysis, and therefore sold as a byproduct, is very small when 

Fig. 4. Pareto optimal solutions of each two-dimensional space (two objec
tives) for the trade-off between profit and the three environmental endpoint 
indicators, i.e.: a) Human health, b) Ecosystems, and c) Resources. Filled points 
correspond with optimal solutions for that bicriteria Pareto front, while hollow 
points are the projections of others bicriteria Pareto optimal solutions. The 
points are color-coded to represent different configurations, as shown in Table 
S2 and Figures S1-S16. The dotted line represents fictitious points in the Par
eto front. 

Table 2 
Net flow rates of the process, utility requirements, and CO2 emissions.  

Concept Units Amount Cost (€/h) 

Feedstock 
Mixed plastic waste kg/h 35,420 10,838.52 
Products 
Syngas (methane, hydrogen) kg/h 2533 − 2356.69 
Ethane kg/h 1313 − 1221.45 
Ethylene kg/h 1640 − 1193.07 
Hydrogen chloride kg/h 667 − 31.41 
Propane kg/h 2430 − 1940.60 
C4-C5 mixture kg/h 2298 − 2138.10 
2,4 dimethyl-1-heptene kg/h 3755 − 2742.01 
Cyclohexane kg/h 1117 − 755.88 
Styrene kg/h 8400 − 7180.99 
Toluene kg/h 1652 − 916.48 
Utilities 
Electricity kW 2295 177.79 
Cooling water m3/h 765 24.26 
Refrigerant - Propane kg/h 1.34 1.09 
Refrigerant - Ethylene kg/h 2.70 1.96 
Refrigerant - Freon 12 kg/h 12.95 34.84 
Generated electricity (Rankine) kW 1139 − 88.30 
Total carbon emissions 
CO2 kg/h 18,588 Not considered 
CO2 referenced to initial waste kg CO2/t MPW 525 Not considered 
CO2 emissions from incineration kg CO2/t MPW 3106 Not considered  
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compared to the changes observed when including sorting plastics, 
which entails a high economic burden. 

As for configurations 11 to 16, although they are dominated in the 
Pareto frontiers for HH and ECO, they are dominating in the RES one. 
Here, the tendency is almost linear, where the slope shows a reduction of 
10% profit for each 1% reduction in RES impact, with a minor change in 
the slope around point 13. For instance, when changing the amount of 
plastic waste sent to pyrolysis with or without a catalyst, the environ
mental indicators are almost identical, while using a catalyst increases 
the cost noticeably (especially seen in points 11 to 13). When observing 
all these points (11 to 16) on the HH and ECO Pareto fronts, again there 
seem to be two linear tendencies with a change of slope in point 13, too 
(smoother from 10 to 13, but steeper from 13 to 16). This change in 
slope is due to the inclusion of plastic sorting in points 14 to 16, which 
has a higher cost in proportion to environmental endpoints than other 
processes. The same can be observed from points 1 to 4, where a notable 
change is observed, also due to the sorting being included in the con
figurations. This fact can be associated with inefficiencies in the sorting 
process, which results in a costly process with a lower yield than other 
processes and obtaining in turn another waste to deal with. 

From these observations, it can be extracted that:  

• Direct chemical treatment on MPW has better economic performance 
than introducing a previous sorting stage to manage the different 
plastic materials individually.  

• Sorting and treating various kinds of plastic separately gives better 
results from the environmental point of view since those alternatives 
have lower unitary impacts when compared to unsorted treatment, 
as opposed to the economic performance that is penalized due to the 
cost of sorting.  

• In contrast, for configurations without sorting, slight changes in the 
configurations, such as the inclusion of catalysts, can significantly 
reduce the environmental impact with a very small sacrifice in profit. 

To summarize, for the considered waste, different pyrolysis processes 
followed by the separation of the pyrolytic products to obtain 

commercial-grade chemicals or fuels can be applied. There are different 
combinations according to the different tentative objectives, either 
economic or environmental (see Fig. 3, Fig. 4, and the Supplementary 
Material’s Section 3), therefore yielding a different range of products 
depending on the solution. 

The application of the methodology to this case study has shown that 
the most suitable alternatives are those that promote chemical recycling 
and simultaneously obtain fuels from plastic waste, therefore reducing 
the need for fossil fuels. Even though chemical recycling is not the only 
approach towards the implementation of a circular economy, it is 
necessary to recover materials from those products that cannot be 
directly recycled, reused, or refurbished to extend their life cycle as 
much as possible. To sum up, emerging waste transformation businesses 
are a cornerstone for the transition to the circular economy. 

Among these recently developed alternatives for the chemical recy
cling of plastic waste, pyrolytic processes are promising alternatives for 
obtaining valuable chemicals that can be used as raw materials for other 
processes. New combinations of pyrolysis processes and separations 
were identified, and the material network was optimized to fulfill cur
rent demands in a more circular way than business as usual. In this case, 
the solution corresponding with point number 10 (color-coded as orange 
in Fig. 4, which process block diagram is shown in Fig. 3) was chosen for 
further study as an illustrative example. Although a multi-criterial de
cision-making approach could be applied to find the most suitable trade- 
off solution according to the objectives of each case, it remains out of the 
scope of this paper. 

5.3. Process design and optimization (module IV) 

Fig. 6 depicts the process flowsheet of the simulated plant for the 
pyrolysis of MPW. Design details can be seen in Section 3.4 and a more 
detailed explanation as well as the used simulation tools can be found in 
the Supplementary Material’s Section 4. To account for the uncertainty 
of waste availability, at this step the design procedure assumed a 10% 
extra nominal capacity (i.e.: 35.4 t MPW/hour). Since the sample 
considered as a feedstock is a mixture of plastics, including PVC, a 2- 
stage reaction process has been proposed to avoid harmful emissions 
to the atmosphere. Here, the first reactor with a lower temperature than 
the main reactor (300 ◦C vs 500 ◦C) has been proven to be efficient to 
remove most of the present chlorine in the form of hydrogen chloride 
(López et al., 2011). The main pyrolytic reactor has been modeled as a 
stoichiometric reactor based on the data provided in the literature 
(Adrados et al., 2012). The hot gaseous pyrolysis products are sent to the 
evaporator of a steam Rankine cycle to generate electricity and recover 
energy. Then, these products are separated via flash separation into 
gaseous and liquid phases at room conditions (25 ◦C, 1 atm). Each one of 
these phases is fractionated and purified to separate their main com
ponents as marketable products. The gas stream is compressed up to 27 
atm and enters the distillation train after passing through an amine 
scrubbing unit for CO2 capture (Wang and Song, 2020). The liquid phase 
is sent to a different distillation train at a pressure of 10 atm. The main 
purified products obtained are syngas (a mixture of methane and 
hydrogen), ethane, ethylene, propane, and a mixture of C4–C5 compo
nents from the gaseous phase. From the liquid fraction, the main prod
ucts are styrene, cyclohexane, 2,4 dimethyl-1-heptene, toluene, and a 
heavy oil mixture consisting of aromatics and aliphatic C8+ compounds 
where further separation was not feasible, and it can be used as a fuel in 
other units of the process. Feedstock composition can be seen in Section 
4 above. 

Table 2 summarizes the flow rates for the feedstock and products, the 
usage of utilities, energy requirements along with their associated cost, 
as well as total CO2 emissions. As seen in the results more than 70 wt.% 
of the mixed plastic waste entering the process can be recovered as a 
marketable purified product and around 25% as heavy fuel. Among the 
utilities, the most critical in terms of cost is electricity due to the high- 
energy demand of compressors, although nearly 50% of that energy 

Fig. 5. Capital cost breakdown for preliminary and detailed design estimations. 
HEN: heat exchanger network; Sep.: separation. Reactors refer exclusively to 
the reactors’ equipment after performing the detailed design in module IV, 
while in the preliminary estimation, it might include other equipment that goes 
in the reaction unit. 
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Fig. 6. Snapshot of the detailed simulation performed in the last stage of the methodology. For detailed equipment operating conditions and sizing or extensive information on each stream involved in the process, see 
Sections 5 and 6 in the Supplementary Material. 
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can be covered by the energy produced in the Rankine cycle. Regarding 
the direct carbon emissions, it appears as a prominent issue to address 
since the total emissions account for a near half tonne of CO2 per tonne 
of treated MPW, even though these emissions are lower (83%) than the 
emissions from business as usual (BAU) treatment, i.e., incineration for 
energy recovery. Consequently, the flue gasses from the fired heated 
reactors should be treated with a Carbon Capture Unit before releasing 
them into the atmosphere to reduce the environmental impact of the 
process; however, the design of this part rests out of the scope of this 
paper. 

The breakdown of capital costs from the new design and preliminary 
estimations are shown in Fig. 5, bearing in mind that each category in 
the preliminary estimation is grouped per unit and in the detailed design 
per equipment type. The total estimated capital cost of the detailed 
design ascends to almost 43 M€ (against almost 46 in the preliminary 
one), where the distillation columns (77%) and the gas compressors 

(13%) are the most expensive units, which in turn correspond to the gas 
and liquid separation units (over 90% of the total cost when combined) 
within ISBL (Inside Battery Limits) capital costs. In the preliminary es
timations, they are distributed as 68% gas for the separation unit, 11% 
for the liquid separations, and 21% for the reaction unit. Accounting for 
OSBL (Outside Battery Limits), engineering, and contingencies, the 
estimated capital expenditure reaches 70.75 M€ (against 75.31 M€ in the 
preliminary estimations). In both, capital costs were annualized ac
counting for 8000 h of yearly operation, and a 10-year linear depreci
ation scheme with a fixed interest rate of 15%. The comparison of the 
detailed design results with the preliminary estimation for modules II 
and III shows that those estimations were accurate enough since the 
difference between both is only 6%. 

Table 3 shows the breakdown of the techno-economic assessment on 
a time basis, while Fig. 7 shows the unitary cost per tonne of MPW 
treated via the designed pyrolysis process against BAU procedures, as it 
is incineration in this case. Pyrolysis entails feedstock cost (waste 
collection) as the highest operational cost, while the cost drivers of 
incineration are evenly distributed among all operational costs. When 
compared, the pyrolysis process is overall economically and environ
mentally more beneficial than BAU, since the tentative profit ascends to 
198.18 €/t of MPW, while incineration has a total cost of 177.79 €/t 
despite the credits of the generated heat power. 

To assess how the process might have been improved in the simu
lation and design stage, we compared the total profit estimated in pre
vious stages against the one obtained here. As mentioned in Section 5.2 
above and shown in Fig. 4, the total profit obtained by the Pyrolysis of 
MPW at 500 ◦C followed by products purification was around 6274.65 
€/h, or 191.83 €/t MPW, while the new improved design is up to 
7019.38 €/h, or 198.18 €/t MPW. Therefore, even after including new 
significant elements into the design of the process, such as chlorine and 
CO2 reclamation or heat recovery through a Rankine cycle, the profit per 
tonne of MPW can be tentatively improved by more than 3%. However, 
there is great room for improvement if separation capital costs are 
reduced consistently or the feedstock cost is subsidized by the 
administrations. 

The framework’s cycle can be repeated every time new alternatives 
emerge, being either new instances from the literature or improved pre- 
existing ones, to test if new and better configurations can be synthesized 
and identify if a new optimum is available. 

6. Conclusions 

This work addresses the development of systematic methods and 
tools for the identification, synthesis, and rigorous process design of new 
alternatives for the treatment of waste that can be integrated into new 
circular approaches, which are aimed at reducing anthropogenic envi
ronmental damage as well as providing economic development. The 
methodological framework proposed in this work allows the systematic 
identification and assessment of new technologies, as well as providing 
new combinations of processes that narrow down the list of alternatives 
available to a more manageable set according to several predefined 
objectives. The application of this framework is not limited to the 
identification of circular approaches, but it can also be used to synthe
size and optimize symbiosis networks since the ontology can be popu
lated with any kind of process. Thus, the framework might use any of 
these processes to build new connections not previously identified either 
at the strategic or tactical level. 

The general methodology has been applied to the case of plastic 
waste management to illustrate its practicality. Results show that it is 
useful to identify possible routes fairly and objectively for closing the 
material loops and to select only those that were most promising, before 
a more detailed route assessment. Additionally, an optimized network of 
alternatives according to different objectives or scenarios can be ob
tained, which is a useful aid for decision-making. The detailed design 
and simulation of the MPW pyrolysis path showed the technological 

Table 3 
Techno-economic assessment summary.  

Concept Units Amount 

Operational costs 
Feedstock €/h 10,838.52 
Utilities €/h 2007.95 
Total variable cost €/h 12,846.47 
Total fixed cost €/h 642.32 
Total operational cost €/h 13,488.79 
Capital cost 
ISBL (total installed cost) M€ 42.88 
OSBL M€ 17.15 
Engineering cost M€ 4.29 
Contingency cost M€ 6.43 
Total fixed capital cost M€ 70.75 
Annualized capital cost M€ 14.15 
Total costs, revenues, and profit 
Operational expenditure €/h 13,488.79 
Capital expenditure €/h 1768.76 
Products revenue €/h 22,276.93 
Profit €/h 7019.38 
Relative profit €/t MPW 198.18  

Fig. 7. Total cost per tonne of processed waste through pyrolysis vs. inciner
ation (BAU). 
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need to find less energy-intensive, more efficient separation technolo
gies, and the use of carbon capture technologies to minimize CO2 
emissions. Despite these identified challenges, the overall process ap
pears as a better alternative than conventional BAUs. 

New waste transformation businesses can emerge as a necessary part 
of the circular economy’s paradigm. They can potentially benefit from 
waste and produce valuable chemicals or fuels while keeping materials 
within the cycle and being economically profitable. In consequence, 
systematic methods and tools such as the one developed in this work will 
be required to devise which are the best alternatives for each kind of 
waste. Our framework combines automated procedures for the system
atic synthesis, assessment, and filtering of alternatives with expert 
process design for the final solution (see Fig. 1) to enrich decision- 
making problems and allow finding better trade-off solutions based on 
the objectives. 

The scaling-up of the processes was not addressed in the modeling in 
the first stages of the methodology, since it is a challenging task for 
multiphase processes like pyrolysis, therefore potentially introducing a 
considerable source of uncertainty whose effect could be studied per
forming a sensitivity analysis. Despite this fact, the differences between 
the preliminary estimations and eventual rigorous design results were 
not significantly different for our case study (around 3% for profit and 
6% for capital cost). Future work will focus on considering this fact in 
the first stages, as well as the implementation and systematization of the 
process parameters optimization, further integrating other useful tools, 
such as automated information extraction, flowsheet development, and 
the study of the benefit of including circularity metrics. Additionally, the 
reintroduction of new detailed designs in the ontology, broadening the 
field of alternatives with new instances from the literature, and re- 
iteration within the framework for verification, sensitivity analysis, 
and robustness assessment purposes are planned to be performed, as 
well as including some multi-objective decision-making approaches to 
select which alternatives should qualify from module II to module III. 
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thanks the financial support received from the "Ministerio de Ciencia e 

Innovación" (grant ref. PRE2018–087135). 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.compchemeng.2023.108255. 

References 

Adrados, A., de Marco, I., Caballero, B.M., López, A., Laresgoiti, M.F., Torres, A., 2012. 
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