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Abstract 

Plastic waste is a global issue that severely threatens the environment if not managed properly. 

Municipal plastic waste is widely treated in unsustainable ways such as landfill and incineration 

that generally do not contribute to the circular economy or to the principles of the UN’s 

sustainable development goals (SDGs). Mechanical recycling is not able to handle all 

municipal plastic waste generated due the technological limitations. Chemical recycling, 

specifically pyrolysis, is considered an alternative solution or supplementary to mechanical 

recycling because of its potential to recover fuels and chemicals from non-recycled municipal 

plastic waste. 

 In this study, large-scale centralized and small-scale decentralized diesel and hydrogen 

production from NMPW (non-recycled municipal plastic waste) using pyrolysis-based 

thermochemical conversion technologies were compared in terms of environmental footprint 

and economic feasibility, specifically focusing on GWP (Global Warming Potential) and NPV 

(Net Present Value). Glasgow was chosen as the case city for this study. LCA (Life Cycle 

Assessment) was applied to evaluate the GWP of all systems. The results showed that 

centralized systems had lower GWP compared to decentralized systems, despite their greater 

transportation distances. The GWPs of diesel production for centralized and decentralized 

systems were 801 and 1,345 kg CO₂-eq per tonne of NMPW, respectively. Hydrogen 

production, however, had much higher GWPs of 7,110 and 7,990 kg CO₂-eq per tonne of 

NMPW for centralized and decentralized systems, respectively. The end use of diesel produced 

has a greater carbon footprint than the end use of hydrogen. The carbon saving from the 

displacement of fossil hydrogen was two times higher than that from diesel displacement. After 

considering the end use of products and displacement, the net GWP of large-scale hydrogen 

production is 2,496.53 kg CO₂-eq per tonne of NMPW, which is better than the net GWP of 
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small-scale diesel production (2,766.3 kg CO₂-eq per tonne of NMPW) and close to the net 

GWP of large-scale diesel production (2,114.44 kg CO₂-eq per tonne of NMPW). 

After completing the assessment of the environmental footprint, in Cost-Benefit 

Analysis (CBA), the economic feasibility of centralized large-scale and decentralized small-

scale diesel and hydrogen production systems from NMPW was compared by defining their 

NPVs. Across all scenarios, only centralized large-scale diesel production, with and without 

carbon capture and storage, exhibited total positive net present values (£22,240,135 and 

£24,449,631, respectively), indicating their economic feasibility. The decentralized small-scale 

hydrogen production system with carbon capture and storage yielded the lowest net present 

value result (-£2391) per tonne of treated non-recycled municipal plastic waste. Particularly, 

the production of diesel and hydrogen from non-recycled municipal plastic systems, with 

carbon dioxide emissions to the environment, demonstrated better economic performance than 

the same systems capturing and storing carbon dioxide, attributable to its higher capital and 

operational expenditures. Also, sensitivity analysis revealed that the fuel sales price and OPEX 

had the most significant impact on the net present values. 

In the MOO (Multi-Objective Optimization) study, 900 diesel and hydrogen-producing 

scenarios from NMPW were developed, and the data thus generated was then used for 

inventory analysis to calculate their GWPs and NPVs. After that, the long short-term memory 

recurrent neural network was applied to define temporal dependencies and dynamics of 

systems, which was integrated with Monte Carlo simulations of variables to expand scenarios 

from 900 to 700,000 and to predict their GWPs and NPVs. Finally, a Pareto front was derived 

from the GWPs and NPVs, from which the best scenarios in terms of balance between 

environmental and economic performance was identified using the TOPSIS and LINMAP 

approaches. The TOPSIS approach defined a scenario that aligns perfectly with the ideal 

scenario, achieving the lowest GWP (-2570.42 kg CO₂-eq. per tonne of NMPW) and the highest 
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NPV (£300,315.65 per tonne of NMPW). This demonstrates that the TOPSIS method 

effectively balances environmental and economic performance of NMPW management 

system. In contrast, the LINMAP approach obtained a less optimal scenario, with a moderate 

GWP reduction (-1025.28 kg CO₂-eq. per tonne of NMPW) and a negative NPV (-£1,402.92 

per tonne of NMPW). This means that the TOPSIS approach is recommended for selecting 

optimal scenarios, as it provides the best balance between environmental and economic 

performance for NMPW management systems utilizing pyrolysis-based thermochemical 

conversion technologies. 

Based on the LCA, CBA, and MOO studies, several recommendations were developed 

for practical applications, and a few of them are worth highlighting. Currently, among the 

scenarios considered in this study, only diesel production from NMPW in a large-scale plant is 

economically feasible and can achieve a negative GWP if a CCS unit is applied. Additionally, 

pyrolysis plants should be located close to feedstock collection sources to reduce transportation 

costs and minimize environmental impact. When selecting between large-scale NMPW 

systems and small-scale systems utilizing pyrolysis-based thermochemical conversion 

processes, the large-scale option is recommended due to its superior environmental and 

economic performance. 
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Chapter 1 Introduction 

1.1. Background 

One of the biggest global environmental challenges humankind faces is plastic pollution. To 

promote the transition from a linear economy to a circular economy and minimize plastic 

pollution, municipal plastic waste (MPW) needs to be recycled (Praveenkumar et al., 2024). 

Various initiatives and programs have been developed worldwide to improve plastics 

circularity. For example, 1000 organizations (multinational corporations, small- and medium-

sized enterprises, non-governmental organizations, and other stakeholders) primarily involved 

in the production, use, and management of packaging plastics, which account for more than 

20% of global packaging plastic, have worked together to boost recycling rates since 2018 

(Ellen MacArthur Foundation, 2020, Ellen MacArthur Foundation, 2023). EU has an ambition 

to achieve 55% plastic packaging recycling by 2030, while significant changes in MPW 

collection and sorting practices, plastic product design, and market-level interventions are 

necessary to achieve this goal (Antonopoulos et al., 2021). For instance, plastic product design 

plays an essential role in enhancing the recyclability of packaging plastics. The EU provides a 

series of guidelines and commitments to support this effort, including: 1- promoting the use of 

mono-polymer materials as their designs are easier to recycle compared to multi-layered 

materials, which are typically inseparable and often end up in landfills or incineration; and 2- 

reducing or eliminating problematic additives, which interfere with mechanical and chemical 

recycling processes, is essential to improving recycling results (European Commision, 2024). 

Mechanical recycling dominates in MPW management in the EU (Lase et al., 2023). 

However, mechanical recycling is not applicable to all kinds of MPW and there are still 

significant amounts of MPW that cannot be mechanically recycled or, indeed, do not even 

undergo recycling at all. For example, in the UK, MPW, whether part of recyclables (plastics, 



2 
 

glass, and paper) or general municipal solid waste (MSW), is typically transported to Material 

Recovery Facilities to be sorted by waste fraction types. Polyethylene Terephthalate (PET) and 

High-density polyethylene (HDPE) bottles are easily separated and mechanically recycled. 

However, other MPW containing recyclable plastics is mainly sorted to make plastic bales, as 

it cannot be further separated to the required purity for mechanical recycling (Burgess et al., 

2021). In some waste management systems, non-recycled plastic waste can be converted into 

Refuse-Derived Fuel (RDF), which is then used as an alternative fuel to replace fossil fuels for 

generating heat and power. However, in most cases, non-recycled plastic waste is usually 

dumped in landfill or incinerated, both of which generate a high carbon footprint (Eriksson and 

Finnveden, 2009, Horodytska et al., 2019). Similarly, in Scotland, MPW that cannot be 

recycled is typically incinerated to recover energy or disposed of in landfills (SEPA, 2024). 

The result of study by Haig et al. (2018), as described in Table 2.1, shows that MPW pyrolysis 

can result in a negative net GWP, whereas incineration and landfilling do not achieve this. 

Hence, we need to explore the use of alternative technologies to lower the carbon footprint of 

non-recycled municipal plastic waste (NMPW) management. 

One of the waste management methods that is considered more sustainable than landfill 

or incineration is the production of diesel from non-recycled MPW. First, using non-recycled 

MPW as feedstock for chemical recycling reduces landfill waste and the associated 

environmental pollution risks. Secondly, plastic pyrolysis can significantly reduce the GWP of 

plastic waste management systems or even achieve negative GWP by replacing fossil fuel-

based materials with the products generated (Haig et al., 2018, Garcia-Gutierrez et al., 2023). 

Additionally, while the production of diesel, hydrogen, or other value-added materials from 

plastic waste is not fully renewable, it is more sustainable than extracting fossil fuels and using 

them to produce these materials.  
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Diesel shortages and soaring prices are amongst the major challenges experienced by 

many countries due to unstable geopolitical situations worldwide (Millard, 2022). In 2019, 

3,216,360 tonnes of oil equivalent energy were consumed by the transport sector (Department 

for Business, 2021), with around 60% in the form of diesel in Scotland (Haig et al., 2018). 

INEOS in Grangemouth is the only crude oil refinery plant in Scotland, and it only serves a 

quarter of Scotland’s road transport fuel demands (Haig et al., 2018); with the majority of fuel 

used in the transport sector being imported. It is worth noting that the majority of north-western 

Europe’s oil refineries are configured to produce petrol rather than diesel, which further 

negatively affects Scotland’s transport fuel security.  

Petroleum prices, especially diesel, and consumption are closely linked to the overall 

petroleum situation in the UK. Diesel consumption has increased over time, while petrol 

consumption shows the opposite trend (RAC Foundation, 2024). This shift can be explained 

by factors such as the greater fuel efficiency of diesel vehicles compared to petrol vehicles, 

governmental tax incentives promoting diesel to reduce carbon footprints, and diesel's 

dominance in the logistics sector, as most freight industries rely on diesel (Department for 

Energy Security and Net Zero, 2019, IEA, 2021). It is worth noting that domestic diesel 

production has decreased in recent years, while diesel imports have followed the opposite trend 

(Department for Energy Security and Net Zero, 2024). Diesel produced from non-recycled 

MPW can be blended with conventional diesel, and this blended fuel can be used in diesel 

vehicles. This approach may contribute to improving Scotland's and the UK's overall energy 

security by reducing dependence on diesel imports while promoting a more sustainable method 

of MPW management. Regarding the economic feasibility of diesel production from plastic 

waste, some studies suggest that such production can be economically viable under current 

conditions if appropriate technologies and policies are implemented (Garcia-Gutierrez et al., 

2023). One of the objectives of this project is to assess the economic feasibility of diesel 
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production from non-recycled MPW under the current economic conditions in Scotland and to 

develop practical recommendations. 

Hydrogen can also be recovered from non-recycled MPW, which has the potential to 

contribute to Scotland’s ambitious plan for a future hydrogen economy. The transport sector 

was the biggest emitter of greenhouse gases (GHG) in Scotland, with a net emission of 9.5 

MtCO2-eq in 2018 (Scottish Government, 2022). Significant share of this emission comes from 

diesel usage. As an overall strategy to reach the zero-emission target in the transport sector, the 

UK and Scottish Governments have decided to ban fossil fuel car sales by 2030 and 2032, 

respectively (Scottish Environment Protection Agency, 2019, UK, 2020). This means that non-

fossil fuel vehicles working on electricity and hydrogen will play a greater role (Haugen et al., 

2022, Manigandan et al., 2023). While electric vehicles are poised to continue dominating the 

market over hydrogen fuel cell vehicles, it is beneficial to broaden consumer choice in the 

proliferation of low GHG emission vehicles (Kim et al., 2020). Additionally, despite one of the 

main advantages of electric vehicles being their relatively higher energy efficiency in fuelling 

(the operational efficiency of hydrogen fuel cell vehicles is 40-60%, while that of electric 

vehicles is over 77%) (U.S. Department of Energy, 2024a, U.S. Department of Energy, 2024b) 

or a more established charging infrastructure, hydrogen fuel cell technologies applied in heavy-

duty vehicles such as buses and trucks have the potential to compete with heavy-duty electric 

vehicles due to specific economic and mileage advantages. For instance, it was reported that a 

hydrogen fuel cell truck costed around $135,503-249,900, whereas an electric truck costed 

$164,641-585,000 (Cunanan et al., 2021). A full electric battery is enough for driving 62–500 

miles, while 660-1104 miles can be fulfilled by a hydrogen fuel cell truck. Moreover, a 

hydrogen fuel cell truck has a lighter energy storage system than an electric truck, and thus 

potentially has a larger cargo weight (Cunanan et al., 2021). To sum up, despite electric vehicles 

being more widely used than hydrogen fuel cell vehicles, heavy-duty vehicles powered by 
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hydrogen are expected to increase as they can compete with electric ones due to the specific 

advantages described above. 

Glasgow has already taken action to increase the number of low emissions vehicles, 

particularly those powered by hydrogen fuel cells. Twenty waste collection and transportation 

lorries fuelled by hydrogen are planned to be delivered to the Glasgow City Council (Glasgow 

City Council, 2021). Transport Scotland has provided funding of £805,000 to convert 23 winter 

gritters working on diesel to dual fuel hydrogen (Glasgow City Council, 2019). Additionally, 

the Glasgow City Council has an ambitious plan to make all of its cars emission-free by the 

end of 2029 (Glasgow City Council, 2019). It is expected that the demand for hydrogen fuel in 

the transport sector in Glasgow, and Scotland and UK in general, will increase significantly. 

For example, based on estimates from Scotland’s national economic development agency, 

hydrogen demand in the transportation sector, as described in Figure 1.1, is projected to 

increase exponentially, with annual demand potentially exceeding 12.5 TWh by 2045 (Scottish 

Enterprise, 2023). Most of this increase will be driven by waterborne transportation. Any 

shortage in hydrogen supply should be prevented so as not to affect the operational costs of 

hydrogen fuel cell vehicles.  
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Figure 1.1. Estimation of hydrogen demand in the transportation sector in Scotland (Scottish 

Enterprise, 2023). 

Besides its usage in the transportation sector, hydrogen is utilized in various other 

sectors such as industry, heating, agriculture, and more. The current general hydrogen demand 

in the UK is approximately 10–27 TWh per year, with a large share attributed to the industrial 

sector (Hydrogen UK, 2023). General hydrogen demand is expected to continuously increase, 

and Figure 1.2 illustrates the projected hydrogen demand by sector in the UK for 2030 and 

2035. By 2035, the annual hydrogen demand in the industrial sector is expected to reach 25–

55 TWh, which alone—without considering other sectors—will exceed the current general 

hydrogen demand. In 2030, the annual hydrogen demand for transportation is projected to be 

1–4 TWh, increasing significantly to 20–30 TWh by 2035. Additionally, Figure 1.2 shows that 

hydrogen will also be actively used in heat and power generation. This indicates that hydrogen 
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demand will rise not only in the transportation sector but also in other sectors, such as industry, 

heat, and power generation. 

Hydrogen is typically produced from natural gas, which has a great carbon footprint 

(Williams, 2020). However, the UK government has aimed to produce 10 GW of hydrogen 

annually from fossil fuel-free sources for the transportation and industrial sectors by 2030 

(Department for Energy Security and Net Zero and Department for Business, 2022). The use 

of MPW to produce hydrogen could contribute the UK’s aim to produce hydrogen from fossil 

fuel-free sources. 

 

Figure 1.2. Estimation of hydrogen demand across sectors such as industry, power, heat, and 

transportation in the UK for 2030 and 2035 (Department for Energy Security & Net Zero, 

2023a). 

Waste management systems can be divided into centralized large-scale systems and 

decentralized small-scale systems. The main differences between these systems lie in their 

scale and the transportation requirements. Centralized systems are typically large-scale and are 

usually located farther from waste collection areas compared to decentralized systems, which 
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are smaller in scale and closer to waste sources. Centralized large-scale systems are generally 

preferable when transportation is not considered. However, including transportation can 

negatively impact their economic and environmental performances. There are several reasons 

for this: first, in centralized systems, large quantities of MPW feedstock must be transported 

over long distances and since MPW has a relatively low density, this leads to increased 

economic and environmental costs. Second, the availability and quality of infrastructure can 

further amplify environmental footprints and economic costs. 

Decentralized systems have the potential to compete with centralized systems due to 

the minimal distances covered by trucks used for feedstock, product, and by-product 

transportation. Proximity to MPW sources minimizes fuel consumption, which inevitably 

reduces environmental impact and enhances the economic performance of these systems. 

However, it is important to note that small-scale waste management plants, without accounting 

for transportation, are generally more costly per unit of treated waste compared to centralized 

large-scale systems. Therefore, it is pivotal to assess their environmental and economic 

performances to define systems with a balanced environmental footprint and economic 

feasibility. Detailed knowledge gaps related to diesel and hydrogen-producing systems from 

NMPW, as well as their environmental and economic aspects, are discussed in the next chapter. 

1.2. Aims and Objectives 

The main aim of this PhD study is to compare centralized large-scale and decentralized small-

scale pyrolysis-based diesel and hydrogen production systems from NMPW in terms of their 

environmental footprint and economic feasibility. Additionally, the study aims to develop ideal 

systems with balanced environmental and economic performances. These “ideal systems” are 

defined as those with minimal environmental footprints, measured by metrics such as GHG 
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emissions, and high economic feasibility, assessed through indicators like NPVs (Net Present 

Value). To achieve the aims mentioned above, the following objectives were set: 

1) Model and simulate the transportation aspects for centralized large-scale and 

decentralized small-scale diesel and hydrogen production systems to obtain more 

accurate results. 

2) Model and simulate the pyrolysis-based thermochemical conversion of NMPW into 

diesel and hydrogen as previous studies have identified knowledge gaps related to the 

credibility of results obtained from modelling and simulating this process. These gaps 

are discussed in detail in subsection 2.7. 

3) Assess the carbon footprint (GHG emissions) of centralized large-scale and 

decentralized small-scale diesel and hydrogen production systems in the understanding 

of transportation-related emissions, and providing insights into product selection 

between diesel and hydrogen based on carbon footprint. 

4) Define the economic feasibility of centralized large-scale and decentralized small-scale 

diesel and hydrogen production systems. 

5) To integrate machine learning, LCA, and CBA to evaluate a wide range of hydrogen 

and diesel production scenarios from NMPW. This objective also involves using 

machine learning algorithms to predict the GWP and NPV of scenarios based on input 

data. Multi-objective optimization will then be applied to define ideal scenarios where 

GWP does not exceed NPV, and vice versa, ensuring a balance between environmental 

and economic performance. The ultimate goal is to analyse these ideal scenarios and 

select the best-performing system using TOPSIS and LINMAP methods. 

1.3. Contribution of Thesis 

The contribution of the thesis can be divided into three main aspects: 
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Modelling. Most studies related to waste management systems based on thermochemical 

processes contain two main parts: transportation and thermochemical conversion. For the 

transportation part, most studies related to waste management systems, particularly MPW, rely 

on general assumptions without detailed modelling and accurate numbers. In this thesis, 

modelling and simulation of transportation related to MPW management systems for 

centralized large-scale systems and decentralized small-scale systems were conducted in 

ArcGIS Pro. Data from the Digimap dataset was used in ArcGIS Pro to determine 

transportation distances, which were subsequently used to calculate the environmental impact 

and transportation costs. 

Also, there is a knowledge gap in simulating the thermochemical conversion of NMPW 

into fuels, particularly hydrogen, using Aspen Plus. For instance, as discussed in detail in 

subsection 2.7, some previously published studies use kinetic parameters for tire pyrolysis in 

the simulation of plastic pyrolysis processes that produce diesel or hydrogen. This raises 

concerns regarding the reliability of the obtained results. Existing LCA and CBA studies related 

to hydrogen production from MPW or NMPW are based on data obtained from lab-scale 

studies, and there are few studies that apply Aspen simulations. In this study, the conversion 

processes of MPW into hydrogen and diesel were simulated in Aspen Plus, as it offers a cost-

effective and flexible approach to modelling. The obtained simulation results were compared 

with experimental data and findings from other simulation studies. The results of this 

comparison are presented in subsection 4.2.1. To summarize, modelling the thermochemical 

conversion process and validating the simulation results against lab-scale studies enhances the 

reliability of this study. 

Assessing carbon footprint and economic feasibility. Little is known about the influences of 

system scales and end product selection on the carbon footprints and economic feasibility of 

plastic waste treatment. Most MPW management studies considered large-scale systems, which 
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are associated with higher economic feasibility. However, some studies noted that the carbon-

saving potential and economic benefits of small-scale systems should be compared with large-

scale systems, as short transportation distances positively influence the environmental and 

economic performance of the systems. 

Additionally, most studies compared the carbon-saving potential and economic 

feasibility of diesel recovery from MPW through thermochemical conversion processes with 

landfills or incineration. Undoubtedly, the recovery of value-added materials or fuels from 

MPW is better than landfills or incineration based on waste management hierarchy and circular 

economy principles. However, there are knowledge gaps in comparing the thermochemical 

conversion of MPW to value-added materials or fuels with different setups, for example, 

hydrogen and diesel production through fast pyrolysis-steam reforming and slow-pyrolysis-oil 

distillation, respectively. 

The UK recently launched a GHG emissions trading scheme on January 1, 2021, to 

promote the reduction of GHG. However, its effectiveness related to the MPW systems 

working on thermochemical conversion processes is not well understood. In this study, the 

environmental and economic performance of large-scale and small-scale pyrolysis-based 

hydrogen and diesel-producing systems from MPW was assessed under the newly launched 

GHG emissions trading scheme. 

Multi-objective optimization by using machine learning. To the best of my knowledge, there 

are no studies related to the optimization of the environmental and economic performance of 

pyrolysis-based MPW and NMPW management systems producing hydrogen and diesel. It is 

pivotal to have more scenarios to define optimal or best scenarios with balanced environmental 

and economic performance. In this study, machine learning (ML) was used to increase the 
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number of diesel and hydrogen-producing scenarios, and optimal and best scenarios were 

selected from them using Pareto front, TOPSIS, and LINMAP methods. 

1.4. Thesis Outlines and  Thesis-Related Publications 

The thesis contains main six chapters as described in Figure 1.3, and there are publications 

related to each of these chapters. In this sub-section, the brief content of each chapter is 

discussed. 

Chapter 1 briefly discusses MPW and the attempts to mitigate this issue. It covers the reasons 

why mechanical recycling cannot handle the generated MPW, resulting in most of the MPW 

ending up in incinerators or landfills. The potential of pyrolysis-based chemical recycling of 

NMPW to produce transportation fuels (diesel and hydrogen) is evaluated. The main aims, 

objectives, and contributions of the thesis are then presented. Finally, the general thesis outline, 

including a flowchart for easy explanation and relevant publications, is described. The 

subsection 1.1, "Background" is an adjusted introduction from paper [3] listed in the last 

publications. 

Chapter 2 covers a critical literature review on topics related to the plastic waste crisis, 

sustainable waste management, and the role of pyrolysis-based waste management systems in 

mitigating the plastic waste crisis and shifting to more circular economy systems. The stages 

involved in pyrolysis-based waste management systems and the applications of products 

obtained from them are also discussed in detail. Finally, the knowledge gaps related to LCA, 

CBA and MOO of pyrolysis-based waste management systems are defined in this chapter. 

Some parts of publications [2] [3], [4], and [5] were adjusted and integrated in this chapter. 

Chapter 3 compares the GWPs of centralized large-scale and decentralized small-scale diesel 

and hydrogen production systems, applying LCA approach. First, the goal and scope of this 

study were defined, and an inventory analysis was conducted to obtain mass and energy 
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balances for the developed scenarios. Based on these balances, the carbon footprints of the 

scenarios were assessed. Finally, the GWP results were interpreted, and a sensitivity analysis 

was conducted. In many waste management system studies, transportation aspects are not 

properly modelled and simulated. In this chapter, the transportation aspects of centralized large-

scale and decentralized small-scale diesel and hydrogen-producing systems from NMPW were 

modelled and simulated using ArcGIS Pro software. It is worth noting that publication [3] was 

integrated into this chapter. 

Chapter 4 focuses on comparing the economic feasibility of centralized large-scale and 

decentralized small-scale diesel and hydrogen production systems from NMPW. First, 

transportation distances and mass and energy balances for the developed scenarios were 

obtained using ArcGIS Pro and Aspen Plus, respectively. Then, this generated data was used to 

select and size equipment units, which are applied to calculate CAPEX, OPEX, and incomes. 

Finally, NPVs for all scenarios were obtained, and the influence of variables on them was 

assessed. Publication [4] was adjusted and integrated into this chapter. 

Chapter 5 examines ideal centralized large-scale and decentralized small-scale diesel and 

hydrogen production systems from NMPW in terms of minimum environmental footprint and 

maximum economic feasibility. First, a certain number of scenarios were developed, and their 

GWPs and NPVs were calculated. Then, these scenarios were expanded using ML-driven 

approaches to identify a broader range of choices for defining the ideal scenarios with balanced 

environmental and economic performance. Finally, the Pareto Curve approach was applied to 

identify a range of scenarios with balanced GWPs and NPVs, and the LINMAP and TOPSIS 

approaches were used to define the best scenarios from them. In this chapter, publication [5] 

was integrated. 
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Chapter 6 summarizes all the findings of this PhD project and discusses recommendations for 

future studies and practical applications based on the results obtained. 

List of publications related to this PhD project: 

1) Biakhmetov, B., You, S. and Dostiyarov, A., 2022. Sustainable waste management and 

circular economy. In Low Carbon Stabilization and Solidification of Hazardous 

Wastes (pp. 545-554). Elsevier. 

2) Biakhmetov, B., Dostiyarov, A., Ok, Y.S. and You, S., 2023. A review on catalytic 

pyrolysis of municipal plastic waste. Wiley Interdisciplinary Reviews: Energy and 

Environment, 12(6), p.e495. 

3) Biakhmetov, B., Li, Y., Zhao, Q., Ok, Y.S., Dostiyarov, A., Park, Y.K., Flynn, D. and 

You, S., 2024. Comparing carbon-saving potential of the pyrolysis of non-recycled 

municipal plastic waste: Influences of system scales and end products. Journal of 

Cleaner Production, p.143140. 

4) Biakhmetov, B., Li, Y., Zhao, Q., Dostiyarov, A., Flynn, D. and You, S., 2025. 

Transportation and process modelling-assisted techno-economic assessment of 

resource recovery from non-recycled municipal plastic waste. Energy Conversion and 

Management, 324, p.119273. 

List of publications currently under review and preparation related to this PhD 

project: 

5) Multi-objective optimization of non-recycled municipal plastic waste management 

systems producing value-added resources by incorporating life cycle assessment, cost-

benefit analysis and machine learning (under preparation).
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Figure 1.3. Layout of the thesis. MPW: Municipal Plastic Waste; CAPEX: Capital Expenditure; OPEX: Operational Expenditure; LCA: Life Cycle 

Assessment; CBA: Cost-Benefit Analysis; and LSTM-RNN: Long Short-Term Memory Recurrent Neural Network.
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Chapter 2 Critical Literature Review 

In Chapter 1, the aims and objectives of this work, along with its contribution, are described. 

Chapter 2 is divided into three parts. In the first part (sub-sections 2.1–2.4), the global plastic 

waste crisis, its environmental impacts, and sustainable waste management are discussed. 

Additionally, the role of recycling in the waste management hierarchy is evaluated to 

understand its contribution to sustainable waste management. In the second part (sub-section 

2.5), the stages of municipal plastic waste (MPW) management systems based on pyrolysis-

based processes are discussed in detail, particularly focusing on transportation, feedstock 

pretreatment, and the thermochemical conversion of MPW into fuels (diesel and hydrogen). 

This section emphasizes process parameters and setups—such as reactor types, pyrolysis 

process temperature, catalysts, residence time, and pressure—that have a profound impact on 

product qualities and yields. Additionally, existing pyrolysis plants that process plastic waste 

are analysed to understand the practical application of these parameters and setups. In the final 

part (sub-sections 2.6–2.8) of this chapter, existing LCA and TEA studies assessing the 

environmental footprint and economic performance of plastic waste management systems, 

particularly those involving pyrolysis-based processes, are discussed to identify the knowledge 

gaps. LCA and TEA studies separately provide results such as the GWP and NPV of systems. 

Typically, the optimal system achieving a balance of minimum GWP and maximum NPV, is 

defined through MOO studies. Finally, the methodologies for conducting MOO studies are 

explored to identify the most efficient systems for producing hydrogen and diesel via pyrolysis-

based processes. 
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2.1. Sustainable Waste Management 

2.1.1. Sustainable Development 

Since the second industrial revolution, humankind has faced a multitude of problems due to 

extreme (over)exploitation and (over)consumption of natural resources (Grooten and Almond, 

2018). The speed at which natural resources are being exploited by human activities is far 

greater than their recovery rate. For example, one of the most important global problems, 

namely climate change, appears to be continuously accelerating. It has been proven by 

measurable parameters that average global temperatures and greenhouse gas emissions into the 

atmosphere are increasing. Annual carbon dioxide emissions totalled 3 Gt in the middle of the 

last century compared with their current level of 9.5 Gt (Friedlingstein et al., 2019). If this trend 

continues the carbon budget will be exceeded, leading to more human health-related and 

ecological problems, such as the spread of viruses, extreme weather conditions, flooding, 

drought, storms, bushfires, starvation, etc. 

A variety of problems have been caused by the irrational overexploitation of natural 

resources. Tons of metals, silicon, organic materials, rare elements, and plastics fabricated from 

oil and gas are being consumed or used for daily human life. However, improper disposal of 

waste products is causing environmental problems. The current global population is around 7.6 

billion and could reach 9.8 billion by 2050 and 11.2 billion by 2100 (Biakhmetov et al., 2022). 

To solve or mitigate these problems, it is critical to develop sustainable human actions under 

the concept of the circular economy. 

Sustainability and the circular economy are closely interconnected. Sustainability was 

defined in the report issued by the Bruntland Commission in 1987 as: 

“Development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs.” (Imperatives, 1987) 
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The circular economy is a relatively recent global concept proposed to mitigate the 

problems caused by the conventional, linear economic business model. The main difference 

between the circular and linear economies is that the former seeks not to generate any type of 

waste or co-products, use unnecessary inputs, or have outputs to meet human demands, 

whereas the latter’s overriding approach is that of extract-produce-use-dispose (Sauvé et al., 

2016). 

One of the essential problems which must be solved to prevent more catastrophic 

outcomes is that of increasing waste generation. Currently, 2.01 billion tonnes of waste is 

generated annually and it is anticipated that this number could reach 3.4 billion tonnes by 2050 

(Kaza et al., 2018). A small part of global waste is treated in sustainable ways, but the majority 

is disposed of unsustainably, resulting in environmental problems: 19% of waste is treated 

using material recovery technologies, 11% incinerated, 33% openly dumped, while the 

remaining 37% of waste ends up in landfill (Grooten and Almond, 2018). Many landfills do 

not have appropriate physical barriers to prevent leachate movement into soil and groundwater. 

Consequently, the groundwater around landfills often has a high concentration of heavy metals 

and toxic substances (Samadder et al., 2017). Also, marine debris represents a global tragedy, 

as the marine environment and the creatures living in it have been amongst the most seriously 

affected by such debris (Grooten and Almond, 2018). Most marine litter is plastic in nature and 

tiny particles of such can be found in the bodies of turtles, more than half of whales, 36% of 

seals, and 40% of birds, amongst other creatures (Grooten and Almond, 2018). In accordance 

with sustainable development principles, the negative impact of generated waste needs to be 

minimized or even eliminated. 

2.1.2. Circular Economy and Sustainable Waste Management  

Increasingly, world organisations and individuals alike are working on ways to save our planet, 

by shifting to sustainable development. Humankind needs to find the balance between thriving 
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as a species and saving the environment in which it thrives. Achieving a circular economy 

could bring about this balance. This requires that humankind should try to achieve zero waste, 

or at least minimize it, as it represents a loss of resources, and, typically, its disposal is 

associated with environmental pollution. Ideally, waste generation is prevented or returned to 

the economy, where all materials are circulated in a completely closed loop. 

The rate of waste generation is positively correlated with various factors such as 

urbanization, population, and economic development growth rates. Currently, around 2.01 

billion tonnes of waste is generated annually, 34% of which comes from 16% of the world 

population, namely the developed countries (Kaza et al., 2018). On average, the global rate of 

waste generation per capita per day is 0.74 kg. In the developed economy the average per capita 

waste generation is 4.54 kg, whereas, in countries with low-income, this figure is a mere 0.11 

kg (Kaza et al., 2018). The tendencies towards urbanization, population, and growth in 

economic development are accelerating, suggesting that the rate of waste generation will 

continue to increase, especially in low- and middle-income countries. It is anticipated that 

annual global waste generation will reach 2.59 billion tonnes by 2030 and 3.4 billion tonnes by 

2050 (Kaza et al., 2018). 

The waste management hierarchy has been promoted as a means of achieving 

sustainable waste management. The number of countries starting to promote sustainable waste 

management is gradually increasing and 186 UN countries signed the 12 Sustainable 

Development Goals of the 2030 Agenda for Sustainable Development, in which the waste 

management hierarchy is defined (Clark and Wu, 2016). According to the Waste Framework 

Directive 2008/98/EC (Directive, 2008), the principle of the waste management hierarchy is 

that the waste generation should be firstly prevented; after that, the generated waste should be 

reused, recycled, or recovered, with a final step of disposal of remaining waste which cannot 

be recycled due to a loss of resource and environmental pollution. The waste management 
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hierarchy aims to work for the benefit of the environment and to return resources into the 

production cycle. The waste management hierarchy has become increasingly focused on 

extending the lifespan of products or services to prevent waste and minimize resource 

consumption. Many researchers have suggested new, more complex waste management 

hierarchies. One of these considers that prevention of waste through extending the lifespan of 

products and by smarter product use and manufacture is the main concept underlying the new 

waste management hierarchy as it pertains to the circular economy aiming to reduce humanity’s 

environmental footprint, minimizing the need for resource extraction (Potting et al., 2017). 

2.2. Plastic Waste Crisis 

Plastic is a cheap and ubiquitous material due to its versatility, durability and adaptability, and 

368 million tonnes of plastic were produced globally in 2019 (Plastics Europe, 2020). One-half 

of the plastics currently produced are single-use plastics (Giacovelli, 2018), and only 2% of 

these single-use packaging plastics flow in closed-loop recycling, despite the recycling symbol 

having appeared on plastic items for more than 40 years (Ellen MacArthur Foundation, 2016). 

During the Covid-19 pandemic, the generation of single-use plastics that do not flow in closed-

loop recycling rises due to the increasing usage of PPE (Yuan et al., 2021). The production of 

plastics has increased 200-fold since the middle of the last century (Geyer, 2020); currently, 

around 6% of annual oil demand is used for plastic production, which is expected to reach 20% 

by 2050 (Ellen MacArthur Foundation, 2016). 

Plastic waste is one of the main causes of three intertwined world disasters, i.e. 

environmental pollution, climate change, and natural resource scarcity. The GHG emitted from 

the fossil fuel-based plastics produced in 2015 is 1.8GtCO2eq for a whole life cycle perspective 

(excluding recycling), accounting for 3.8% of global GHG emissions that year (Zheng and Suh, 

2019). The largest share (60%) of emissions came from the production of polymers, including 
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resource extraction and polymer production stages (Zheng and Suh, 2019). For example, 

producing one kilogram of PET requires 84 MJ of energy: 31 MJ in the form of crude oil, which 

includes both the energy content of the crude oil and the energy consumed for its extraction, 

and 53 MJ for converting crude oil into polymers, including net heating energy, energy losses, 

and other associated energy uses (Gervet, 2007). 

End-of-life plastic is usually disposed of unsustainably, which poses environmental 

pollution for the terrestrial and marine ecosystem. Jambeck et al. (2015) calculated that 4.8-

12.7 million metric tonnes of plastic debris entered the ocean. Lack of information due to the 

complexity of tracking plastic pollution systems worldwide through transmission pathways 

(terrestrial, aquatic, and atmospheric pathways) makes the plastic problem challenging to 

resolve (Bank et al., 2021). For example, there are no standardized methods to quantify and 

extract plastic particles in a soil (Dissanayake et al., 2022). 

Worldwide, various campaigns have attempted to address these issues.  More than 500 

organizations including >200 businesses responsible for more than 20% of global packaging 

plastics, and 27 financial institutions with overall $4 trillion worth of assets have set the target 

of keeping plastics within a circular economy and out of the environment at their sources by 

2025 (Ellen MacArthur Foundation, 2020). The European Union (EU) also developed the 

Plastics in the Circular Economy legislation and the Circular Economy Action Plan, to drive 

sustainable plastic waste management (European Commision, 2020). It was estimated that 

shifting five key industries (i.e. cement, aluminium, steel, plastics, and food) to the circular 

economy could reduce global GHG emissions by 40% by 2050, with plastics contributing 

significantly to this reduction (Ellen MacArthur Foundation, 2019). 

Except for its economic burdens on mankind, plastic waste also has a profound footprint 

on the environment and living species on terrestrial and marine systems (Ok, 2020). Total 60-
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99 million tonnes of plastic waste was disposed of in an unsustainable manner and ended up in 

the environment, whilst annual mismanaged plastic waste could reach 155–265 million tonnes 

by 2060 under the business-as-usual scenario (Lebreton and Andrady, 2019). Annually, 11% 

(19-23 million tonnes) of plastic waste ended up in the ocean, and this figure could well exceed 

90 million tonnes per year by 2030 if the business-as-usual scenario is continued (Borrelle et 

al., 2020). Overall, 150 million tonnes of plastic debris was floating in the oceans (McKinsey 

Center for Business and Environment, 2015), and plastic waste usually reaches world’s oceans 

through rivers, which is referred to as one of the major plastic waste transportation systems 

(van Emmerik and Schwarz, 2020). The annual world economic burden due to plastic debris 

reaching the oceanic system is $8 billion (Kershaw, 2016). 

Significantly concerns have been raised about the adverse impacts of plastic pollution 

on marine ecosystems and beyond. The plastic debris is a cause of feeding impairment 

(Savinelli et al., 2020) and entanglement of marine species (Jepsen and de Bruyn, 2019, 

Nisanth and Kumar, 2019), and disturbs natural carbon dioxide circulation (Shen et al., 2020).  

In a recent study, two-thirds of marine and estuarine fish species were found to have ingested 

plastics; indeed, the last decade’s records suggests that the average frequency of microplastic 

occurrence in marine species has doubled since 2010 (Savoca et al., 2021). A recent study 

estimated that the entire population of sea turtles, 41.46% of all marine mammals, and 44% of 

all sea birds have plastics in their stomachs (Kühn and Van Franeker, 2020). Many of the deaths 

amongst marine species are associated with film-like plastics, fishing nets and latex/balloons 

(Roman et al., 2020). Seabirds play a transfer role for plastics received through marine foraging 

to terrestrial zones, which contributes to their spread (Grant et al., 2021). Furthermore, 

microplastics can enter the food chain, posing a potential threat to human health (De-la-Torre, 

2020). Despite the various and considerable evidence about the severe ecological effect of 

plastic waste, more studies are needed to fully understand problems related to plastics (Bucci 
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et al., 2020), especially their effect on the terrestrial system (de Souza Machado et al., 2018, 

Kumar et al., 2020). 

2.4. Municipal Plastic Waste Recycling 

There are a few factors that make plastic waste more problematic than other types of waste. 

The plastic recycling rate is the lowest amongst the three most-used materials (i.e. plastic, paper 

and glass) for packaging. For example, in the UK, the recycling rates of plastic, paper and glass 

materials were reported to be 44.9%, 81.9%, and 67.1%, respectively (DEFRA (Department of 

Economic and Social Affairs Population Division), 2018). MPW is usually managed in 

unsustainable ways, incineration, landfill dumping, etc., and the associated GHG could triple 

by 2030 (Advisors et al., 2019). The world needs to take bold and urgent action to curb what 

appears to be a mounting plastic-related disaster (Sarkar et al., 2021). 

Ideally, the waste should be treated within the framework of the waste management 

hierarchy, which is considered as a sustainable way of achieving this goal. According to the 

Waste Framework Directive 2008/98/EC, the principle of the waste management hierarchy is 

preventing-reusing-recycling-recovering-disposing (European Commission, 2018), where the 

prevention of plastic waste arising, the reuse of plastics, and plastic waste recycling need to  be 

prioritized. Reuse of plastics has potential economic and environmental benefits over single-

use plastics, but the use of plastics for the same purposes on a large scale is legislatively and 

technically limited (Coelho et al., 2020). In the case of plastic recycling, even in European 

countries with advanced waste management technologies, only 32.5% of a total of 29.1 million 

tonnes of post-consumer plastics was recycled in 2018, whilst 42.6% were used as resources 

for energy recovery, and 24.9% ended up in landfill (Plastics Europe, 2020). Unrecycled and 

unrecyclable post-consumer plastics should be treated for energy recovery purposes rather than 
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being sent to landfill in order to gain maximum environmental, economic, and social benefits 

in terms of their contributions to the circular economy (Van Caneghem et al., 2019). 

There are two types of plastic recycling technologies: the mechanical and chemical. For 

the former, plastic waste is sorted, washed, shredded, melted and granulated into pellets which 

can be used as some ready raw materials for plastic goods production; the latter requires the 

use of various technologies such as chemolysis, pyrolysis, fluid catalytic cracking, gasification, 

etc. (Ragaert et al., 2017, Singh et al., 2017). The main disadvantages of the mechanical 

recycling method include thermal-mechanical degradation causing random chain scission and 

crosslinking (Ragaert et al., 2017), and limited effectiveness for heterogeneous plastics due to 

varying melting parameters (Singh et al., 2017). Plastics rejected from the mechanical recycling 

method due to contamination could be treated by the chemical recycling technologies, for 

example, pyrolysis, which is more tolerant to higher levels of plastic contaminations (Holger 

et al., 2019, Ragaert et al., 2017). Sorted and washed plastic usually contains contaminants 

such as metals, flame retardants, and small amounts of organics, which remain as solid bottom 

residues after the pyrolysis process (Schade et al., 2024). In the pyrolysis reactor, long polymer 

hydrocarbon chains are broken down into shorter ones, and they are in vapor form as the 

pyrolysis temperature is typically above 400°C (Haig et al., 2018). These hydrocarbon chains 

are pumped into the condenser, where oil-range hydrocarbons are separated from gas-range 

hydrocarbons. In mechanical recycling, sorted and washed plastic is melted, but long polymer 

hydrocarbon chains do not actively break down into shorter chains as they do in pyrolysis 

(Schade et al., 2024). Contaminants are not easily separated from the melted plastic. 

Furthermore, the impact of climate change due to pyrolysis is less than the other widely 

used waste management technologies such as incineration (Somoza-Tornos et al., 2020, Gear 

et al., 2018). For example, the results of the study by Haig et al. (2018) illustrated in Table 2.1, 

clearly show that the net carbon-saving potential of plastic waste pyrolysis is much greater than 
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that of incineration or landfill. In plastic waste pyrolysis, oil-based products are produced, and 

the transportation and processing stages to produce oil are responsible for a large share of GHG 

emissions. However, the produced oil displaces fossil-fuel-based oil, resulting in GHG 

displacement that is greater than the emitted GHGs. The net GHG emissions of landfill are 

greater than those of pyrolysis but less than those of incineration. The main GHG emissions 

from landfill arise from the degradation of organic contamination present in plastic waste. Also, 

plastic waste dumped in landfills is associated with the loss of resources that could be used as 

feedstock to produce value-added products. In the case of incineration of contaminated plastic 

waste, net GHG emissions are the greatest compared to the other options. Hence, pyrolysis of 

MSPW should be prioritized over incineration and landfill which lead to losses of valuable 

resources, a linear economy principle, and greater environmental concerns (Davidson et al., 

2021). 

Table 2.1. Comparison of the carbon-saving potential of plastic waste pyrolysis, 

incineration, and landfill. 

 Input, CO2-

eq per 

tonne 

plastic 

waste 

Transportation, 

CO2-eq per 

tonne plastic 

waste 

Processing, 

CO2-eq per 

tonne plastic 

waste 

Displacement, 

CO2-eq per 

tonne plastic 

waste 

Net 

emissions, 

CO2-eq per 

tonne plastic 

waste 

Plastic waste 

pyrolysis 

13 197.2 55.6 -425.5 -159.7 

Plastic waste 

incineration 

- 15.1 2,408 -565.5 1857.6 

Plastic waste 

landfill 

- 15.1 55.7 - 70.8 
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2.5. Pyrolysis-Based MPW Management Systems 

Pyrolysis is the process whereby waste undergoes thermal treatment in the absence of 

oxygen/air breaking down polymers and monomers into smaller hydrocarbon molecules in the 

form of three main products (i.e. oil, gas and solid residue) (Ragaert et al., 2017, Chen et al., 

2014b, Davidson et al., 2021). Despite the fact that pyrolysis is one of the most heavily 

researched technologies for resource recovery from plastic waste (Davidson et al., 2021) and 

is a quite commercially mature technology (Jeswani et al., 2021), there are few plastic pyrolysis 

plants worldwide (Jeswani et al., 2021). Typically, pyrolysis-based MPW management systems 

comprises collection and transportation of waste, sorting, pre-treatment of feedstock, pyrolysis, 

and purification of received products (Yuan et al., 2022), and all these processes involved in 

the systems are illustrated in Figure 2.1. Detailed discussions about these processes can be 

found in subsections 2.5.1, 2.5.2, and 2.5.3. 

 

Figure 2.1. An illustration of pyrolysis-based plastic waste treatment systems (Biakhmetov et 

al., 2023). 
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2.5.1. MPW Pretreatment 

The main purpose of the pretreatment stage is to prepare the MPW feedstock for the primary 

thermochemical conversion process. One of the key factors that could adversely affect the 

thermochemical conversion process is the presence of contamination or additives in the MPW. 

To address these issues, MPW is typically washed, dried, or subjected to low-temperature 

pretreatment to remove additives such as chlorine. These methods are described in detail in 

sub-sections 2.5.1.1 and 2.5.1.2. 

2.5.1.1. Plastic washing 

A sorting step is necessary to eliminate unwanted materials that can affect the quality of the 

production, and to ensure the optimal performance of the pyrolysis process (Jeswani et al., 

2021). Despite undergoing a sorting stage, MPW is often still contaminated with organic matter 

such as soil and plants, and non-organic materials such as glue, dye, and labels that can 

adversely affect the pyrolysis process and product quality. 

MPW normally goes through a washing process to remove contamination. For example, 

MPW of the province of Granada in Spain contains 10-14wt.% of dirt (Calero et al., 2018); 

contamination of organic origins can be effectively removed by a washing process with water 

at room temperature, whilst, to remove non-organic materials such as glue, paint, and fat, the 

washing process needs hot water (Calero et al., 2018). Calero et al. (2018) in their study used 

10 litres of water to wash a kilogram of plastics for 30 min, and wastewater from the washing 

process needed to be treated before discharging into the sewage system to meet local legislation 

requirements: wastewater to be discharged into the sewage network of the Granada City 

Council has to show the chemical oxygen demand at not more than 1400 mgO2/L (Calero et 

al., 2018). Sometimes, wastewater that has not been treated can be directly discharged into 

sewage if the dirt in the wastewater does not exceed certain limits (Calero et al., 2018). 
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Recommended temperature of water for hot washing of plastics was 60oC (Al-Sabagh et al., 

2016, Awaja and Pavel, 2005). 

2.5.1.2. Dryer 

Thermal pre-treatment as a drying process is an important step to control the moisture 

content of feedstock for the pyrolysis process. Increasing moisture content in feedstock reduces 

the reaction temperature in the pyrolysis reactor, and consequently, the process of cracking of 

feedstock into lighter molecules can be incomplete or prolonged (Chen et al., 2014a, Kaewluan 

and Pipatmanomai, 2011, Li et al., 1999, Karamarkovic and Karamarkovic, 2010). For 

instance, Li et al. (1999) studied how moisture content affected pyrolysis time and found 

increasing moisture content of the wood-chips from 5.25 to 14.83% doubled pyrolysis time 

from 6 to 12 min. This revealed that the overall efficiency of the pyrolysis process was reduced 

with increasing moisture content of the feedstock. The moisture content of polymers in MSPW 

can vary depending on location, weather patterns, and polymer type. The moisture content of 

PE, PET, PP, PS and EPS in MSW sampled in the province of Granada, Spain, has been found 

to be 11.78 wt%, 8.9 wt%, 1.58 wt%, 20.98 wt% and 16.1 wt%, respectively (Calero et al., 

2018). The moisture content of MPW needs to be analysed to define the optimal parameters 

for the drying process. 

2.5.1.3. De-chlorination 

In addition to the contaminants that can be removed by the washing and drying 

processes, polymers can contain chemical additives that are used to improve certain physical 

characteristics (e.g., tensile strength, plasticity, fire-resistance, etc.) of plastics and the chemical 

contaminations of such can negatively affect the pyrolysis process. One of the widely used 

additives is chlorine, which is mainly added to produce fire-resistant plastics. The PVC 

polymers used for packaging have a high chlorine content (Wang et al., 2020). The pyrolysis 

of plastics containing chlorine produces chlorinated hydrocarbon molecules, which causes 
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problems with corrosion and making oil more halogenated (Qureshi et al., 2020). Thermal pre-

treatment of polymers at low temperature before feeding into the pyrolysis reactor can be used 

to de-chlorinate the feedstock (Wu and Williams, 2013, Fukushima et al., 2009). In the pre-

treatment process, plastic waste is melted in a low-temperature treatment reactor operating at 

temperature range 300-330oC, and then, chlorine containing gases are evaporated (Fukushima 

et al., 2009). Hydrocarbon gases containing hydrochloric gases separated by evaporation at the 

low temperature are pumped into the de-HCl gas incinerator for combustion to reclaim 

hydrochloric acid (Fukushima et al., 2009). The use of the dichlorination step depends on the 

concentration of chlorine in plastics. Some pyrolysis reactor designs are able to tolerate a high 

concentration of chlorine, up to 35% (Haig et al., 2018). 

2.5.2. Thermochemical Conversion Process 

After the pre-treatment steps to remove unwanted contaminants, the plastic waste feedstock is 

fed into the pyrolysis reactor, where the feedstock is thermally decomposed into highly 

saturated hydrocarbon vapor in the absence of air/oxygen (Jeswani et al., 2021, Chen et al., 

2014b). This process requires a significant amount of heating energy to drive the thermal 

degradation of plastics. Various energy sources can be used depending on the setup and the 

desired product qualities, such as electricity, fossil fuels, or produced pyrolysis gas. After the 

pyrolysis reactor, the condensable gases contained in vapour are collected in the form of oil via 

condensation while the remaining incondensable gas is collected as pyrolysis gas (Jeswani et 

al., 2021). Inside the pyrolysis reactor, nitrogen is used as an inert gas to purge and to replace 

air/oxygen to avoid feedstock oxidation (Maniscalco et al., 2021, Anene et al., 2018). The oil 

and gas produced does need some conditioning to reach the desired quality by various forms 

of purification, for example, distillation (Fukushima et al., 2009). Heavy oil with unwanted 

matter content can be upgraded by thermal treatment with catalysts to gasoline and diesel-like 
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products with low chloride and high alkane and aromatic contents (Lopez-Urionabarrenechea 

et al., 2015). 

Various process parameters can be adjusted to achieve the desired yield and quality of 

products (oil, gas, and solid residues) (Sharuddin et al., 2016). A high proportion of oil and gas 

can be produced from the same feedstock, but the specific product output depends on the 

selected process parameters. For example, increasing the temperature enhances the yield of gas 

products while reducing the yield of oil products. The selection of process parameters also 

depends on the properties of the plastic feedstock. For instance, plastic feedstock with high 

volatile matter favours the production of more oil. If gas is the desired product from such 

feedstock, higher temperatures can be applied, or specific catalysts can be used in the pyrolysis 

process. In the following subsections, key process parameters (reactor type, temperature, 

residence time, pressure, and catalysts) are discussed in detail. A summary of MPW pyrolysis 

plants operating globally is provided in Table 2.3, along with a discussion of their key process 

characteristics and setups.  

2.5.2.1. Reactor 

One of the main factors that could affect the quality of products and their yields is 

reactor type. There are various types of reactors that can be used to pyrolyze MPW, namely 

fixed bed, fluidized bed, rotary kiln, microwave, batch or semi-batch, plasma pyrolysis 

reactors, and so forth. Fluidized bed, a fixed-bed, batch, the rotary kiln, and semi-batch reactors 

should be highlighted as they are widely used on a commercial scale due to either their very 

simple designs or their efficiencies. Fixed-bed reactors have a simple design and are usually 

operated at lower temperatures, which is more suited to the production of liquids, but they have 

the disadvantage of poor heat transfer. Fluidized bed reactors are relatively suitable to deal with 

materials such as MPW, which is a poor heat conductor, as the fluidization serves to improve 

heat transfer between plastic particles (Kaminsky et al., 2004). This contributes to improved 
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homogenization of the temperature inside the reactor and allows for a rapid heating rate, which 

allows for reduced residence time and, consequently, a reduction in the formation of residue 

and increased production of lighter hydrocarbons (Singh et al., 2019). Despite fluidized bed 

reactors having numerous advantages, they do have issues about defluidization as a result of 

the agglomeration of molten MPW feedstock (Dai et al., 2022). This reduces both the quality 

of products and the efficiency of thermal conversion process. Conical spouted bed reactors, 

which notably have a more complex design, can be used to minimize the defluidization issue. 

For batch reactors, MPW is fed into the reactor prior to the pyrolysis process, and 

products are removed after complete thermal conversion (Serra et al., 2022). Semi-batch 

reactors are not completely closed systems, as are the batch reactors, as reagents or products 

can be added or removed while the pyrolysis process is ongoing (Serra et al., 2022). The main 

disadvantages of the reactors are that (a) feedstock cannot be continuously fed into the reactors, 

and there is an issue about system scale-up, and (b) poor heat transfer (Dai et al., 2022, Inayat 

et al., 2021, Lopez et al., 2017). However, the issue with poor heat transfer can be minimized 

by installing a stirrer inside the reactors. 

Rotary kiln reactors also see widespread use due to its easily adjustable parameters such 

as residence time, temperature, and so forth. However, heating energy is usually transferred 

from the reactor walls to the plastic particles inside the reactor, resulting in issues regarding the 

homogenization of the temperature inside the reactor. This can cause overcracking or 

incomplete cracking of hydrocarbon chains, which negatively affects the product quality. Metal 

or ceramic balls can be loaded inside the reactor to minimize this issue (Dai et al., 2022). 

Many recently developed reactors can be used for plastic waste pyrolysis, but most of 

them have not been well-studied. For example, researchers have significant interest in 

microwave technology as it shows advantages such as rapid heating and minimal energy loss 
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(Fernández et al., 2011). However, the efficiency of the pyrolysis process in microwave reactors 

depends on the dielectric properties of the feedstock, which are typically low for plastic waste. 

The primary limitation to the widespread use of microwave reactors, compared to other reactor 

types, is the lack of sufficient data (Sharuddin et al., 2016). In this subsection, reactor types 

that are widely used in plastic pyrolysis and have adequate supporting data are discussed. While 

all of these reactors are actively used in laboratory-scale experiments, fluidized-bed, fixed-bed, 

batch, rotary kiln, and semi-batch reactors are also found on an industrial scale. These reactors 

are favoured for their simple design and efficiency, which likely contribute to their widespread 

adoption in industrial applications. 

2.5.2.2. Temperature 

Plastics consist of long hydrocarbon chains, which are broken down into shorter chains during 

the pyrolysis process. This process requires heating energy, and the temperature reflects the 

level of heating energy inside the pyrolysis reactor. Hydrocarbon molecules are held together 

by Van der Waals forces between carbon atoms, and thermal energy is required to overcome 

these weak intermolecular forces, resulting in the breaking of intermolecular bonds (Sobko, 

2008). 

The thermal decomposition reactions of polymer chains inside a pyrolysis reactor can 

be adjusted by temperature. It is worth noting that different plastic types exhibit varying 

decomposition behaviours. MPW typically contains six main types of plastics: LDPE, HDPE, 

PP, PS, PVC, and PET. Thermogravimetric analysis and derivative thermogravimetric analysis 

curves are commonly used to study the thermal decomposition of plastic waste. The former 

shows weight change over time and temperature, while the latter displays peaks that reflects to 

specific stages of weight loss (Kumar and Singh, 2011). 
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In the studies by Chin et al. (2014) and Marcilla et al. (2009), it was observed that 

HDPE and LDPE begin thermal decomposition at 378-404°C and 360-385°C, respectively, and 

fully decompose at 500-540°C. PET and PP show similar decomposition behaviour in the range 

of 400-500°C (Çepelioğullar and Pütün, 2013, Aboulkas and El Bouadili, 2010). In the case of 

PVC and PS, they have a lower starting point compared to other plastic types. The temperature 

ranges for the thermal decomposition of PVC and PS are 220–520°C and 350–500°C, 

respectively (Çepelioğullar and Pütün, 2013, Sharuddin et al., 2016). 

Most studies highlight that, in terms of the decomposition efficiency of mixed plastic 

waste and obtaining products with appropriate quality, 500°C is the optimal temperature (Lopez 

et al., 2011, Sharuddin et al., 2016). Most plastic pyrolysis plants operate within the range of 

400-500°C (Haig et al., 2018), as shown in Table 2.3, where most plants producing liquid 

product operate at temperatures below 500°C. Despite different plastic types having varied 

thermal decomposition behaviours as described above, this temperature range is optimal for 

their complete conversion into liquid and gaseous hydrocarbons.  

2.5.2.3. Catalysts 

In the plastic pyrolysis, catalysts can be used to speed up the chemical reactions that occur 

during the cracking of polymer chains. Choosing an optimal catalyst for MPW pyrolysis on an 

industrial scale is essential as the MPW pyrolysis plant requires a large amount of catalyst. To 

date, many types of catalysts have been developed to deal with plastic pyrolysis such as ZSM-

5 (Mangesh et al., 2020b),  Ziegler-Natta (Kumagai and Yoshioka, 2016), HZSM-5, FCC, HY 

zeolite (Wang et al., 2021) and MCM-41. In particular, mesoporous molecular sieve catalysts 

are widely used for polymer pyrolysis. The main difference between mesoporous molecular 

sieve catalysts and other forms of catalyst is in their topology, as mesoporous molecular sieve 

catalysts have an ordered pore structure. Also, it is worth noting existing catalysts have been 
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modified by for example, the impregnation of transition metals into catalyst structures to 

improve their catalytic performance. 

Using catalysts in plastic waste pyrolysis offers several advantages, as described below: 

(1) Adjustment of the yields of products. Selecting catalysts based on their pore structure and 

pH for the pyrolysis process helps to control the yields and distribution of pyrolysis products 

(Pan et al., 2021). For example, using certain acid catalysts such as HY, Hβ, HZSM-5, and 

HUSY zeolites enhances the quality of the resultant oil (Aguado et al., 2008, Chen et al., 2020, 

Elordi et al., 2009, López et al., 2011b, Lopez et al., 2017, Marcilla et al., 2009, Serrano et al., 

2012). Anene et al. (2018) compared oils received from the non-catalytic and catalytic pyrolysis 

of HDPE, LDPE, PP, and a mixture of LDPE and HDPE in the presence of zeolite-type catalysts 

in a laboratory-scale batch reactor at 460oC. The oil produced from the pyrolysis in the presence 

of zeolite-type catalyst mainly contained gasoline fraction carbons (C7-C12), and no diesel 

fraction (C13-C20) or heavy fraction (C21-C40) as would otherwise be gained from non-catalytic 

pyrolysis (Anene et al., 2018). 

(2) The formation of undesirable substances during polymer pyrolysis can be inhibited or 

reduced through the choice of catalyst. For example, ZSM-5 is effective at reducing the 

amount of solid residue, sulphur, nitrogen, and phosphorous in the resultant oil (Miskolczi et 

al., 2009). 

(3) Increased efficiency of the pyrolysis process. The presence of a catalyst during the 

pyrolysis process accelerates chemical reactions and the decomposition of polymers as the 

participation of the catalyst reduces the activation energy of the associated reactions. For 

example, Miskolczi et al. (2006) found that the presence of FCC, ZSM-5, or clinoptilolite in 

the pyrolysis of polymers can reduce the  activation energy by 40 kJ/mol. This inevitably 
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increases the conversion rate of MSW, and which usually proceeds at a lower temperature than 

non-catalytic pyrolysis. 

However, there are also some disadvantages associated with using catalysts in plastic waste 

pyrolysis: 

(1) Deactivation of catalysts. After the pyrolysis process, deactivation occurs due to the 

deposition of coke on the surface of the catalysts (López et al., 2011c). The catalysts with the 

strong acid sites and micropores promote greater deactivation process (Chen et al., 2021, 

Huang et al., 2009). For example, zeolites, which are considered highly acidic catalysts, are 

mainly deactivated due to acid-site poisoning (Argyle and Bartholomew, 2015, Bibby et al., 

1992, Magnoux et al., 1987, Nakasaka et al., 2015). Another way to minimize the problem of 

deactivation of the catalyst caused by deposition of coke is to reduce its formation during 

pyrolysis. Typically, deactivated catalysts need to be regenerated or replaced by fresh catalyst, 

which in both cases will clearly result in additional costs (López et al., 2011a). Another way to 

minimize the deactivation issue is to select the catalyst based on its topology (shape of 

selectivity) (Castano et al., 2011); for example, HZSM-5 has pores like channels, which prevent 

the entry of bulky coke molecules into pores, maintaining its catalytic activity for longer 

(Schirmer et al., 2001). 

(2) Additional expenditure for catalysts. Despite benefits such as better product selectivity, 

lowering the activation energy of polymers, and saving thermal energy, additional costs are 

associated with the purchase, regeneration, and disposal of catalysts. To make catalytic 

pyrolysis more attractive, widely available, and cheap, alternative catalysts such as clay or fly 

ash have been studied. 

Plastic pyrolysis plants globally producing diesel or other liquid products typically 

operate in a non-catalytic pyrolysis mode, as shown in Table 2.3. This is likely because the use 
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of catalysts often leads to excessive cracking of polymers, resulting in an increased production 

of gaseous products. In these plants, the specific types of catalysts used are not mentioned, 

making it challenging to analyse the details comprehensively. Furthermore, as noted earlier, a 

large quantity of catalysts is required for plastic pyrolysis, which significantly increases costs. 

The catalysts that can be used in MPW pyrolysis is illustrated in Table 2.2. Some 

catalysts could favour liquid formation, and some could be used to produce more gas or char. 

For example, zeolite or clay-based catalysts recommended themselves in producing liquid, but 

zeolite catalysts promote the production of a high-quality liquid containing diesel or gasoline 

range carbon such as lighter aliphatic hydrocarbons (Serra et al., 2022). Also, zeolite catalysts 

such as FCC or ZSM-5 have been widely used in oil and gas industry since the last century, 

and currently they are popular catalysts to pyrolyze plastic waste (Fadillah et al., 2021). It is 

worth noting that despite both, zeolite and clay-based catalysts being desirable to receive liquid, 

the use of zeolite catalysts results in a formation of a higher coke and lower oil than clay-based 

catalysts due to their acidic nature (Hafeez et al., 2019, Manos et al., 2001, Serra et al., 2022). 

Clay-based catalysts usually need to be modified to produce a high-quality oil (Serra et al., 

2022). 

Table 2.2. Main catalysts used in MPW pyrolysis. 

Product(s) 

favoured 

Catalyst Key findings 

They are preferable 

to produce an 

increased amount 

of oil. 

Clay-based 

catalyst 

• Made from a cheap abundant raw material 

(Budsaereechai et al., 2019, Patil et al., 2018). 

• Catalytic performance not good as widely used 

zeolite catalysts (Manos et al., 2001). 

ZSM-5 and 

HZSM-5 

• HZSM-5 exhibited greater ability to reduce coke 

formation than other zeolites catalysts, which is important 

to prolonging its life cycle (Garforth et al., 1997). 

Y Zeolite • Deactivated faster than other zeolite catalysts due 

to active coke formation (Onwudili et al., 2019). 
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• Oil produced contains increased proportions of 

aromatics such as benzene and toluene (Onwudili et al., 

2019). 

MCM-41 • Promote the production of the oil containing more 

gasoline-range hydrocarbons (Ma et al., 2017). 

FCC • Obtained by combining Y zeolites with alumina-

silica (Degnan, 2000). 

Fly ash catalysts • Cheap catalysts as they are the by-products of e.g., 

pulverised coal combustion (Ram and Masto, 2014). 

• Lower catalytic performance than zeolite and 

metal-based catalysts (Singh et al., 2020). 

Red Mud • An industrial waste from alumina production 

(Álvarez et al., 1999, Eamsiri et al., 1992, Llano et al., 

1994). 

• Lower catalytic performance than zeolite and 

metal-based catalysts (de Marco et al., 2009). 

They are preferable 

to produce an 

increased amount 

of gas. 

Metal-based 

catalysts 

• Ni-based catalysts are common metal-based 

catalysts to produce hydrogen-rich gas due to their high 

catalytic performance compared to Fe, Co and Cu-based 

catalysts (Acomb et al., 2016, Aupretre et al., 2002). 

• Main issue being deactivation due to coke 

deposition (Karimi et al., 2021, Prabu and Chiang, 2022). 

• Fe-based catalysts produce higher yields and 

quality of carbon nanotubes than other widely used metal 

catalysts (e.g., Ni, Co, and Cu) (Acomb et al., 2016, Liu et 

al., 2013). 

• Polyolefin plastics are preferred to produce purer 

and cleaner carbon nanotubes and higher yields of 

hydrogen (Hernadi et al., 2000). 

 

2.5.2.4. Residence time 

Residence time refers to the average duration volatile particles spend in the pyrolysis reactor 

and is one of the main factors influencing product yields and quality. The longer the residence 

time, the more lighter, thermally stable, and non-condensable hydrocarbon molecules are 
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produced (Ludlow-Palafox and Chase, 2001). This means that increasing the residence time 

enhances the conversion rate of heavier molecules into lighter ones. Additionally, it is worth 

noting that the impact of residence time on product yield is constrained by the pyrolysis process 

temperature. If the reactor does not reach a critical temperature, the residence time may have 

minimal effect on product yield. For example, in study by Mastral et al. (2002), increasing the 

residence time from 0.64 to 2.6 s had no significant effect on product yields when the pyrolysis 

temperature was below 685°C. Thus, residence time should be carefully adjusted based on the 

pyrolysis temperature to achieve optimal product yields. 

2.5.2.5. Pressure 

Most lab-scale and industrial pyrolysis plants, as described in Table 2.3, work at atmospheric 

pressure. Nevertheless, several studies have assessed the impact of pressure on product yields 

and quality. Generally, the effect of pressure on product distribution is constrained by 

temperature, similar to the effect of residence time discussed above. Pressure has a more 

significant impact at lower pyrolysis temperatures than higher ones. For example, Murata et al. 

(2004) found that non-condensable hydrocarbons increased from 6 wt% to 13 wt% at 410°C, 

whereas the increase was less significant, from 4 wt% to 6 wt%, at 440°C when pressure was 

raised from 0.1 MPa to 0.8 MPa in HDPE pyrolysis. Consequently, it is recommended to 

increase pressure in plastic pyrolysis processes conducted at lower temperatures as it has a 

greater effect on product distribution compared to pyrolysis at higher temperatures. 
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Table 2.3. Overview of MPW pyrolysis plants operating globally: process characteristics and setups. 

Pyrolysis 

plant 

Location Feedstock Products Capacity Operation 

temperature 

Process type 

(Catalytic/Non-

catalytic) 

Residence 

time 

Operating 

pressure 

Reference 

Promeco Italy 80 wt% plastic, 

with the 

remainder being 

contaminants and 

other materials 

Diesel/gasoline - 350°C Non-catalytic 

pyrolysis 

15-30 mins - (Promeco, 

2024) 

Plastic2Oil USA Mixed plastic 70 wt% diesel 

and 30wt% 

gasoline 

7,000 

tonnes of 

plastics 

per year 

Low operating 

temperature 

- - - (Plastic2Oil, 

2024) 

Plastic 

Advanced 

Recycling 

Corporation 

USA Mixed plastic 50–70 wt% 

crude oil, 15–

25 wt% gas, 

and 15–25 wt% 

residue 

10,000 

tonnes of 

plastics 

per year 

<500°C Catalytic 

pyrolysis 

- Atmospheric 

pressure 

(Plastic 

Advanced 

Recycling 

Corp, 2024) 

Niutech 

Environment 

Technology 

Corporation 

China Scrap tyre and 

mixed plastic 

Diesel/gasoline 

and heavy oil 

- Low operating 

temperature 

- - - (Niutech 

Environment 

Technology 



40 
 

Corporation, 

2024) 

Klean 

Industries 

Canada Mixed plastic 70 wt% diesel, 

±10 wt% gas, 

and ±30 wt% 

monomers  

3,500 

tonnes of 

plastics 

per year 

Low operating 

temperature 

Non-catalytic 

pyrolysis 

- - (Industries, 

2024) 

GreenMantra 

Technologies 

Canada Mixed plastic Waxes, 

lubricants, and 

crude oil 

- Low operating 

temperature 

- - - (GreenMantra 

Technologies, 

2024) 

Quantum 

Lifecycle 

Canada Mixed plastic Diesel 6,000 

tonnes of 

plastics 

per year 

- Non-catalytic 

pyrolysis 

- - (Quantum 

Lifecycle, 

2024) 

Agilyx USA Mixed plastic 80 wt% crude 

oil, 12 wt% gas 

and 8 wt% 

residue 

3,500 

tonnes of 

plastics 

per year 

593.3°C Non-catalytic 

pyrolysis 

5 hours per 

batch 

Atmospheric 

pressure 

(Agilyx, 

2024) 
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2.5.3. In-line Technologies Applied after Pyrolysis and the Products Obtained from Them 

Pyrolysis of MSPW produces oil, gas, and char (Benavides et al., 2017). The quality or 

distribution of products from the pyrolysis of plastic can be adjusted by the appropriate 

selection of process parameters (pyrolysis reactor, catalyst, residence time, and pressure), as 

discussed in subsections 2.5.2.1 to 2.5.2.5 (Qureshi et al., 2020). For example, oil with similar 

quality to diesel can be received (Santaweesuk and Janyalertadun, 2017), but there are still 

certain limitations to completely replacing conventional diesel. The way in which pyrolysis 

product can be applied depends on their quality and in-line technologies applied after the 

pyrolysis to upgrade products obtained. In this section, the application of products received 

from the pyrolysis of MPW is discussed, and Figure 2.2 is used to help our understanding of 

such. Also, in-line technologies such as oil distillation and gas synthesizing that can be used to 

upgrade pyrolysis oil and gas are discussed, respectively. 

The gas obtained from the pyrolysis of MPW is usually combusted to generate power 

and heat energy (Haig et al., 2018, Kanattukara et al., 2023). The heat energy can be used for 

the thermal decomposition of feedstock in a pyrolysis reactor. However, pyrolysis gases can 

contain certain impurities, and consequently, an upgrade or cleaning process needs to be used 

to obtain high-quality gas (Huang et al., 2022). Another way to obtain upcycled and more 

valuable products from plastic waste is the synthesis of carbon nanotubes and hydrogen-rich 

gas from hydrocarbon volatiles obtained from plastic waste pyrolysis (Jiang et al., 2022, Wang 

et al., 2023b). The pyrolysis setups and technologies for producing hydrogen-rich gas are 

discussed in Subsection 2.5.3.2. 
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Figure 2.2. Applications of products received from the pyrolysis of MPW. 

2.5.3.1. Production of diesel-range oil from pyrolysis crude oil 

Liquid oil and wax produced from plastic pyrolysis can be stored more effectively than other 

energy resources, which gives the freedom to use it as an energy resource (Ikäheimo et al., 

2019). Also, it has a higher heating value than other fuels, at 42.1–49.4 MJ/kg (Kunwar et al., 

2016). The pyrolysis oil produced from plastic waste pyrolysis, after undergoing an upgrading 

process (distillation), can be blended with conventional diesel and gasoline, depending on its 

properties, and then used as fuel for engines. 

The pyrolysis oil produced cannot be used as a drop-in fuel for diesel engines as it 

contains a wide range of hydrocarbons (C1-C22), and therefore it is typically considered crude 

oil. A distillation process is applied to separate diesel-range hydrocarbons from the crude oil, 

resulting in what is defined as diesel-range plastic pyrolysis oil. The remaining by-products 

from the plastic pyrolysis oil distillation process are referred to as the residue of the distillation 

process or lube oil cuts. The operational principle of the pyrolysis oil distillation process is 
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simple: diesel-range hydrocarbons are separated from non-diesel-range hydrocarbons based on 

differences in their boiling points. 

Although the oil obtained from the distillation contains diesel-range hydrocarbons, it 

can only partially replace conventional diesel. Most existing studies recommended blending 

pyrolysis-based diesel with conventional diesel in a ratio of up to 15-20 wt.% depending on the 

properties of the plastic-based diesel (Das et al., 2020, Rajak et al., 2022, Januszewicz et al., 

2023, Mangesh et al., 2020a). The mixed plastic-based and conventional diesel must meet 

certain standards to be used, in terms of e.g., flash point, calorific value (35.8 to 38.6 MJ/L), 

cetane number (40 to 55), viscosity, aromatic content, boiling temperature (163-357°C), and 

others (Wexler et al., 2005). 

The study by Faisal et al. (2023a) compared conventional diesel, crude pyrolysis oil, 

and distilled pyrolysis oil in terms of key properties essential for meeting fuel quality standards. 

The results are presented in Table 2.4. The calorific values of both crude pyrolysis oil and 

distilled pyrolysis oil are within the range observed for conventional diesel. However, in many 

studies, the calorific value of conventional diesel is higher than that of crude oil derived from 

plastic pyrolysis (Mani et al., 2011). The flash points of crude and distilled pyrolysis oils are 

also comparable to those of conventional diesel. Notably, the flash point of pyrolysis oil can be 

easily adjusted through the distillation process, which separates carbon fractions with the 

required boiling points. 

The kinematic viscosity of diesel is an important property, as it defines the fuel's ability 

to flow easily and its effectiveness in forming a combustible mist when injected into a diesel 

engine (Faisal et al., 2023c). If the kinematic viscosity exceeds the required range, it can lead 

to issues such as incomplete combustion and excessive soot and smoke production due to poor 

fuel atomization (Chandran et al., 2020). As shown in Table 2.4, the kinematic viscosity of 
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crude pyrolysis oil does not meet the standards for conventional diesel fuel, whereas the 

kinematic viscosity of distilled pyrolysis oil aligns with the required specifications. 

The most critical property for fuel ignition in diesel engines is the cetane number 

(Lapuerta et al., 2008, Atabani et al., 2012). The pyrolysis diesel may contain unsaturated 

hydrocarbons, which have lower cetane numbers, resulting in slower ignition and poorer 

combustion performance compared to saturated hydrocarbons (Mangesh et al., 2020b, 

Mangesh et al., 2020a). In table 2.4, the cetane numbers of distilled pyrolysis oil fall within the 

range of conventional diesel, unlike those of crude pyrolysis oil. Thus, the mixing ratio needs 

to be adjusted to ensure that the allowed content of unsaturated hydrocarbons in the fuel is not 

exceeded. 

Table 2.4. Comparison of properties of conventional diesel, crude pyrolysis oil, and 

distilled diesel-range pyrolysis oil. 

Property Conventional diesel Crude pyrolysis oil Distilled diesel-range 

pyrolysis oil 

Calorific value, MJ/kg 42-46 44-45.2 45.8-46.8 

Flash point, °C 55-61.5 <20 63-77 

Kinematic viscosity, 

mm2/s 

1.9-4.5 1.32-1.75 2-3 

Cetan numbers >40 ~30 ~50 

 

One of the primary products of plastic waste pyrolysis is crude oil, a valuable fuel with 

a high heating value compared to other fuels. However, it cannot be used as a drop-in fuel 

because it typically contains a high proportion of heavy hydrocarbon fractions. To address this, 

plastic pyrolysis crude oil is distilled to separate diesel-range hydrocarbon fractions based on 

their boiling points. Key properties such as flash point, calorific value, kinematic viscosity, and 

cetane numbers of distilled plastic pyrolysis oil are comparable to those of conventional diesel. 
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Despite its similarities, distilled pyrolysis oil cannot fully replace conventional diesel. It is 

typically blended with conventional diesel at ratios of up to 15-20%, as its slightly higher 

cetane numbers may lower combustion efficiency in diesel engines. Therefore, distilled diesel-

range plastic pyrolysis oil and conventional diesel must be blended at an optimal ratio to ensure 

the combustion performance of the blended fuel is not significantly affected. 

2.5.3.2. Hydrogen and Cabon nanotubes production from 

Plastic pyrolysis gas can be a resource for power and heat generation, or otherwise, some part 

of it can be returned to the pyrolysis system to produce the electricity and heating energy 

necessary for the pyrolysis of the polymers (Benavides et al., 2017). The calorific value of gas 

is relatively higher than other fuels, for example Kumagai and Yoshioka (2016) noted it was 

50 MJ/kg. The most ideal polymers for the production of high-quality gas with high calorific 

value are PE and PP (Honus et al., 2018b, Honus et al., 2018a). The flammability limits of the 

gas produced from the pyrolysis of PE, PP, PS, and PVC are the same as the flammability limit 

of natural gas; PET, however, has high upper flammability limits. 

Besides pyrolysis gas, a more valuable gaseous product—hydrogen-rich gas—can be 

obtained from plastic waste. Plastic waste is fed into a fast pyrolysis reactor, where it is 

converted into volatiles containing a wide range of hydrocarbon fractions, from light 

hydrocarbons (C1–C20) to heavy hydrocarbons (C21+) (Arregi et al., 2020). These volatiles 

then undergo synthesis to produce syngas, which can be achieved through three different 

methods, as outlined in Figure 2.3. 

In the first method described in Figure 2.3, metal-based catalysts such as Ni/Al₂O₃ and 

Ni/Mn/Al are used to catalyse the conversion of hydrocarbon volatiles into syngas, which 

typically contains hydrogen and carbon monoxide (Li et al., 2023, Wu et al., 2014). 

Additionally, in this process, carbon nanotubes are produced as hydrocarbon volatiles 
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decompose and diffuse on the catalysts. This occurs when hydrocarbon molecules are broken 

down into elemental carbon and hydrogen gas in the presence of transition metals, with the 

carbon being deposited on the surface of the metal-based catalysts (Dai et al., 2023). 

The carbon nanotubes obtained from the process can be used in various ways, from 

serving as a fuel for heating and electricity generation, attributed to their high carbon content, 

to becoming value-added materials due to their unique characteristics such as extraordinary 

strength and stiffness, relatively high electrical and thermal conductivity, and chemical stability 

(Inshakova et al., 2020). To comply with circular economy practices and maximize resource 

recovery, carbon nanotubes should be used as value-added materials instead of being employed 

as fuel for heating energy and electricity generation. A number of studies indicate that simple 

carbon nanotubes produced from waste can be utilized as reinforcement to LDPE, resulting in 

improved tensile and Charpy impact properties (Borsodi et al., 2016), in the automotive and 

construction industries, as well as in the production of lithium-ion batteries (Dagle et al., 2017). 

However, carbon nanotubes obtained from MPW termed crude carbon nanotubes as they 

contain undesired amorphous carbons or can be polluted with metal-based catalysts (Guo et 

al., 2007). Thus, they can be purified and then modified to acquire properties close to required 

property depending on the application purpose (Wang et al., 2022a). However, these additional 

processes, which involve upgrading carbon nanotubes, require significant resources, such as 

deionized water, acids, calcium oxide, and energy inputs. This substantially impacts the 

economic feasibility of such systems. 

In the second way, instead of utilizing metal-based catalysts, steam is employed to 

convert hydrocarbon volatiles into syngas. The general chemical reactions for synthesizing 

hydrocarbon volatiles are represented by equations (2.1) and (2.2). Initially, hydrocarbon 

molecules react with steam, forming carbon monoxide and hydrogen. Subsequently, a portion 
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of the carbon monoxide undergoes the water-gas shift reaction, producing carbon dioxide and 

additional hydrogen. 

𝐶𝑥𝐻𝑦 + 𝑥𝐻2𝑂 → 𝑥𝐶𝑂 + (
𝑦

2
+ 𝑥) 𝐻2          (2.1) 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2          (2.2) 

In the third method, syngas is generated through the combined effects of metal-based 

catalysts and steam. Additionally, carbon nanotubes are produced, similar to the first method. 

However, the resulting carbon nanotubes often have defects, such as poor morphological 

characteristics and low purity, which make them a less favourable product (Wu et al., 2014). 

 

Figure 2.3. Methods for producing hydrogen-rich gas through pyrolysis-based processes from 

plastic waste. 

In addition to diesel-range oil, gas is also produced from plastic waste pyrolysis, which 

can be used as a fuel for power and heat generation. Furthermore, syngas, often referred to as 

hydrogen-rich gas in many studies, can be produced from plastic waste by employing 

pyrolysis-based conversion technologies. Hydrocarbon volatiles obtained from the fast 

pyrolysis of plastic waste are synthesized to produce hydrogen-rich gas. 
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2.6. Present Life Cycle Assessment Studies on Pyrolysis-Based Conversion 

of Non-recycled Municipal Plastic Waste into the Diesel and Hydrogen 

In general, MPW management systems can be deployed in either centralized or 

decentralized modes. The main difference between the two is regarding the scale and efficiency, 

which affect their environmental and economic performance. Recently, the number of 

comparative LCA studies of centralized and decentralized systems have been increased to 

define their relative environmental footprints (Quinteiro et al., 2020, Gupta et al., 2022). In 

many cases, centralized systems are preferable due to their better economic benefits, but they 

can nevertheless have a worse or better environmental performance than decentralized systems 

depending on several factors. To the best of our knowledge, there have been limited studies on 

the influences of system scales on the carbon footprints of diesel and hydrogen production from 

pyrolysis-based MPW treatment. The existing LCA of MPW pyrolysis and other waste 

management technologies focuses on large or centralized MPW. However, Pires Costa et al. 

(2022) mentioned in their study that large-scale centralized pyrolysis facilities should be 

compared with small-scale pyrolysis facilities built locally as there was still an argument as to 

how GHG emissions from transportation could affect the overall results. A large-scale waste 

pyrolysis facility is usually located some distance away from the city, and the density of plastic 

waste is low. In this case, the transportation of waste, pyrolysis products, and by-products for 

large-scale facilities may have a significant carbon footprint, as compared to small-scale 

facilities that can be located nearer to waste collection points. 

The majority of existing studies have not considered the environmental burden of the 

end-of-life use of products resulting from plastic waste pyrolysis (Bora et al., 2020, Khoo, 

2019). It is important to assess the quantity of products derived from plastic waste and the 

extent of the environmental burden/benefit that comes from using such products. Moreover, 

Pires Costa et al. (2022) highlighted that there were plenty of LCA studies where plastic waste 
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pyrolysis was compared with incineration and landfill. It is well known that plastic waste 

pyrolysis can achieve better environmental performance than these waste management 

methods (Krüger et al., 2020). For instance, as discussed in sub-section 2.4, the results of study 

by Haig et al. (2018), net GWP of incineration of one tonne of MPW is 1857.6 CO2-eq per 

tonne plastic waste, whereas net GWP of diesel production via MPW pyrolysis is -159.7 CO2-

eq per tonne plastic waste. However, there is a knowledge gap in comparing the various types 

of plastic waste pyrolysis technologies with each other (Pires Costa et al., 2022). 

2.7. Present Techno-Economic Studies on Pyrolysis-Based Conversion of 

Non-Recycled Municipal Plastic Waste into the Diesel and Hydrogen 

In the available techno-economic assessment (TEA) studies related to fuel production from 

MPW pyrolysis, diesel, as one of the more widely used transportation fuels, has been compared 

with other fuels such as naphtha, ethanol, gasoline, etc (Haig et al., 2018). However, to the best 

of our knowledge, there are limited or no existing TEAs that comprehensively compare the 

economics of pyrolysis-based diesel and hydrogen production from MPW. Only a few TEA 

studies have assessed hydrogen production from plastic waste using pyrolysis-based 

technologies. For example, in study by Yi et al. (2024), the economic feasibility of hydrogen 

production from plastic waste pyrolysis-based processes was assessed, but it was not compared 

with the production of other fuels through pyrolysis-based processes for plastic waste. 

Similarly, in the study by  Paneru et al. (2024), high-temperature pyrolysis (600°C) was applied 

to convert plastic waste into syngas, from which hydrogen was separated. The production cost 

of hydrogen from plastic waste was also determined. In these studies, only a few setups for 

pyrolysis-based processes were considered. However, there are many other configurations that 

can be applied to produce hydrogen, such as varying the temperature ranges, employing 

different setups for converting pyrolysis volatiles into hydrogen-rich gas, or using a wider range 

of catalysts. Exploring alternative setups for pyrolysis-based conversion technologies could 
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help identify optimal configurations for hydrogen production in more economically feasible 

ways. Additionally, these studies could be enhanced by incorporating models for transportation 

or CCS, which would provide more comprehensive results. 

As mentioned in sub-section 2.6, waste management systems can be categorized as either 

centralized or decentralized, depending on system efficiency and scale. The techno-economic 

feasibility of pyrolysis-based diesel and hydrogen production from MPW should be affected 

by the scale of system. However, the extent of the influence of system scale on the feasibility 

does not exist yet.  Furthermore, the influence of system scale is also influenced by product 

selection and transportation factors. Particularly, despite that waste transportation has little 

impact on the environment its cost can significantly affect the overall cost of waste 

management systems (Ascher et al., 2019). Therefore, it is important  to incorporate accurate 

transportation modelling in the TEA of pyrolysis-based diesel and hydrogen production from 

MPW (Yadav et al., 2022). 

In many TEA studies related to waste management, energy-intensive technologies are 

applied, which often have a significant carbon footprint (Fang et al., 2023, Lui et al., 2022a). 

These studies assess the use of CCS to evaluate the economic feasibility of waste management 

systems with CCS, especially when a carbon tax is applied. The findings vary, with some 

studies demonstrating economic feasibility, while others do not. For example, Lui et al. (2022a) 

stated that in systems using natural gas-based technologies for waste treatment, CCS combined 

with a carbon tax is not economically feasible due to the low cost of natural gas, which offsets 

the costs associated with GHG emissions. Conversely, the study by Geissler and Maravelias 

(2021) suggested that CCS can be economically viable if thermochemical conversion plants 

are scaled up. 
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Based on the discussion in the previous paragraph, maximizing the carbon-saving potential 

of pyrolysis-based diesel and hydrogen production from MPW requires considering CCS and 

its impact on economic feasibility through the application of a carbon tax (Fang et al., 2023, 

Lui et al., 2022a). Additionally, the scale of MPW pyrolysis plants should be evaluated to 

understand how it influences the integration of a CCS unit within the system. 

The UK government implemented the UK Emissions Trading System (UK ETS) as a 

market trade measure in 2021, with its primary goal being to incentivize GHG reduction (UK 

Government, 2023). This is a newly implemented tool in the UK, and its effectiveness has not 

been well studied. MPW management systems utilizing thermochemical conversion 

technologies such as pyrolysis, gasification, etc., emit GHGs, and the economic motivation of 

these systems to capture carbon emissions should be assessed under schemes similar to the UK 

ETS. It is essential to compare the costs of employing UK ETS and other options in dealing 

with GHG emissions. This comparison could help define the optimal solution for the 

thermochemical conversion of NMPW to transportation fuels under the market situation. 

Mass and energy balances of thermochemical conversion processes are typically employed 

to select and size equipment in cost-benefit analyses (Martins et al., 2023). For diesel and 

hydrogen production from MPW, mathematical modelling of the thermochemical conversion, 

in particular pyrolysis, is challenging due to the complexity of the reactions that occur during 

such processes and the large numbers of product components involved (Ismail et al., 2017). 

Aspen Plus is one of the widely used process modelling tools to simulate thermochemical 

conversion of different feedstocks and to calculate mass and energy flows. However, there are 

a very few studies that use Aspen Plus in the simulation of diesel and hydrogen production 

from MPW via pyrolysis-based conversion technologies, and indeed the majority of such are 

questionable regarding the reliability of their results. For example, in the study by Rodriguez 

et al. (2018), kinetic reaction constants of tire pyrolysis are used in the Aspen simulation of 
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MPW pyrolysis, though there are issues concerning the reliability of Aspen simulations in such 

circumstances. In the study by Al-Rumaihi et al. (2023), two RYIELD reactors were used to 

simulate the pyrolysis process; in the first reactor, non-conventional materials (polymer 

feedstock) were decomposed into conventional components based on the ultimate composition 

of the feedstock, whilst in the second reactor products were obtained based on the ultimate 

composition without  using equilibrium reactions. These kinds of Aspen simulation are 

certainly questionable in terms of their reliability. 

2.8. Multi-Objective Optimization of Chemical Recycling of Municipal 

Plastic Waste 

The feasibility of waste management systems is typically assessed via LCA and CBA  studies, 

which determine the environmental footprints and economic benefits of such systems, 

respectively (Afzal et al., 2023, Yadav et al., 2022). LCA and CBA studies cannot separately 

determine the most feasible systems. MOO (Multi-Objective Optimization) is currently the 

best approach to determining systems with delicately balanced environmental footprints and 

economic benefits (Wang et al., 2022b, Fang et al., 2024). It is particularly useful for addressing 

conflicting objectives, such as reducing GWP while increasing NPV, or resolving situations 

where these metrics yield contradictory results. 

In MOO studies, Pareto-optimal solutions can be applied to define the states when each 

of the objectives, environmental and economic performance, cannot be improved without 

compromising the other (Musharavati et al., 2022). Figure 2.4 illustrates a set of solutions with 

objectives 𝑥 and 𝑦. Solutions where 𝑥 cannot be increased without decreasing 𝑦, or vice versa, 

are considered Pareto-optimal solutions. The line connecting all Pareto-optimal solutions is 

referred to as the Pareto curve. 
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TOPSIS or LINMAP approaches can then be applied to calculate the ideal value from 

the Pareto-optimal solutions (Li et al., 2020). TOPSIS ranks all Pareto solutions by evaluating 

their closeness to the ideal solution and their distance from the non-ideal solution. LINMAP, 

on the other hand, identifies the closest solution to the ideal by calculating distances in a space 

where each dimension represents a different objective. 

 

Figure 2.4. Pareto optimal solutions. 

Several scenarios or solutions can be proposed for converting NMPW into diesel and 

hydrogen, with Pareto-optimal solutions identified to achieve balanced GWP and NPV 

outcomes. Among these Pareto-optimal solutions, the most favourable scenarios can be 

selected. Also, considering factors that have significant impacts on GWP and NPV results in 

the MOO study can provide a more inclusive and deeper understanding of the systems, and 

then define a general framework for system optimization. 
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2.9. Centralized and Decentralized Waste Management Systems 

As described in Sub-section 2.6, waste management systems can be categorized by their 

scale and location as centralized large-scale and decentralized small-scale systems. 

Transportation plays a crucial role in defining the environmental and economic performance 

of these systems. Decentralized small-scale waste management facilities can be located near 

waste collection sources, which positively affects the economic feasibility of the systems and 

reduces the environmental burden associated with transportation. However, large-scale waste 

management facilities are generally more economically preferable. For instance, the cost of 

equipment per functional unit is lower for large-scale systems compared to small-scale waste 

management facilities. This is demonstrated in Table 4.2, where the equipment costs for large-

scale and small-scale pyrolysis plants are compared. 

Despite the advantages of centralized large-scale systems, decentralized systems could 

have specific benefits in the context of Glasgow. Decentralized small-scale systems could be 

located near existing material recovery or transfer stations, allowing feedstock to be directly 

supplied and supporting preprocessing activities (Glasgow City Council, 2025). Additionally, 

small-scale plants, unlike centralized ones, can be easily integrated into Glasgow’s 

neighbourhoods due to their lower utility and land requirements. 

In this study, hydrogen and diesel production from NMPW were considered. Hydrogen 

production in a local pyrolysis plant has advantages, such as proximity to local markets, which 

eliminates the need for long-distance transportation. Hydrogen transportation is particularly 

costly; for example, according to the Department for Energy Security & Net Zero (2023c), 

transporting 1 kg of hydrogen over 25 km costs approximately £4 for a truck with a 500 kg 

workload capacity. Furthermore, small-scale facilities can be easily adapted or adjusted based 

on local demand or feedstock supply. 
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To summarize, despite the economic advantages of centralized large-scale waste 

management systems, such as pyrolysis plants, over decentralized small-scale systems, the 

latter should still be considered due to their potential to be competitive. Key areas can be 

identified to reduce the environmental footprint and fuel production costs of decentralized 

systems. 

2.10. Conclusion 

Plastic is one of the most widely used materials worldwide due to its low production cost and 

unique properties, such as being lightweight, durable, versatile, and waterproof. Plastic 

production has increased 200-fold since the 1950s, and currently, half of the plastics produced 

are single-use. This means that after being used once, they typically end up as waste. Under the 

principles of the circular economy and the sustainable waste management hierarchy, the 

generated MPW needs to be recycled to prevent it from polluting the environment and to keep 

it within the economy. 

MPW refers to plastic waste generated in urban or residential areas. It typically includes 

the following types of plastic: LDPE, HDPE, PP, PS, PVC, and PET. In many countries, 

particularly in well-developed nations, MPW is usually transported to Material Recovery 

Facilities (MRF) after collection. At these facilities, the most commonly recycled types of 

plastic, HDPE and PET, are separated and sent for mechanical recycling. The rest of MPW is 

often managed in unsustainable ways, such as incineration or landfilling, both of which are 

associated with resource loss and environmental pollution. Chemical recycling, particularly 

pyrolysis-based processes, can play a complementary role to mechanical recycling by 

increasing the amount of MPW returned to the economy and reducing the volume of MPW 

managed in unsustainable ways. 
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Pyrolysis is a thermochemical conversion process that converts feedstock into oil, gas, 

and solid products in the absence of air. It involves several key process parameters (reactor 

type, operating temperature, catalysts, residence time, and pressure) that can be adjusted to 

achieve desired product quality and yields. Plastic pyrolysis plants operating globally were 

analysed based on these key process parameters. It was observed that most of these plants 

produce diesel or other liquid products, operate at lower temperatures (<500°C), and utilize 

non-catalytic pyrolysis modes.  

Diesel and hydrogen can be obtained from MPW pyrolysis, each involving distinct 

pyrolysis-based conversion technologies. Plastic pyrolysis produces crude oil, which must 

undergo an upgrading process, such as oil distillation. The distillation process separates diesel-

range hydrocarbons from heavy hydrocarbons. Although pyrolysis-derived diesel has 

properties close to those of conventional diesel, it cannot fully replace conventional diesel. 

Many studies recommend blending pyrolysis diesel with conventional diesel at a ratio of 15–

20%. For hydrogen production, hydrocarbon volatiles obtained from plastic pyrolysis are 

synthesized to produce hydrogen-rich gas. Hydrogen is then separated from this gas. 

The main objectives of this study are to assess the carbon footprint and economic 

feasibility of diesel and hydrogen production from MPW using pyrolysis-based processes. LCA 

and TEA approaches are applied to achieve these goals. Notably, most existing LCA and TEA 

studies focus on comparing the environmental footprint and economic feasibility of pyrolysis-

based plastic waste management systems with conventional methods such as incineration or 

landfilling. However, there are limited studies comparing different pyrolysis-based plastic 

waste management systems with one another, despite the variety of process parameters and 

setups that can be assessed. Furthermore, these studies could be expanded to incorporate 

additional factors for more comprehensive results. For instance, modelling the transportation 
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component, evaluating the effectiveness of the newly implemented carbon tax in the UK, or 

assessing the impact of the UK ETS could provide valuable insights. 

LCA and TEA studies alone cannot independently identify the optimal system with 

balanced GWP and NPV results from various pyrolysis-based MPW management systems. 

MOO approach can be applied to determine the optimal systems that meet the condition where 

improvements in GWP or NPV cannot be achieved without compromising the other. Finally, 

methods such as LINMAP and TOPSIS can be utilized to select the best systems from these 

optimal scenarios.  
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Chapter 3 Comparing Carbon-Saving Potential of the Pyrolysis of Non-

Recycled Municipal Plastic Waste: Influences of System Scales and End 

Products 

In the previous chapter, the plastic waste crisis was discussed, and the role of pyrolysis was 

evaluated. Additionally, the production of hydrogen and diesel from NMPW through pyrolysis-

based conversion technologies was described. Finally, the knowledge gaps in the present LCA, 

CBA, and MOO studies related to hydrogen and diesel producing systems from NMPW were 

identified. 

In this chapter, the carbon footprints of centralized large-scale and decentralized small-

scale pyrolysis-based conversion of NMPW into value-added resources are compared. The 

chapter aims to address objectives 1 and 3 described in subsection 1.2 and to fill the knowledge 

gaps outlined in subsection 2.6. Specifically, the transportation component of NMPW 

management systems was modelled and simulated to provide more reliable GWP results, rather 

than relying on general assumptions. Additionally, the GWP of all systems was determined 

using the LCA methodology. As mentioned in sub-section 1.4, this chapter is based on the paper 

published in the Journal of Cleaner Production (Biakhmetov et al., 2024). 

3.1. Methodology 

3.1.1. Scenario description 

Glasgow is the fourth largest in the UK with a population of 614,520 in 2021 

(Population UK, 2023). It is also the largest city in terms of waste generation: 258,941 tonnes 

of MSW or 408 kg/capita/year were generated in 2021 (Scottish Environment Protection 

Agency, 2023). MPW that is not suitable for mechanical recycling usually ends up in landfill 

or is sent to other countries, amounting around 15,000 tonnes. In this study, plastics that are 
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non-recycled or rejected by recycling processes are defined as a feedstock for pyrolysis 

systems. 

Four scenarios are defined as illustrated in Table 3.1: C1, D1, C2, and D2. Scenarios 

C1 and C2 denote centralized plants, whilst scenarios D1 and D2 denote decentralized plants. 

The annual capacity of the centralized pyrolysis plant is ~15,500 tonnes of MPW, that is all 

non-recycled MPW generated in Glasgow is transported to this site for treatment. Overall, 

annual MPW generation in Glasgow is more than 21,000 tonnes, around 5,500 tonnes of which 

goes through mechanical recycling (Scottish Environment Protection Agency, 2023). The rest 

of NMPW is considered as feedstock for the centralized pyrolysis plant. 

The capacity of the decentralised plants is set to be 3,300 tonnes per year, which 

corresponds to the capacity of typical small commercial-scale pyrolysis plants, as reported by 

(Haig et al., 2018). In scenarios C1 and D1, MPW transported to the plant is treated by pyrolysis 

to produce crude oil substitute, which is then distilled to produce oil containing diesel-range 

hydrocarbons. The main products in the C2 and D2 scenarios are hydrogen, carbon nanotubes 

and diesel, which are recovered by two-step pyrolysis-catalytic reforming in the presence of 

metal-based catalysts. Diesel and hydrogen produced from all scenarios are used as fuel for 

buses in Glasgow.
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Table 3.1. Scenario description in terms of waste transportation, PtE technologies, product distribution and annual capacity.  

 Scenarios 

C1 D1 C2 D2 

Waste transportation MPW is collected and 

transported to a transfer 

station, where non-recycled 

MPW is separated and baled 

before being transported to 

the pyrolysis plant, which is 

located 100 km away from 

the transfer station. 

MPW is collected and 

transported to the transfer 

station, where non-recycled 

MPW is separated and 

directly sent to the pyrolysis 

plant, which is located near 

the transfer station. 

 

MPW is collected and 

transported to a transfer 

station, where non-recycled 

MPW is separated and baled 

before being transported to 

the pyrolysis plant, which is 

located 100 km away from 

the transfer station. 

MPW is collected and 

transported to the transfer 

station, where non-recycled 

MPW is separated and 

directly sent to the pyrolysis 

plant, which is located near 

the transfer station. 

 

PtE technologies 

Pyrolysis + oil distillation Pyrolysis + oil distillation 

Two-step pyrolysis-catalytic 

reforming + pressure swing 

adsorption/oil distillation 

Two-step pyrolysis- catalytic 

reforming + pressure swing 

adsorption/oil distillation 

Products 
Diesel Diesel 

Hydrogen/Carbon 

nanotubes/Diesel 

Hydrogen/Carbon 

nanotubes/Diesel 

Annual capacity 15,500 tonnes 3,300 tonnes 15,500 tonnes 3,300 tonnes 

 * The capacity of the decentralized plants is set to be 3,300 tonnes per year, which corresponds to the capacity of typical small commercial-scale 

pyrolysis plants, as reported by (Haig et al., 2018).
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3.2. Life cycle Assessment 

3.2.1. Goal and Scope Definition 

LCA was conducted based on the ISO 14040 and 14044 standards, and proceeds in four 

sequential stages: goal and scope definition; inventory analysis; impact assessment; and 

interpretation (ISO, 2006a, Ascher et al., 2024). The goal of the LCA study is to ascertain and 

compare the environmental footprints of large-scale centralized and small-scale decentralized 

MPW pyrolysis systems. The scope of this study considers six stages, namely (a) collection 

and transportation of MSW containing MPW, (b) feedstock pre-treatment, (c) pyrolysis, (d) 

product upgrading processes, (e) fuel supply, and (f) end-of-life use. GWP, as one of the main 

environmental impact categories, was considered in terms of global impact within a timeframe 

of 100 years and the Centrum voor Milieukunde Leiden (CML) 2001 method was applied to 

calculate GWP. In this LCA study, two different functional units (FU) were considered, namely, 

the treatment of 1 tonne of NMPW from a waste management perspective, and 100 km travelled 

by bus.  

3.2.2. Life cycle inventory analysis 

Life cycle inventory analysis defines the inputs and outputs (materials, energy, 

products, by-products, and emissions) of each stage involved in the systems. Data for 

foreground processes such as MPW sorting, pyrolysis, product purification, etc., were obtained 

from research papers and documents, whilst data for background processes, such as electricity 

and diesel generation and distribution, were obtained from GaBi software databases. The 

system boundary and mass and energy flows were simulated in the GaBi software and their 

balance for all four scenarios is shown in Figure 3.1. In the figure, processes within the red 

boxes represent those occurring at the pyrolysis plant site, while processes in the yellow boxes 

indicate those conducted at the transfer station. The detailed inputs and outputs (electricity, 
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materials, and other resources) for each process involved in each system can be found in Table 

3.2. 

 

Figure 3.1. Detailed process flows for four scenarios: C1, D1, C2, and D2.  
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Figure 3.1. (continued). 
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Figure 3.1. (continued). 
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Figure 3.1. (continued). 

3.2.2.1. MPW collection, transportation and sorting systems 

MSW waste is collected every eight days (Glasgow City Council, 2023a). It was 

assumed that a lorry working with diesel collects 10-15 tonnes of MSW per trip and the 

maximum mass capacity of such lorries is 14-16 tonnes or 30.6 m3 (PE International, 2015). 
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The density of MSW is 408.5 kg/m3, which is within the range of MSW densities stated in 

other studies related to waste collection and transportation (Jaunich et al., 2016). It is worth 

noting that MPW density can vary depending on several factors, such as composition, 

compaction, moisture content, etc., but the chosen density represents the average value for 

MSW. Overall, 25% and 75% of the diesel used for MPW collection is consumed in the idling 

and driving of automated side loader trucks, respectively (Jaunich et al., 2016). Approximately 

17.7 million MSW bins are collected per year in Glasgow (Glasgow City Council, 2015). It 

can thus be assumed that the average weight of MSW collected per stop is around 10.57 kg, 

8.3% of which is plastics.  

The collection and transportation of NMPW were modelled using the ArcGIS Pro. First, 

the four different datasets were received from the Digimap platform, namely neighbourhood 

areal classification, topography with road network data for Glasgow, OS Open UPRN, and UK 

buildings (EDINA Society Digimap Service, 2022c, EDINA Society Digimap Service, 2011, 

EDINA Society Digimap Service, 2022b, EDINA Society Digimap Service, 2022a). Then, all 

four datasets are integrated into ArcGIS Pro to produce the map containing the road networks 

and dwellings within the neighbourhoods of Glasgow as illustrated in Figure 3.2. The obtained 

map does not include waste collection points. It was assumed that these points are located on 

the closest road to the dwellings, and the geoprocessing tool ‘Generate Near Table (Analysis)’ 

was used to position them on the road in the ArcGIS Pro. Finally, 1000 points were randomly 

selected to determine their average distance, which is 17.3 m. This average value reflects the 

urban areas within Greater Glasgow, whose territorial boundaries can be seen on the right side 

of Figure 3.2. The main factors affecting the average distance between waste collection points 

include population density, urban layout, and the distribution and number of collection points. 

Selecting over 1000 points does not remarkably affect the result.  
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Additionally, it is worth noting that some property locations are positioned outside the 

building footprints in the analysis, and thus, all selected points were visually assessed to 

account for this discrepancy. Visually assessing and manually measuring the distances is 

labour-intensive. However, selecting around 2000 points does not significantly affect the result. 

 

Figure 3.2. Glasgow city neighbourhoods’ territory with road networks, dwellings and waste 

collection points.  

PtE plants in the UK are usually located beyond the outskirts of cities (on average 

around 100 km away) (PE International, 2015); it is considered that the pyrolysis plant for the 

C scenarios is located 100 km away from Glasgow. For the C scenarios, prior to transportation 

to the pyrolysis facility, the MPW is bailed, with each bale’s weight being around 400 kg (Haig 

et al., 2018). Overall, 48 MPW bales are fit into a lorry for transportation. It is worth noting 

that the source providing the bale weight does not specify its density. Therefore, in this analysis, 

the weight of the bale is used as the sole key parameter without considering its volume. 
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First, MSW collected is transported to the sorting facility, where MPW is separated 

from other waste fractions. The MPW composition was defined based on the dataset obtained 

from Zero Waste Scotland (2010) and Foster (2008), and is shown in Table 1A in the Appendix. 

Sorted MPW mainly contains PE (28.5 wt.%), PP (22.2 wt.%), and PS (4 wt.%), which is 

favourable for the pyrolysis process; MPW also contains impurities (16.5 wt.%) and 

undesirable plastics such as PET (15.3 wt.%) and PVC (3.5 wt.%) for the pyrolysis process 

(Krüger et al., 2020). The MPW composition, featured by the particularly high content of PE 

and PP plastics, medium content of PET, and low content of PS and PVC, aligns with other 

studies defining MPW composition for developed countries (Bodzay and Bánhegyi, 2016, 

López et al., 2010, Edjabou et al., 2021). Extra sorting is applied to separate polyolefin MPW 

from them. The efficiency of the sorting process and the composition of sorted non-recycled 

MPW were assumed based on the data for the Meilo sorting plant in Germany, as it is one of 

the widely applied sorting setups (Krüger et al., 2020). Sorted non-recycled MPW mainly 

contains PE, PS, PP, and a small amount of PVC (< 0.5 wt.%) and PET (< 3 wt.%). The 

pyrolysis technology vendors reported that pyrolysis is tolerant of MPW containing up to 10% 

wt. PVC and 15% wt. PET (Haig et al., 2018). In this study, the PVC and PET content in MPW 

is much lower than the recommended limits for pyrolysis. 

The presence of unwanted materials in plastic feedstock can affect the quality of 

resultant products and the pyrolysis process itself (Jeswani et al., 2021, Borsodi et al., 2011). 

The impurities received after the extra sorting have lower calorific value compared to non-

recycled MPW sent to the PtE facilities. However, they contain a relatively high carbon content 

and can thus be sent to an incineration plant to recover electricity and heating energy. For D 

scenarios, it was assumed that the extra sorting facilities are near to waste incineration facilities 

around Glasgow (hence, transportation is minimum and not considered), whilst the impurities 

obtained from the extra sorting are transported to the incineration plant located 50 km away 



69 
 

from the extra sorting facilities for C scenarios. The outputs and inputs of incineration are 

described in detail in the next subsection. The GWP burden allocation of the MSW sorting 

process was performed with regard to the mass of sorted waste streams (Civancik-Uslu et al., 

2021). 

3.2.2.2. MPW-to-Energy Production 

For all scenarios, the impurities obtained after the extra sorting are incinerated to produce 

electricity fed into the grid systems and heating energy used for local businesses or district 

heating. Incinerating one tonne of impurities produces 4.1 MJ of electricity and 12.15 MJ of 

heating energy (Jeswani et al., 2021). It is worth noting that heating energy and electricity 

generated from the impurities have carbon saving by displacing the heating energy generation 

from natural gas and electricity in the UK grids. 

Before the plastics are fed into the pyrolysis reactor, they need to be dried as a high 

content of moisture could cause various issues such as temperature reduction in the reactor, 

prolonging the pyrolysis process, and increasing the production of unwanted gas and oil (Chen 

et al., 2014a). The heating energy consumed by the large (C1 and C2 scenarios) and small 

dryers (D1 and D2 scenarios) is 0.45 and 1.36 MJ/kg feedstock, respectively, with 5.3% of the 

feedstock mass being evaporated as moisture (Haig et al., 2018). 

Dried MPW is fed into the pyrolysis reactor, where the feedstock in the pyrolysis reactor 

is broken down into lighter molecules in the absence of air (Chen et al., 2014b). The main 

difference between scenarios C1/D1 (diesel production) and C2/D2 (hydrogen production) is 

that for the former scenarios, an oil distillation process is applied after pyrolysis, while for the 

latter, a catalytic reforming process is applied. 

For scenarios C1 and D1, dried MPW is degraded into less complex hydrocarbon chains 

in the form of vapor in the pyrolysis reactor. The condensable hydrocarbon molecules are then 
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condensed and separated from gas and solid products. The liquid obtained after the 

condensation process is considered as crude oil substitute, which is subsequently pumped into 

the oil distillation system to produce diesel-like oil that can be mixed with diesel. The oil 

obtained after the distillation process is called diesel-like pyrolysis oil, as it contains 

hydrocarbon molecules within the conventional diesel range (C5-C18) (Haig et al., 2018). The 

yields of diesel-like oil, gas, and solid products and residues are 71.81 wt.%, 10.03 wt.%, and 

18.16 wt.%, respectively. Overall, 5.7 MJ of heating energy is consumed per kg of dried 

feedstock for the pyrolysis process in scenario C1, while for scenario D1, three times more 

heating energy is consumed (Haig et al., 2018). Also, the gas and char produced from the 

pyrolysis process and residue from the oil distillation process are combusted to produce the 

necessary heat for the pyrolysis plants, and thus have a carbon footprint. In scenarios C1 and 

D1, approximately 90 kg of pyrolysis char are produced per FU, 1 tonne of non-recycled MPW, 

and their combustion emits approximately 300 kg CO2-eq (Ahamed et al., 2020). It is worth 

noting that the pyrolysis process consumes more than 90% of the heating energy used in the 

plants, and the rest is consumed by the processes such as dryer, oil distillation, etc. 

Two-stage pyrolysis-catalytic reforming of MPW in the presence of a metal-based 

catalyst is applied to produce hydrogen-rich gas and carbon nanotubes (Acomb et al., 2016, 

Prabu and Chiang, 2022). In the first stage, in the pyrolysis reactor, plastic feedstock is broken 

down into mixture of shorter hydrocarbon volatiles at 500oC. In the second stage, hydrocarbon 

molecules volatiles are pumped into another catalytic reforming reactor, where they are 

decomposed and diffused on the nickel-based catalyst in an oxygen-free environment at a 

temperature of 700-800oC  (Yao and Wang, 2020, Li et al., 2023, Biakhmetov et al., 2023). 

Overall, around 2.5 tonnes of Ni-based catalyst is used per FU (1 tonne of non-recycled MPW) 

in the C2 and D2 scenarios, and GWP associated with it was assumed based on the study by 

Ahamed et al. (2020). The GWP of producing 1 kg of nickel-based catalyst is 1.54 kg CO2-eq, 
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with half of them associated with direct emissions occurring during catalyst preparation. The 

main products of catalytic reforming process are hydrogen-rich gas (42 wt.%) and carbon 

nanotubes (38 wt.%). Additionally, a small amount of liquid product containing hydrocarbon 

molecules C6-C22 is produced which is then distilled to achieve diesel-like oil quality (Cai et 

al., 2021). 

The carbon nanotubes obtained from the process can be used in various ways, from 

serving as a fuel for heating and electricity generation, attributed to their high carbon content, 

to becoming value-added materials due to their unique characteristics such as extraordinary 

strength and stiffness, relatively high electrical and thermal conductivity, and chemical stability 

(Inshakova et al., 2020). To comply with circular economy practices and maximize resource 

recovery, carbon nanotubes are used as value-added materials instead of being employed as 

fuel for heating energy and electricity generation in this study. However, carbon nanotubes 

obtained from MPW termed crude carbon nanotubes as they contain undesired amorphous 

carbons or can be polluted with metal-based catalysts (Guo et al., 2007). Thus, they can be 

purified and then modified to acquire properties close to required property depending on the 

application purpose (Wang et al., 2022a). 

Carbon nanotubes obtained from the catalytic reforming process are deposited on the 

nickel-based catalysts and need to be separated. An acid washing process is applied for this 

purpose, using hydrochloric acid (HCl) and deionized water as input materials (Griffiths et al., 

2013). The main waste output of this process, wastewater, is sent to the wastewater treatment 

plant where Ni metals are easily recovered by adding calcium oxide (Ahamed et al., 2020). The 

acid washing process does not have any direct GHG emissions, but it is highly a material 

intensive process due to the HCl and deionized water inputs. Consequently, there are indirect 

GHG emissions associated with preparation of these input materials. Also, it is believed that 

the combustion of carbon nanotubes is less environmentally and economically friendly, 
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because of significant resource inputs into the acid washing process for their production. If 

carbon nanotubes are used as value-added materials, there will be carbon saving by displacing 

fossil fuel-based carbon nanotubes production, positively affecting the overall GWP of non-

recycled MPW management systems producing hydrogen and carbon nanotubes. 

There is lack of data about the amount of energy used in two-stage pyrolysis-catalytic 

reforming process. This study considered data from other thermo-chemical technologies that 

are similar to the two-step pyrolysis-catalytic reforming considered in this study. Hydrogen-

rich gas is the main product of two-stage pyrolysis-catalytic reforming, containing more than 

30 wt.% hydrogen, 20 wt.% methane, and other hydrocarbon gases (C2-C4). Hydrogen-rich gas 

is pumped to be treated by the polybed pressure swing adsorption (PSA) technology, where 

hydrogen is separated from other gases, which is used due to the following advantages: (a) it 

is the most commercially available technology to produce ultrapure hydrogen (99.99+%) 

(Luberti and Ahn, 2022, Meyers, 2016, Yang, 1997, Ruthven and Pressure, 1994, Voss, 2005), 

and (b) it has relatively high hydrogen recoveries (60-90%) (Ronald Long, 2011). Since not all 

hydrogen is recovered after the PSA process, the remaining gas still contains a proportion of 

hydrogen and methane, which is combusted to recover heating energy for auxiliary demands 

of the systems. Overall, 322.17 MJ of electricity is consumed by the PSA process to process 

357.97 kg of hydrogen-rich gas produced from the pyrolysis-catalytic reforming process for 

scenarios C2 and D2 (Valente et al., 2019, Lui et al., 2022b). The crude oil substitute produced 

from the two-stage pyrolysis-catalytic reforming process is distilled to produce pyrolysis 

diesel. 

Also, it is worth noting that the CCS unit was not included in the LCA study for all 

scenarios, as the main purpose of LCA is to assess the carbon footprint of the primary systems. 

However, the CCS unit was considered in the CBA study (Chapter 4) to evaluate its economic 

feasibility, including potential savings from reduced emissions penalties. 
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3.2.2.3. Distribution and End-of-life Use of Products 

In Scotland, a large share of fuel (petrol and diesel) for transport is sourced through 

INEOS’s oil refinery located on the Firth of Forth in Grangemouth, Scotland, and it is assumed 

for the purpose of this study that distilled pyrolysis diesel, with a density of 850 kg/m3, is 

transported to this plant (Haig et al., 2018). The shortest and most optimal route to this oil 

refinery from Glasgow is via the M80 motorway, the distance for which is around 45 km. Mixed 

diesel from oil refinery plant is transported back to the fuel station in Glasgow, where buses 

are fuelled. 

The pyrolysis oil obtained after the distillation process has properties very close to those 

of conventional diesel (Faisal et al., 2023b). The diesel engine does not require considerable 

modification to use a mixture of conventional diesel and pyrolysis diesel produced from MPW. 

The most important factor is the effect of pyrolysis diesel on engine performance and emissions 

characteristics (Sekar et al., 2022, Biakhmetov et al., 2023, Ramalingam et al., 2018, Erdoğan 

et al., 2019). The negative effects of pyrolysis diesel, such as poor combustion, knocking, or 

combustion noise, can be mitigated by modifying the blending ratio of conventional and MPW 

diesel. It should be stated that pyrolysis diesel produced from a mixture of plastics cannot fully 

substitute conventional diesel or be blended with conventional diesel at a high ratio 

(Biakhmetov et al., 2023). Also, the pyrolysis diesel obtained and then transported to the oil 

refinery plant could still contain some impurities and undesired hydrocarbon chains. However, 

this issue can be sorted out, as the oil refinery plant has the capability to adjust the composition 

of pyrolysis diesel or remove all undesired components through the purification or other 

processes it has (Haig et al., 2018).  

The hydrogen produced in scenarios C2 and D2 is used to support local hydrogen fuel 

cell electric buses in Glasgow. Additional energy is required to store and transfer hydrogen. 

Overall, 11.34 MJ of electricity was required per kilogram of hydrogen, with 4.14 MJ for 
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compression and the remaining energy used for storage (Lui et al., 2022b). The hydrogen 

produced, usually at around 10-20 bar pressure, is compressed to 200 bar for storing and 

transportation purposes (Lozanovski et al., 2011). The pyrolysis diesel produced in scenarios 

C2 and D2 is transported to the oil refinery located outside of Glasgow which is the same as 

scenarios C1 and D1. The fuel consumption part of the comparison study by Ally and Pryor 

(2016) is used to assess the carbon footprint of bus operations powered by fuel from MPW 

pyrolysis. 

The main by-product in all scenarios is ash received from the combustion process to 

produce heating energy. Ultimate and proximate analyses of MPW in many studies show that 

MPW contains a small amount of ash (Park et al., 2012, Aboulkas and El Bouadili, 2010, 

Rajendran et al., 2020, Sharuddin et al., 2017), which can typically deposit with carbon and 

other inert solid products at the bottom of the reactor during the pyrolysis process, which is 

considered a solid product. In this study, the overall solid product was combusted due to the 

high carbon content, and the ash was left as a by-product. Based on data released by the Scottish 

Environment Protection Agency (2015), the ash produced is defined as a non-hazardous inert 

material, and transported to landfill without any pretreatment (50 km road transport).
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Table 3.2. Various inputs and outputs for all four scenarios considered in detail. 

No. 

(correspondin

g to the 

processes 

illustrated in 

Figure 3.1) 

Process stage 
 

Scenarios Comments References 

C1 D1 C2 D2 

1 MSW collection 

and transportation 

to sorting and 

bailing facility 

Inputs Gross 

weight of 

truck is 20-

28 tonne 

(Euro 4) 

GaBi 

database MSW, kg 12,000 12,000 12,000 12,000 

Diesel, kg 1.24 1.24 1.24 1.24 

Outputs 

MSW, kg 12,000 12,000 12,000 12,000 

GHG from 

vehicles, kg CO2-

eq 

3.7 3.7 3.7 3.7 

2 MPW sorting Inputs Other waste 

fractions 

separated 

are 

excluded 

Krüger et al. 

(2020) MSW, kg 12,000 12,000 12,000 12,000 

Electricity, MJ 190 190 190 190 

Outputs 

MPW with 

impurities, kg 

1,000 1,000 1,000 1,000 
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Other waste 

fractions, kg 

11,000 11,000 11,000 11,000 from the 

systems 

3 Extra sorting Inputs Impurities 

separated 

are 

excluded 

from the 

systems 

Krüger et al. 

(2020) MPW with 

impurities, kg 

1,000 1,000 1,000 1,000 

Electricity, MJ 58 58 58 58 

Outputs 

MPW, kg 900 900 900 900 

Impurities, kg 100 100 100 100 

4 Bailing Inputs 35.28 MJ of 

electricity is 

consumed 

per a tonne 

of MPW 

Liljenström 

and 

Finnveden 

(2015) 

MPW, kg 900 900 900 900 

Electricity, MJ 31.8 - 31.8 - 

Outputs 

MPW, kg 900 900 900 900 

5 MPW 

transportation to 

the pyrolysis 

facility 

Inputs Gross 

weight of 

truck is 32 

tonne (Euro 

4), the 

distance 

between the 

sorting  and 

pyrolysis 

GaBi 

database MPW, kg 900 900 900 900 

Diesel, kg 2.2 - 2.2 - 

Outputs 

MPW, kg 900 900 900 900 

GHG from 

vehicles, kg CO2-

eq 

8.5 - 8.5 - 
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facilities is 

100 km 

6 Dryer Inputs Dried MPW 

moisture 

composition 

of around 

5% 

Haig et al. 

(2018) MPW, kg 900 900 900 900 

Heating energy, 

MJ 

408.2 1224.7 408.2 1224.7 

Electricity, MJ 180 180 180 180 

Outputs 

Dried MPW, kg 852.3 852.3 852.3 852.3 

Water vapour, kg 47.7 47.7 47.7 47.7 

7 Pyrolysis/Pyrolysis

-Catalytic 

reforming 

Inputs One-stage 

pyrolysis is 

applied to 

produce oil 

(T1=400-

500oC), 

whilst two-

stage 

pyrolysis-

catalytic 

reforming is 

applied to 

Lui et al. 

(2022b), Haig 

et al. (2018), 

Khoo (2009), 

Cai et al. 

(2021), 

Ahamed et al. 

(2020) and 

Griffiths et al. 

(2013) 

Dried MPW, kg 852.3 852.3 852.3 852.3 

Heating energy, 

MJ 

4,860 14,580 7,290 21,870 

Catalyst, kg - - 2,551 2,551 

Outputs 

Crude oil 

substitute, kg 

680.4 680.4 170.5 170.5 

Gas, kg 85.5 85.5 - - 

Hydrogen-rich gas, 

kg 

- - 358 358 

Solid product, kg 86.4 86.4 - - 
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Carbon 

nanotubes+catalyst

, kg 

 

- 

 

- 

 

2,874 2,874 

 

produce 

hydrogen-

rich gas 

(T1=500oC 

and 

T2=800oC). 

8 Oil distillation Inputs Hydrogen 

received 

from natural 

gas is used 

for C1 and 

D1 

scenarios, 

whilst C2 

and D2 

scenarios 

use their 

own 

hydrogen 

Haig et al. 

(2018),  GaBi 

database 

Crude oil 

substitute, kg 

680.4 680.4 170.5 170.5 

Hydrogen, kg 6.8 6.8 1.7 1.7 

Heating energy, 

MJ 

392 1176.1 491.1 491.1 

Outputs 

Distilled diesel, kg 612 612 153.3 153.3 

Residue, kg 68.4 68.4 17.1 17.1 
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produced 

from MPW 

9 Diesel 

transportation to 

the oil refinery 

plant, and back to 

Glasgow 

Inputs Gross 

weight of 

truck is 20-

28 tonne 

(Euro 4) 

GaBi 

database Distilled diesel, kg 612 612 153.3 153.3 

Diesel, kg 2.3 1 0.6 0.3 

Outputs 

Distilled diesel, kg 612 612 153.3 153.3 

GHG from 

vehicles, kg CO2-

eq 

7.1 3.2 1.8 0.8 

10 Fuel station Inputs 1.06 MJ of 

electricity 

consumed 

per kg of 

diesel at the 

fuelling 

station 

Lucas et al. 

(2012) Distilled diesel, kg 612 612 153.3 153.3 

Electricity, MJ 646.8 646.8 162 162 

11 Combustion of gas 

and by-products to 

produce heating 

energy 

Inputs Сarbon 

emission 

factor is 

0.2904 kg 

CO2-eq./kg. 

The heating 

GaBi 

database, 

Haig et al. 

(2018) and 

(Ahamed et 

al., 2020) 

Gas, kg 85.5 85.5 - - 

Solid product, kg 86.4 86.4 - - 

Residue, kg 68.4 68.4 17.1 17.1 

Natural gas, kg - 233.1 157 481.2 

Outputs 
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Heating energy, 

MJ 

7,329.1 16,980.8 8,189.3 23,585.8 values of 

gas, solid 

product, 

residue, and 

natural gas 

are 20, 31, 

43, and 47.5 

MJ/kg, 

respectively

. 

GHG from the 

combustion 

process, kg CO2-

eq 

342 900.8 436.5 1,327.8 

Ash, kg 93.5 93.5 10.4 10.4 

12 Ash transportation 

to landfill 

Inputs Gross 

weight of 

truck is 32 

tonne (Euro 

4) 

GaBi 

database Ash, kg 93.5 93.5 10.4 10.4 

Diesel, kg 0.2 0.2 0.02 0.02 

Outputs 

GHG from 

vehicles, kg CO2-

eq 

0.5 0.5 0.02 0.02 

13 Pressure swing 

adsorption  

Inputs Hydrogen 

recovery 

efficiency is 

around 90% 

Cai et al. 

(2021), 

Valente et al. 

(2019), and 

Lui et al. 

(2022b) 

Hydrogen-rich gas, 

kg 

- - 358 358 

Electricity, MJ - - 322.2 322.2 

Outputs 

Hydrogen, kg - - 83.4 83.4 
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Other gases, kg - - 274.6 274.6 

14 Hydrogen 

compression and 

storage 

Inputs Hydrogen is 

compressed 

from 10-20 

bar pressure 

to 200 bar 

Cai et al. 

(2021), GaBi 

database, Lui 

et al. (2022b) 

Hydrogen, kg - - 81.7 81.7 

Electricity, MJ - - 926.2 926.2 

Hydroulic oil, kg - - 0.1 0.1 

Outputs 

Compressed 

Hydrogen, kg 

- - 81.7 81.7 

Used Hydroulic 

Oil, kg 

- - 0.1 0.1 

Waste Heat, MJ - - 1 1 

15 Compressed 

hydrogen 

transportation 

Inputs Gross 

weight of 

truck is 32 

tonne (Euro 

4) 

GaBi 

database, Lui 

et al. (2022b) 

Compressed 

Hydrogen, kg 

- - 81.7 - 

Diesel, kg - - 0.3 - 

Outputs 

Compressed 

Hydrogen, kg 

- - 81.7 - 

GHG from 

vehicles, kg CO2-

eq 

- - 1 - 

16 Inputs 



82 
 

Refuelling 

hydrogen fuel 

vehicles 

Compressed 

Hydrogen, kg 

  
81.7 81.7 14.4 MJ of 

electricity 

consumed 

per kg of 

hydrogen 

Pi et al. 

(2016), Lui et 

al. (2022b) Electricity, MJ 
  

1,176.1 1,176.1 

17 Impurities 

transportation to 

incineration plant 

Inputs Gross 

weight of 

truck is 32 

tonne (Euro 

4) 

GaBi 

database Impurities, kg 100 - 100 - 

Diesel, kg 0.25 - 0.25 - 

Outputs 

GHG from 

vehicles, kg CO2-

eq 

0.74 - 0.74 - 

18 Impurities 

incineration 

Inputs The net 

electricity 

and heating 

energy 

efficiencies 

are 11.3% 

and 33.3%, 

respectively

. Carbon 

emission 

factor is 

(Jeswani et 

al., 2021) and  Impurities, kg 100 100 100 100 

Outputs 

Electricity, MJ 414 414 414 414 

Heating energy, 

MJ 

1,215 1,215 1,215 1,215 

Greenhouse gases 

from the 

incineration, kg 

CO2-eq 

299 299 299 299 
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2.99 kg 

CO2-eq./kg. 

19 Acid washing Inputs HCl is 

produced by 

chlorination 

and halogen 

exchange 

reactions, 

which are 

widely used 

methods in 

the industry. 

Carbon 

nanotubes 

recovery 

efficiency is 

90%. 

GaBi 

database,  

(Ahamed et 

al., 2020), 

(Griffiths et 

al., 2013) and 

(Isaacs et al., 

2010) 

Carbon 

nanotubes+catalyst

, kg 

- - 2,874.4 2,874.4 

Deionized water, 

kg 

- - 36,990.7 36,990.7 

HCl, kg - - 4,566.8 4,566.8 

Outputs 

Carbon nanotubes, 

kg 

- - 291.5 291.5 

Wastewater, kg - - 44,140.4 44,140.4 

20 Wastewater 

treatment 

Inputs Quicklime 

is typically 

used to 

recover Ni. 

 

Wastewater, kg - - 44,140.4 44,140.4 

Quicklime (CaO), 

kg 

- - 1,015.2 1,015.2 
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3.2.3. Interpretation and sensitivity analysis 

This LCA phase includes a description of the final results and checks the completeness of the 

study as a whole. Also, breakdowns of GWP results based on the stages involved in the 

production of hydrogen and diesel, as well as scope 1-3 emissions, are described to provide a 

more inclusive and accurate results. Finally, sensitivity analysis is conducted to understand 

how some of the uncertainties affect the final results. Various uncertainties could affect the 

final GWP results, and some such that have profound impact were chosen. These are described 

below: 

- The distance from the transfer station to the MPW pyrolysis plant for centralized 

scenarios was assumed based on the distance reported in other studies (PE International, 

2015). In the study by Haig et al. (2018), a few options for the locations of centralized 

MPW pyrolysis plants in Scotland were suggested, one of which was on the outskirts 

of Glasgow. This means there is no need for the transfer station, as any MPW collected 

can be transported directly to the pyrolysis facility. In another option, the MPW 

pyrolysis facility was located 230 km away from Glasgow. 

- The distance between MPW collection points. During the data collection about MPW 

collection and transportation, it was found that the average distances between collection 

points could vary. 

- MPW feedstock composition. Contamination of feedstocks with other materials such 

as glue, paint, dirt, food, and other inert materials reduces the proportion of usable 

plastic, which is the main source of any oil or gas produced. Inert materials are usually 

deposited onto the char produced (Williams et al., 2023). Also, polymer composition 

(some polymers such as PET or PVC) has negative effects on the conversion 

efficiencies of systems from feedstock to diesel or hydrogen fuel, whilst rigid plastics 

can be more suitable for the pyrolysis process than film plastics as the latter lead to the 
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production of increased amounts of residue (Haig et al., 2018). In the sensitivity 

analysis, the upper and lower bounds for contamination and the content of undesired 

polymers (PET and PVC) for all scenarios are ±20%. This variation impacts the usable 

MPW content for the thermochemical conversion process, as well as the energy usage 

for removing contamination and the content of undesired polymers. 

- The efficiency of hydrogen recovery from the gas produced. In this study, the maximum 

hydrogen recovery from PSA (90%) was considered. However, the efficiency of 

hydrogen recovery from PSA can vary from 60% to 90%  (Ronald Long, 2011), and 

affects the overall GWP. It is worth noting that many PSA systems have efficiencies 

close to 85–90% under optimal conditions. Nonetheless, the broader range of PSA 

efficiency was considered to account for potential variability in less efficient systems. 

- Heating energy used for the conversion process. There are many factors affecting the 

amount of heating energy required for the conversion process such as the scale of 

reactors, conversion efficiency, etc. In Haig et al. (2018), it is noted that the heating 

energy can vary depending on the scale of the facility. The variations of the input 

heating energy are ±10%. 

After defining the upper and lower bounds of the various uncertainties, Monte Carlo 

simulations were used to assess their impacts on the GWP results. Monte Carlo simulations are 

a technique used for forecasting or decision-making under a range of uncertain factors. In this 

study, the simulations generated random values for each uncertainty factor mentioned above. 

Triangular distributions were used for the analysis as it clearly shows probability density across 

a defined range (Doubilet et al., 1985). Overall, 1000 iterations were run for each uncertainty 

factor. Selecting the number of iterations is important, as it affects balancing result accuracy 

and computational efficiency. Most studies select 1,000 iterations because it provides a 

reasonable balance between these factors (Lui et al., 2022a, Steiger, 2010). Thereafter, the 
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percentage change in GWP for each uncertainty factor was calculated for all four scenarios 

using equation (3.1). 

 

𝐶ℎ𝑎𝑛𝑔𝑒 (%) =
𝐺𝑊𝑃𝑚𝑜𝑛𝑡.𝑐𝑎𝑟.−𝐺𝑊𝑃𝑚𝑎𝑖𝑛

𝐺𝑊𝑃𝑚𝑎𝑖𝑛
× 100%          (3.1.) 

where 𝐺𝑊𝑃𝑚𝑎𝑖𝑛 is the main result of the scenarios, and 𝐺𝑊𝑃𝑚𝑜𝑛𝑡.𝑐𝑎𝑟. is the range of results 

(minimum to maximum values) from the Monte Carlo simulation for each uncertainty factor, 

illustrating the potential variability in GWP outcomes. 

3.3. Results and Discussion 

3.3.1. Environmental Impacts of Four Scenarios 

The results of GWP calculations for all scenarios are illustrated in Figure 3.3a (FU = 1 

tonne of feedstock) and Fig 3.3b (FU = 100 km travelled by bus). Each scenario includes four 

parts: (a) MPW collection, transportation, and sorting systems, (b) MPW-to-energy production, 

(c) distribution and end-of-life-use of products and byproducts; and (d) displacement of fossil 

fuel-based diesel, hydrogen, heating energy and electricity. 

The GWP of MPW collection, transportation, and sorting systems for the D scenarios 

is 22.51 kg CO2-eq. per tonne of MPW, whilst the GWP for the centralized systems is 1.5 times 

higher than for the decentralized systems. For scenario C1 and C2 systems, a higher carbon 

footprint can be explained by the fact that the MPW feedstock is transported to MPW pyrolysis 

facilities that are located 100 km away from the city. Also, MPW sorted from other waste 

fractions needs to be bailed before transportation. Figure 3.3 (a) shows that the carbon footprint 

associated with MPW collection, transportation, and sorting systems is 4.13% overall for 

scenario C1 and around 1.67% for scenarios D1 and followed by 0.46% and 0.28% for 

scenarios C2 and D2, respectively. In Figure 3.3 (b), scope 1 emissions for centralized MPW 
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collection, transportation, and sorting systems are 33.22%, while they are 16.41% for 

decentralized MPW collection, transportation, and sorting systems. This difference can be 

explained by direct GHG emissions from driving truck from the transfer station to the pyrolysis 

facility.   

 

 

Figure 3.3. a) GWP for each scenario, where the FU is 1 tonne of MPW; b) GWP for each 

scenario, where the FU is 100 km travelled by bus. 

The MPW-to-energy production stage in Figure 3.3 includes incineration of impurities 

from the extra sorting process, feedstock pretreatment, pyrolysis, and oil distillation for 

scenarios C1 and D1, whilst for scenarios C2 and D2 it includes incineration of impurities, 
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feedstock pretreatment, two-stage pyrolysis-catalytic reforming, oil distillation, PSA and acid 

washing. Hydrogen production is more energy intensive than diesel production and, 

consequently, its environmental footprint is much higher. The pie charts displayed in Figure 

3.4 (a) indicate the share of each stage involved to produce hydrogen and diesel with respect 

to the overall carbon footprints. In Figure 3.4 (a), the GWP proportion of MPW-to-energy 

production is also much higher than other parts, namely (a) MPW collection, transportation, 

and sorting, and (b) product and byproduct distribution. It is worth noting that GHG emissions 

from MPW-to-energy production are ordered from low to high as C1, D1, C2, and D2. The 

share of scope 1 emissions from MPW-to-energy production is over 90% for the C1 and D1 

scenarios, while the C2 and D2 scenarios have much lower scope 1 emissions, with indirect 

GHG emissions being dominant. The plastic-to-hydrogen and carbon nanotubes conversion 

process is not only highly energy-intensive but also demands other resources (catalyst, 

deionized water, HCl, etc.) in large quantities, resulting in high indirect GHG emissions. 

The GWP of the distribution of products stage is less than that of the MPW-to-energy 

production stage and higher than that of the MPW collection, transportation, and sorting stage. 

Also, it is worth noting that the GWP of distribution of products and byproducts for scenarios 

C2 and D2 is almost 7 times higher than scenarios C1 and D1 as storage and transportation of 

hydrogen is more energy and resource intensive as compared to diesel. Moreover, wastewater 

sent to the wastewater treatment plant is processed by adding quicklime to recover metals, 

resulting in high shares of scope 1 and 2 emissions for the C2 and D2 scenarios. 

The end-of-life-use and displacement stages are significant as they change the overall 

results of this study. The end-of-life-use of hydrogen and diesel produced for all scenarios are 

fuels for public transport - buses. Scenarios C1 and D1 produce diesel to drive 1107.71 km 

each of them and their GWP is 1915.6 kg CO2-eq. per tonne of MPW. Diesel and hydrogen 

produced in scenarios C2 and D2 are enough to drive 1094 km, their GWP is 479.92 kg CO2-
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eq. per tonne of MPW. It is worth noting that the results are slightly changed (by 1.2%) when 

the FU of 100 km driven by bus is applied. These results highlight the fact that it is meaningful 

to assess the environmental footprint based on the consideration of different types of FUs for 

these kinds of studies. 

The carbon saving associated with the displacement of fossil fuel-based diesel, 

hydrogen, carbon nanotubes, and energy production further improve the environmental 

performance of the systems, as detailed in Table 3.3. The carbon saving obtained from the 

heating energy displacement for the C1 scenario is the highest compared to other scenarios. 

Overall, in the C1 scenario, 7,329 MJ of heating energy is produced per FU (1 tonne of non-

recycled MPW) from the waste product on the pyrolysis site, which is much higher than the 

consumed heating energy for the thermochemical conversion process (5,660 MJ). In other 

scenarios (D1, C2 and D2), the combustion of waste products (pyrolysis char, pyrolysis gas, 

and oil distillation residue) does not produce enough heating energy for the whole systems, and 

as a result, natural gas is combusted to fill the deficiency. For all the scenarios, there is carbon 

saving from displacing grid heat with the heating energy obtained from the incineration of 

sorting process residues as shown in Table 3.3. The carbon savings by displacements for C2 

and D2 scenarios are 10 times of those for C1 and D1 scenarios, mainly attributed to significant 

emissions from the production of hydrogen and carbon nanotubes from fossil fuels that are 

displaced. It is also worth noting that the carbon saving potential of C2 and D2 scenarios per 

FU is the same. 
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Table 3.3. The carbon (GWP) saving by the displacements of heating energy, electricity, diesel, hydrogen and carbon nanotubes per FU (1 

tonne of non-recycled MPW) for all scenarios. 

 Heating energy Electricity Diesel Hydrogen Carbon nanotubes 

MJ CO2-eq. MJ CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

C1 2,884 185.34 414 30.64 612.01 385.87 - - - - 

D1 1,215 78.09 414 30.64 612.01 385.87 - - - - 

C2 1,215 78.09 414 30.64 153.33 96.67 81.67 690.95 291.49 4,197 

D2 1,215 78.09 414 30.64 153.33 96.67 81.67 690.95 291.49 4,197 
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 Overall, centralized systems show better environmental performance than decentralized 

systems. Notably, D2 shows the worst net environmental performance (3,376 kg CO2-eq. per 

tonne of MPW), whilst C1 indicates the best net environmental performance (2,114 kg CO2-

eq. per tonne of MPW). Despite that the hydrogen and diesel production stage for scenarios C2 

and D2 has higher GWP than the diesel production stage for scenarios C1 and D1, the former 

scenarios outperformed the latter scenarios in terms of carbon saving by displacements overall. 

It can be explained that diesel buses emit GHG while hydrogen fuel cell buses do not. Also, 

the carbon saving by the displacement of fossil fuel-based hydrogen using the hydrogen from 

the pyrolysis is greater than that from the GWP reduction by the displacement of fossil fuel-

based diesel using the diesel from the pyrolysis, and the carbon saving from carbon nanotubes 

significantly improve the environmental performance of C2 and D2 scenarios. 

The GWP results for all scenarios with assumptions are positive, but they could turn to 

negative values if changes are applied. For example, centralized systems can be located as close 

as possible to the transfer station, which reduced the GHG emission associated with the non-

recycled MPW transportation. Alternatively, the carbon dioxide emitted from thermochemical 

processes can be captured and stored in geologic formations, which can further reduce the 

overall GWP. These possibilities could be addressed by future studies. This LCA study 

exclusively focuses on comparing the GWP of hydrogen and diesel production from MPW as 

pyrolysis-catalytic reforming is an energy-intensive technology that can have a profound 

impact on GWP. However, GWP abatement is not the only environmental impacts that are 

relevant to the deployment of the technology.  It is recommended future research can explore 

other impact categories, such as acidification, eutrophication, PM2.5, water depletion, etc., 

based on similar system boundaries defined in this study. 
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Figure 3.4. The GWP breakdown of the four scenarios based on (a) the stages involved in the production of hydrogen and diesel, and (b) scope 1-

3 emissions. It is worth noting that the percentages of the GWP breakdown can be found in Table 2 of the Appendix 
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Figure 3.4. (continued). 
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3.3.3. Sensitivity analysis 

The impacts of various factors/parameters on GWP for all four scenarios are assessed 

as shown in Figure 3.5. The results indicate that the uncertainty factor of heating energy used 

for the conversion process has the greatest influence on the D1 scenario. The changes in GWP 

related to heating energy for centralized large-scale systems are ±3–4%, which is much lower 

than the ±6–9% observed in decentralized small-scale systems. 

MPW composition, on the other hand, shows an opposite trend, where changes for 

centralized systems are higher than for decentralized systems. For example, the change for the 

C1 scenario is ±0.8%, while the D1 scenario shows a change of ±0.3%. Regarding the distance 

from the transfer station to the pyrolysis plant, there are no changes for decentralized systems, 

whereas centralized systems show variations of ±0.5–5%. 

Additionally, Figure 3.5 highlights the differences in changes between diesel and 

hydrogen scenarios. In general, the uncertainty factors considered in this sensitivity analysis 

have a greater impact on diesel-producing scenarios than on hydrogen-producing scenarios. 

For instance, regarding the distance between MPW collection points, diesel-producing 

scenarios exhibit changes of ±0.25–0.65%, whereas changes for hydrogen-producing scenarios 

are limited to ±0.04–0.05%. 
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Figure 3.5. Sensitivity map illustrating the impact of factors on GWP ((a) FU is 1 tonne of MPW; (b) FU is 100 km travelled by bus) 
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Figure 3.5. (continued). 
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3.4. Conclusions 

This chapter investigated the GWP of centralized and decentralized pyrolysis systems 

that convert non-recycled MPW to diesel and/or hydrogen. Centralized, large-scale systems 

producing hydrogen and diesel show better environmental performance than decentralized, 

small-scale systems. The GWP of hydrogen production is much higher than that for diesel 

production but the compensation from the end-of-life use of fuels, and the displacement of their 

production from fossil fuels, as well as heating energy, electricity, and carbon nanotubes, 

significantly affect the overall GWP results. Decentralized hydrogen production shows the 

highest GHG emissions (7,989.6 kg CO2-eq. per tonne of feedstock). Sensitivity analysis shows 

that centralized systems are less influenced by uncertainty factors compared to the 

decentralized ones. 

After defining the environmental footprint of the systems, it is important to understand 

their economic feasibility, as the most environmentally efficient systems are not always 

economically viable. This issue for centralized large-scale and decentralized small-scale diesel 

and hydrogen production systems from NMPW is addressed in the next chapter.  
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Chapter 4 Transportation and Process Modelling-Assisted Techno-

Economic Assessment of Resource Recovery from Non-Recycled 

Municipal Plastic Waste 

In the previous chapter, the carbon footprint of centralized large-scale and decentralized small-

scale NMPW management systems was compared. This chapter logically continues from the 

previous chapter, where the economic performance of centralized large-scale and decentralized 

small-scale NMPW systems was defined and compared. This chapter aims to meet objectives 

2 and 4, and to fill the knowledge gaps defined in subsection 2.7, in detail, simulate thermo-

chemical conversion processes  in Aspen Plus for all considered systems, and defining their 

economic performance, specifically NPVs. 

In the previous chapter, the CCS unit was not considered in all scenarios to evaluate the 

carbon footprint of the primary systems. While including a CCS unit can positively impact 

reducing carbon emissions, it comes with trade-offs in the form of carbon taxes, as well as 

CAPEX and OPEX expenses. Additionally, the UK recently launched the UK ETS to trade 

GHG emissions, but its economic effectiveness for waste management systems utilizing 

energy-intensive technologies such as pyrolysis has not been well studied. In this chapter, the 

economic feasibility of capturing GHG emissions versus emitting them into the atmosphere is 

compared. 

The content of this chapter is based on the published paper in the journal Energy 

Conversion and Management (Biakhmetov et al., 2025). 

4.1. Methodology 

The methodology is divided into two parts: 1- Modelling, and 2- CBA (Cost-Benefit Analysis). 

The proposed framework is illustrated in Figure 4.1. In the modelling part, mass and energy 
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balances for the thermochemical conversion of NMPW into diesel and hydrogen were obtained 

through Aspen Plus simulation. These results were validated against existing studies. Kinetic 

parameters for the Aspen Plus simulation were also used. Digimap datasets, containing road 

networks and dwelling locations in Glasgow, were integrated into ArcGIS Pro to determine the 

distances between waste collection points, transfer stations, and pyrolysis sites. The mass and 

energy balances, along with transportation distance data generated for all scenarios, were then 

subsequently utilized in the CBA. Equipment types (dryer, pyrolysis, SR, oil distillation, WGS, 

and other units) were selected for all scenarios based on the analysis of their material and 

energy inputs and outputs, and their Capital Expenditure (CAPEX) and Operational 

Expenditure (OPEX) were calculated and used to determine their Net Present Value (NPV). 

Finally, the factors that could have a great impact on NPV results were defined, and sensitivity 

analysis was conducted to determine their specific impacts on the results. 

 

Figure 4.1. Schematic diagram of the proposed framework. 
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4.1.1. Scenario Descriptions 

In this TEA study, one of the largest cities in the UK, Glasgow, was chosen as a case study city 

same as in LCA study, Chapter 3. This TEA study utilises a detailed case study, as to enhance 

the ability to assess real-world application of diesel and hydrogen production from NMPW, 

and to understand the influence of development factors towards the economics of relevant 

systems. As outlined in Chapter 3, sub-section 3.1.1, the amount of NMPW feedstock for the 

pyrolysis plants was defined. Overall, annual MPW generation in Glasgow is more than 21,000 

tonnes, around 5,500 tonnes of which goes through mechanical recycling (Scottish 

Environment Protection Agency, 2023). The remaining 15,500 tonnes of NMPW were 

designated as feedstock. In Glasgow, UK, there are two types of bins where MPW can be 

disposed, namely recycling and general waste bins (Glasgow City Council, 2023c). 

Recyclables such as paper, card packaging, drinks cans, food tins, and most of PET and HDPE 

drink and milk bottles are typically put in the recycling bins. PET and HDPE can be easily 

separated for other waste fractions and mechanically recycled. Thus, HDPE and PET are most 

widely recycled compared to other municipal plastics in the UK (British Plastic Federation, 

2024). Other NMPW that disposed to the general waste bins with other waste fractions was 

considered as the feedstock in this TES. The composition of NMPW stream transported to the 

transfer station was assumed based on the current waste management systems and MSW 

composition in the UK which described in the supplementary materials. 

In this TEA study, four different scenarios, similar to those in the LCA study in Chapter 3, 

were considered: C1 - centralized large-scale diesel production from NMPW, D1 - 

decentralized small-scale diesel production from NMPW, C2 - centralized large-scale hydrogen 

production from NMPW, and D2 - decentralized small-scale hydrogen production from 

NMPW. In the LCA study, the GWPs of diesel and hydrogen production from NMPW were 

defined without considering CCS, to assess the carbon footprint of the primary processes 



101 
 

involved in fuel production. As described in Sub-section 2.7, the UK recently launched the UK 

ETS to facilitate trading of GHG emissions allowances permitted to be released into the 

environment, with the primary goal of reducing emissions. The allowed amount of GHG 

emissions will decrease over time, and its price is expected to rise further. However, the current 

effectiveness of the UK ETS in regulating waste management systems employing energy-

intensive technologies, such as pyrolysis or gasification, is not well studied. Therefore, all four 

scenarios were assessed with and without a CCS unit to evaluate the economic feasibility of 

carbon capture. All scenarios and their associated processes are illustrated in Figure 4.2. 

Three main products are typically obtained from pyrolysis of MPW, namely oil, gas, and 

solid products, the first two of which require additional steps to be upgraded to transportation 

fuels (diesel and hydrogen). It is worth noting that different pyrolysis modes and various in-

line technologies after the primary pyrolysis step are applied in hydrogen and diesel production. 

For diesel, pyrolysis and oil distillation as an in-line technology are applied. Additionally, in 

the hydrogen-producing scenarios considered in the LCA study, slight adjustments were made 

to process parameters in this TEA study to enhance hydrogen yield. Specifically, Steam 

Reforming (SR) and Water Gas Shift (WGS) processes are implemented after the pyrolysis 

reactor. 

The MPW collection and transportation systems to the pyrolysis sites for all scenarios are 

detailed in Figure 4.2(a). The MSW collected from the general waste bins of households is 

transported to the transfer station located on the outskirts of the city for the C1 and C2 

scenarios. NMPW is separated from other waste fractions and then is baled to be transported 

to the pyrolysis plant. In this TEA study, it was assumed that PET and HDPE are effectively 

separated, and the remaining MPW was defined as NMPW. In the D1 and D2 scenarios, the 

MSW containing MPW collected is transported to the transfer station which is located near to 
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the small-scale diesel and hydrogen production facilities. Notably, these facilities are located 

on the outskirts of the city. 

Diesel and hydrogen production from NMPW have different pyrolysis modes and in-line 

technologies, as shown in Figure 1(b). In the C1 and D1 scenarios, the pyrolysis temperature 

is 400oC as this is sufficient to devolatilize the feedstock and is recommended for increasing 

the yield of oil-like products (Haig et al., 2018). The devolatilization temperature of plastics 

primarily depends on the heating rate, and it can be adjusted by increasing or decreasing the 

heating rate. For example, the devolatilization temperature for PS is 387°C at a heating rate of 

5°C/min, while it rises to 428°C at a heating rate of 20°C/min (Nisar et al., 2019). It is assumed 

that the heating rate of 5°C/min was selected to fully devolatilize NMPW at 400oC. In the C1 

and D1 scenarios, the pyrolysis temperature is 400oC, and the vapour received from the reactor 

is pumped into the condenser (Haig et al., 2018). Crude oil is received from the condenser, 

which is then purified to produce diesel-range oil.  

For hydrogen production, fast pyrolysis is typically utilized to generate volatiles which are 

directly fed into SR and then into WGS reactors to produce hydrogen-rich gas (Shahabuddin 

et al., 2020). In this study, NMPW goes through fast pyrolysis at 500oC because this is the 

optimal temperature required to fully devolatilize the plastic feedstock (Santamaria et al., 2021, 

Singh et al., 2019). In the second SR reactor, syngas is obtained from the reactions of volatiles 

and steam at 700-800oC. After that, the syngas produced goes through the cleaning unit to 

remove solid particles and sulphur (Lui et al., 2022a). Then, the  cleaned syngas is pumped to 

the WGS reactor where carbon monoxide reacts with steam to form hydrogen and carbon 

dioxide. Finally, hydrogen is separated from other gases via single-stage PSA (Pressure Swing 

Adsorption). In all scenarios, by-products (pyrolysis char, gas, and residues) obtained are 

combusted to produce heating energy for the main conversion processes. In the scenarios where 
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they cannot produce sufficient heating energy for this purpose, natural gas is used as a 

supplementary fuel. 

In the C1 and D1 scenarios, diesel produced from NMPW pyrolysis is transported to the 

oil refinery plant where it is mixed with conventional diesel as it cannot be used alone 

(Mangesh et al., 2020b). As described in Sub-section 2.5.3.1, the diesel produced from NMPW 

has properties, such as a lower cetane number and the presence of impurities, which could 

negatively affect the properties of conventional diesel. Therefore, the produced diesel is 

transported to the oil refinery plant to undergo further upgrading or blending to meet the 

required standards for conventional diesel. 

In scenarios C2 and D2 the main product is hydrogen, which is transported to the hydrogen 

refuelling station for hydrogen fuel cell buses for the C2 scenario. The transportation of 

hydrogen produced for scenario D2 was not considered as it is assumed that the pyrolysis 

facility is located near to the hydrogen refuelling station (Department for Energy Security and 

Net Zero and Department for Business, 2022). Captured carbon dioxide emissions from the 

combustion process are compressed for transport and storage purposes. 

Besides technical and logistical details, there are other environmental factors that have 

profound impacts on the NPV of scenarios. The main environmental factor is GHG emissions, 

as pyrolysis-based thermochemical conversion processes are energy-intensive, and the heating 

energy used for these conversion processes is produced from the combustion of by-products 

and natural gas. GHGs (carbon dioxide (CO₂), nitrous oxide (N₂O), and perfluorocarbons 

(PFCs)) emitted from combustion to the environment are regulated under UK ETS regulations, 

and a standard metric, carbon dioxide equivalent (CO₂-eq.), is used to account for overall GHG 

emissions. Two different methodologies can be applied to define GHG emissions under the UK 

ETS regulations depending on the sources of GHG emissions: direct measurement and fuel 
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emission factors. The latter is used when direct measurement is not applicable. In general, the 

UK ETS is designed to financially incentivize GHG emissions reductions from high-emitting 

sectors. The total GHG emissions allowed to be emitted will be reduced over time for all 

participants under the UK ETS, encouraging them to find ways to reduce GHG emissions.
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Figure 4.2. Comparison of C1, D1, C2 and D2 scenarios in terms of different sub-processes: a) MPW collection and transportation systems; b) 

processes involved in the thermo-chemical conversion of NMPW into diesel and hydrogen, and c) product and by-product transportation. *Other 

separated waste fractions were not considered in this study.  The main differences between the scenarios are highlighted with red boxes and dashed 

red lines 
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Figure 4.2. (continued). 
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Figure 4.2. (continued).
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4.1.2. Model Development 

4.1.2.1. Feedstock, Product, and By-product Transportation 

The collection and transportation of NMPW, modelled using the ArcGIS Pro software in 

Chapter 3 (sub-section 3.2.2), was used for this CBA study in this chapter. The main results of 

this are that the average distance between waste collection points is 17.3 m, and the distance 

between the transfer station and the pyrolysis site, which is important for the C1 and C2 

scenarios, is 100 km. 

It was assumed that centralized large-scale fuel production facilities are located in the 

northeast of Scotland, given the presence of an oil refinery plant in Grangemouth on the Firth 

of Forth (Haig et al., 2018). While the exact location of these facilities is not specified, a general 

assumption was made that the distance between the oil refinery and the C1 fuel production 

facility is approximately 50 km. Additionally, there is a high concentration of infrastructure 

related to carbon capture, storage, and transportation in the northeast of Scotland, which would 

allow the cost of CCS to be reduced (SGN and Wood, 2021). For example, CO2 can be 

transported from cities such as Dunbar, Mossmorran, and Grangemouth (where the oil refinery 

is located) to geological formations in the North Sea (Brownsort et al., 2016). Thus, it is 

reasonable to locate the centralized large-scale pyrolysis plant near the oil refinery and carbon 

transportation infrastructures. It was assumed that these fuel production facilities are situated 

close to carbon transportation pipelines, enabling direct pumping of captured carbon into them. 

For decentralized small-scale facilities, carbon transportation pipelines are not available around 

Glasgow, and thus trucks were used to transport compressed carbon dioxide to the northeast of 

Scotland, where carbon storage and transportation infrastructure is available. 

4.1.2.2. Thermochemical Conversion of NMPW into Value-added Resources
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In the LCA study (Chapter 3), existing literature was used to estimate the inputs and outputs of 

each process involved in producing fuels. Regarding diesel production, there are sufficient 

industrial-scale studies providing reliable data for developing scenarios. However, in the case 

of hydrogen production from plastic waste, the results of lab-scale studies were mostly used to 

estimate the inputs and outputs of each process involved in hydrogen production. In this 

Chapter 4, the Aspen Plus V10 software was used to simulate the main thermochemical 

conversion processes (fast and slow pyrolysis) and in-line processes (SR, oil distillation, WGS, 

etc.). The obtained results were compared with the findings of existing studies, lending greater 

credibility to the results presented in this chapter. 

First, the simulation process was started with the main input to the systems, NMPW, 

which is defined as a non-conventional component. The proximate and approximate 

composition of plastics, LDPE, PP, HDPE, and PS in the NMPW is reported in the Appendix. 

HCOALGEN and DCOALIGT models are typically used to calculate enthalpies and densities 

when proximate, ultimate, and sulphur analysis results for non-conventional components are 

available (Martins et al., 2023). These models were applied for all non-conventional 

components in this simulation. The method assistant tool available in the software was used to 

choose the optimal thermodynamic model for conventional components, which in this instance 

was the Peng-Robinson equation of state. The Peng-Robinson method is notably applied to 

gain more accurate phase equilibrium predictions in modelling hydrocarbon mixtures at high 

temperatures, and its equation of state is expressed as: 

𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎

𝑉2 + 2𝑏𝑉 − 𝑏2
 

where 𝑃 is the pressure, 𝑅 is the universal gas constant,  𝑇 is the temperature, 𝑉 is the molar 

volume, and 𝑎 and 𝑏 are substance-specific constants. 



110 
 

The characteristics of all blocks involved in the simulation process and schematic flow 

diagrams in Aspen Plus V10 are shown in Table 4.1 and Figure 4.3, respectively. In the first 

stage (dryer), moisture is removed from NMPW, where a moisture content of 5 wt.% before 

the drying was assumed based on the study by Haig et al. (2018). The moisture content can 

vary depending on many factors, such as the time of year and weather conditions. However, 

LCA study (Chapter 3) shows that variations in moisture have little impact on GWP results due 

to the relatively low energy requirement compared to other processes. Also, the cost of dryer 

equipment is much lower than other  equipment which can be seen in Table 4.2. Therefore, 

variations in moisture content were not considered in this CBA study, as it is assumed that they 

do not have a significant impact on NPV results. 

For the pyrolysis and fast pyrolysis stages, the RYield reactor block was applied as the 

chemical reactions that occur during the pyrolysis process are complex. The RYield reactor is 

typically employed when only the input and output materials are available or when the 

reactions occurring in the reactor are complex. The data that describe product yields and 

compositions from the studies by Haig et al. (2018) and López et al. (2010) were applied for 

the C1 and D1 scenarios, whilst the data from the studies by Barbarias et al. (2018) and Predel 

and Kaminsky (2000) were applied for the assumed composition of the volatiles obtained from 

the fast pyrolysis for the C2 and D2 scenarios. 

For the C1 and D1 scenarios, after the pyrolysis process, solid product was separated 

by a cyclone system. The remaining hydrocarbon vapour was then cooled from 500oC to 300oC, 

and gases (methane, ethane, ethylene, propene, propane, and hydrogen) were separated from 

the hydrocarbons in the liquid form (Sahu et al., 2014). This liquid is defined as ‘crude oil’ due 

to the wide range of hydrocarbons (C1-C22) it contains, with some of them containing sulphur-

based molecules. In the Aspen simulation, the crude oil is pumped to the desulphurisation stage 

where the sulphur content is reduced by adding hydrogen, which stimulates the breaking of C–
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S bonds (Sun et al., 2023, Serefentse et al., 2019, Mello et al., 2023). Diesel-range 

hydrocarbons (C7-C19) are then separated from the heavy oil hydrocarbons, which is defined as 

a residue (C20+). 

Volatiles obtained from fast pyrolysis typically contain gaseous hydrocarbons (C1-4), oil 

hydrocarbons (C5-20), and wax hydrocarbons (C21+), and a recovery rate of these volatiles from 

fast pyrolysis feedstock is 97-99% (Arregi et al., 2020). Overall, the volatiles obtained contain 

over 90 hydrocarbon components, with the majority being oil and wax hydrocarbons. These 

volatiles are fed into the SR reactor to be converted into syngas at 700-800oC (Wu et al., 2014). 

Instead of considering all over 90 hydrocarbon components, 19 virtual components 

representing all oil and wax hydrocarbons were chosen to simplify the modelling of the 

thermochemical conversion process that occurs in the SR reactor (Wang et al., 2023a). In 

selecting the 19 virtual components, 90 hydrocarbons were grouped based on their physical 

properties and intermolecular forces. One virtual hydrocarbon was then selected for each 

group, with its intermolecular force representing the average of the grouped hydrocarbons' 

intermolecular forces. The majority of the feedstock contains HDPE and LDPE, the fast 

pyrolysis of which produces more hydrocarbons with linear chain structures (Predel and 

Kaminsky, 2000). Thus, it was assumed that the majority of virtual hydrocarbons are saturated 

hydrocarbons with the chemical formula 𝐶𝑛𝐻2𝑛+2. The overall chemical reaction between 

steam and hydrocarbons in the SR reactor that combines the primary and secondary reactions, 

can be stated as follows: 

𝐶𝑛𝐻2𝑛+2 + 2𝑛𝐻2𝑂 → 𝑛𝐶𝑂2 + (3𝑛 + 1)𝐻2 

The RStoic reactor is selected for the SR process, as it enables modelling of reactions 

based on the properties of the reactants and the reaction conditions. Consequently, the reaction 

efficiencies are not 100%, and the syngas obtained after the SR reactor mainly contains 
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hydrogen and carbon monoxide, as well as a small volume of other gases and liquid 

hydrocarbons. Also, the syngas contains a small volume of H2S which needs to be removed by 

adding ZnO. The chemical reaction for desulfurization is as follows: 

𝐻2𝑆 + 𝑍𝑛𝑂 → 𝑍𝑛𝑆 + 𝐻2𝑂 

Most of the other contaminants remain in the solid product after the pyrolysis process. 

It was assumed that the hydrocarbon volatiles do not contain any other contaminants, or if 

present, they exist in such small quantities that they do not affect the quality of the final 

products. 

Cleaned syngas is pumped to the WGS reactor to maximize hydrogen production. Since 

the SR process cannot fully convert all hydrocarbons and steam into carbon dioxide and 

hydrogen, a significant amount of carbon monoxide is produced. In the WGS reactor, carbon 

monoxide reacts with steam, resulting in an increased hydrogen yield. The chemical reaction 

is as follows: 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 

The stream obtained from the WGS reactor is then cooled, and water and liquid 

hydrocarbons are separated from the stream. The stream, which then contains only gases, is 

pumped to the PSA where the hydrogen, with a purity of 99.999%, is separated from other tail 

gases. The tail gases that are left after the PSA still contains hydrogen, methane, and other 

hydrocarbon gases besides carbon dioxide, and are thus combusted for heat recovery purposes. 

Finally, the results of diesel and hydrogen production yields were adapted to the FU 

(functional unit) of a tonne of NMPW to facilitate comparison with the results of existing 

studies, aiming to assess the credibility of the modelling of the thermochemical conversion 

processes using Aspen Plus (Haig et al., 2018, Yi et al., 2024, Krüger et al., 2020, Khoo, 2019). 
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Table 4.1. Description of blocks (Figure 4.3) and their parameters applied in Aspen Plus simulation. 

Process Block (corresponding to Figure 4.3) Aspen Model Parameters/Description 

C1 and D1 scenarios 

Dryer B1 RYield reactor T=100oC, P=1 atm 

B2 Flash2 

Slow Pyrolysis PYRO RYield reactor T=500oC, P=1 atm 

CYCL-1 Sep 100% solid separation 

COOLER-1 Heater Exchanger T1=500oC, T2=300oC, P=1 atm 

SEP-1 Sep2 100% liquid separation 

Crude Oil Distillation DISTIL DSTWU T=300-400oC, P=30-130 atm, average recovery efficiency 

of diesel range hydrocarbon is 99%, minimum number of 

stages is 48, reflux ratio is 0.61, pressures for condenser 

and reboiler are 6- psia 

C2 and D2 scenarios 

Dryer B1 RYield reactor T=100oC, P=1 atm 

B2 Flash2  

Fast Pyrolysis FPYRO RYield reactor T=500oC, P=1 atm 

Steam Reforming SR Rstoic reactor T=700-800oC, P=1 atm 

Syngas cooling and 

cleaning 

B1 Heater Exchanger Tout=400oC 

DESULFUR Rstoic reactor ZnO was added to remove sulfure 

Water Gas Shift WGS Rstoic reactor 100% of CO reacts with H2O, Th=350oC (high 

temperature-shift), Tl=200oC (low temperature-shift) 

COOLER Heater Exchanger T1=700OC, T2=25OC, P=1 atm 

B4 SEP2 100% liquid separation 

Pressure Swing Adsorption PSA SEP 90% hydrogen separation 

 



114 
 

                                   

 

Figure 4.3. Schematic diagrams of the conversion of NMPW to diesel and hydrogen (the top and bottom flow diagrams represent the C1/D1 and 

C2/D2 scenarios, respectively). In the C2 and D2 scenario diagram, the dryer was not included as a Duplicate Manipulator was used in the C1 and 

D1 scenario diagram to replicate the dryer process for the C2 and D2 scenarios.
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4.1.3. Cost-benefit Analysis 

NPV is calculated to compare the economic feasibilities of the scenarios. NPV shows the 

current value of all cash flows that occur over the lifetime of systems (25 years). A number of 

studies and reports related to petroleum refinery waste management plants, waste-to-energy 

facilities, waste recycling facilities, and chemical plants were analysed. Most of these facilities 

have an operational lifespan of 25 years, which supports the assumption of a 25-year 

operational period for the pyrolysis plant . NPV for all scenarios was calculated as per the 

equation below (Fang et al., 2023): 

𝑁𝑃𝑉 = ∑
(𝐼𝑛−𝑂𝑃𝐸𝑋𝑛−𝑇𝑛−𝑇𝐴𝑋𝑛)

(1+𝑖)𝑛
𝑛=25
𝑛=1 − 𝐶𝐴𝑃𝐸𝑋          (4.1) 

where 𝐶𝐴𝑃𝐸𝑋 is the CAPital EXpenditure; 𝑂𝑃𝐸𝑋𝑛 is the OPerational EXpenditure for the 𝑛-

th operational year; 𝑇𝑛 is the transportation cost for the 𝑛-th operational year; 𝑇𝐴𝑋𝑛 is the 

payment for GHG emissions for the 𝑛-th operational year, 𝐼𝑛 is the income received from 

selling fuels (hydrogen and diesel) and gate fees for the n-th operational year, and  𝑖 is the 

discount rate, which is 5% (Lui et al., 2022a). 

4.1.3.1. Transportation Cost 

The Arcgis Pro software was employed to calculate the distances travelled by waste collection 

trucks, which were then converted into travel time based on an assumed average truck speed. 

The average time between stops (0.2 min), the average stop duration (0.2 min), and the average 

tip time (17 min) were incorporated into the calculation (Jaunich et al., 2016). The total time 

per trip to collect and transport MPW to transfer station was calculated by summing these 

components with the travel time. The average charge for MPW collection per trip was estimated 

based on the waste collection charge (£153.5 per hour) for 2023 (Glasgow City Council, 

2023b). 
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The reference year for this study was 2022, and Consumer Price Index (CPI) values were 

considered to convert base year costs to reference year costs for items that were not from 2022. 

For example, the waste collection charge for 2023 mentioned above was converted to its 

equivalent in 2022 using equation (4.2) below: 

𝐶𝑡𝑟.2022 = 𝐶𝑡𝑟.𝑥 (
𝐶𝑃𝐼2022

𝐶𝑃𝐼𝑥
)          (4.2) 

where 𝐶𝑡𝑟.2022  is the cost for the reference year, 𝐶𝑡𝑟.𝑥 is the cost for the base year, and 𝐶𝑃𝐼2022 

and 𝐶𝑃𝐼𝑥 are the CPIs for the reference and base years, respectively. 

It is worth noting that the reference year, 2022, falls within the post COVID pandemic 

period, raising questions about how the selected reference year represents the trend in CPI, as 

many countries experienced economic changes during and after the pandemic. During the 

COVID period (2020–2021), in the UK, consumer price inflation was approximately 2%, 

increasing slightly to 2.1% in 2022 and stabilizing around 2% in 2023 and 2024 (Statista, 

2025). As seen, despite the pandemic being over, the CPI is gradually increasing over the years, 

rather than decreasing or remaining at the same level. Since 2022 provided the latest CPI data 

available at the time of conducting the TEA studies, it was selected as the reference year. If the 

economy stabilizes further, the CPI is expected to remain close to the 2022 level or slightly 

higher. To summarize, the CPI for 2022 can be selected as the reference year for this TEA study, 

as it represents an approximate trend in CPI. 

The MSW collected is transported to the transfer station where the MPW is separated from 

other waste fractions. Sorting and bailing costs of the NMPW were estimated according to the 

study by  Gradus (2020). The bailed NMPW is transported to the diesel and hydrogen 

production facilities, and its cost was calculated following the approach described by Haig et 

al. (2018). A fixed price per journey (£225) and additional cost per mile (£1.3) for 2018 were 

used to calculate the transportation cost from the transfer station to the pyrolysis site. The Eq. 
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(4.2) was used to convert the base year (2018) values to the reference year (2022) values. The 

transportation cost of bailed NMPW from the transfer station to the pyrolysis site is £351.22 

per journey (based on a fixed price per journey = £258.44 and an additional cost per km = 

£0.93). 

Transportation of 1 kg of compressed hydrogen from the centralized large-scale facility to 

hydrogen refuelling station in Glasgow costs around £1 per 100 km (Department for Energy 

Security & Net Zero, 2023c). The tariff for diesel transportation from the transfer station to the 

pyrolysis plant was obtained from the study Haig et al. (2018). 

4.1.3.2. Carbon Tax Cost 

For the scenarios without CCS, expenses regarding carbon dioxide emissions depend on the 

volume of emitted carbon dioxide and where it ends up. The UK ETS carbon price used for 

carbon dioxide emitted into the atmosphere is quite volatile due to being subject to the open-

market system, and in this study the average price (£75.42 per tonne) for the reference year 

was considered (Ian, 2023). The average cost of transportation of compressed carbon dioxide 

for the reference year was calculated based on the 2020 price, as described in Eq.(4.3), 

amounting to £31.33 per tonne carbon dioxide (Department for Energy Security and Net Zero, 

2021). For the scenarios with CCS, the efficiency of capturing carbon dioxide is 90%, and the 

carbon tax is applicable for the remaining carbon dioxide emitted into the atmosphere in the 

CBA (Singh et al., 2011).  

4.1.3.3. Incomes 

Overall, two types of income were considered, namely the waste gate fee, and selling products 

(hydrogen, diesel, and electricity). The waste gate fee is paid to the pyrolysis sites for 

converting MPW to fuels, and on average it was £110 per a tonne of managed waste for 2022 

(Steven and Ashley, 2022). This gate fee does not include any additional costs associated with 
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transportation or other processes outside the pyrolysis plant. The income from selling the diesel 

produced was calculated based on the study by Haig et al. (2018), and is £648 per tonne of fuel 

for the reference year. Since the pyrolysis plant serves a similar role to that of a petroleum 

refinery—producing diesel but not distributing it directly to customers—the wholesale price of 

diesel, which is lower than the retail price at petrol stations, was used in this study.  

In the case of hydrogen, its market is not as well developed as the diesel and gasoline 

markets in the UK and in general whole world. There are only a few hydrogen refuelling 

stations available compared to the diesel or gasoline fuel stations across the UK. The price of 

hydrogen in these refuelling stations varies greatly, ranging between £10 and £15 per kilogram 

of fuel, indicating that its price is highly variable in the UK market. The UK has established a 

Hydrogen Business Model, as to underpin and enable its ambitions of 10 GW low carbon 

hydrogen production by 2030 (Department for energy Security & Net Zero, 2023b). One of its 

main aims is to incentivize low carbon hydrogen production by covering the production cost 

gaps between high and low carbon hydrogen production (high carbon hydrogen is hydrogen 

produced from fossil fuels; low carbon hydrogen is hydrogen produced through the electrolysis 

using renewable energy or thermochemical conversion of biomass and different types of 

waste). Due to the lack of sufficient data regarding hydrogen sales prices in the UK, the average 

hydrogen sales price data available on the Hydrogen Valley platform was used. It shows that 

the hydrogen sales price varies between €3-4 and >€10 per kg of hydrogen across the EU 

(Hydrogen Valley platform, 2024). The sales price of 43.75% of hydrogen produced is in the 

range of €4-6 per kg of hydrogen in the EU. Therefore, a price of €5 (£4.26) per kilogram of 

hydrogen was adopted for this study. Although the selected sale price for hydrogen is relatively 

low compared to green hydrogen, it reflects the broader market reality. 

 The EU, and particularly the UK, are working on the development of the hydrogen 

market by investing in large projects, infrastructure, and shaping market and regulatory rules 
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(van der Spek et al., 2022). Promoting a hydrogen economy is also able to strengthen energy 

security by democratizing the energy landscape and mitigating the adverse impact of volatile 

fossil fuel prices, as not all countries have fossil fuel resources, unlike renewables (Carlson et 

al., 2023). Moreover, the EU and UK have the ambition to reduce green hydrogen production 

costs to less than €2 and £2.5 per kg of hydrogen, respectively, and increase hydrogen 

production and storage capacity by 2030 (Department for Energy Security and Net Zero and 

Department for Business, 2022, Burgess, Statista, 2022). Consequently, reducing hydrogen 

production costs inevitably reduces the sales price of hydrogen in the market. Therefore, 

calculating the LCOH (Levelized Cost of Hydrogen) for the C2 and D2 scenarios is important 

with regard to assessing the economic feasibility of systems under the direction of current 

development of the hydrogen market. The LCOH for the C2 and D2 scenarios were calculated 

by dividing the sum of all expenses by the amount of hydrogen produced: 

𝐿𝐶𝑂𝐻 =
∑

(𝑂𝑃𝐸𝑋𝑛+𝑇𝑛+𝑇𝐴𝑋𝑛)

(1+𝑖)𝑛
𝑛=25
𝑛=1 +𝐶𝐴𝑃𝐸𝑋

∑ 𝑀𝑛
𝑛=25
𝑛=1

          (4.3) 

Smart Export Guarantee tariffs are applied to calculate the value of the electricity fed back 

into the grid system, which will vary greatly depending on the energy supply companies 

involved. In 2022, these tariffs ranged from 1 p/kWh to 5.57 p/kWh of electricity in the UK 

(The Renewable Energy Hub, 2023). For this study, a rate of 5 p/kWh of electricity was 

adopted, as large energy supply companies typically paid between 4 p and 5.57 p/kWh in 2022. 

It is worth noting that Smart Export Guarantee tariffs have been increasing over time. For 

example, Scottish Power offers tariffs of 12–15p/kWh in 2024 (Scottish Power, 2024). If the 

2024 tariff were applied to this study, it would not significantly affect the final NPV results, as 

electricity is only produced in the C1 scenario, and the income from selling electricity accounts 

for just 0.04% of the total income. 
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4.1.3.4. CAPEX and OPEX 

To calculate the OPEX and CAPEX for fuel production facilities, one must first utilize the mass 

and energy balances of NMPW-to-hydrogen/diesel for equipment selection and sizing, a 

summary of which can be seen in Table 4.2. The scale factor for the equipment related to the 

waste treatment processes and main conversion reactor is typically between 0.6 and 0.8, and 

was employed in this study (Wu et al., 2023, You et al., 2016). The reference cost of equipment 

was calculated using Eq. (4.4) and Eq. (4.5). The base costs of equipment were determined 

from existing studies in the literature and reports, as illustrated in Table 4.2, and were converted 

to British Pounds (£) using the average exchange rate for the base year. The Chemical 

Engineering Plant Cost Index (CEPCI) was employed to calculate the reference year cost from 

the base year cost via: 

𝐶2022 = 𝐶𝑏𝑎𝑠𝑒 (
𝐶𝐸𝑃𝐶𝐼2022

𝐶𝐸𝑃𝐶𝐼𝑏𝑎𝑠𝑒
)          (4.4) 

where 𝐶2022 and 𝐶𝑏𝑎𝑠𝑒  are the reference and base year costs, respectively, and 𝐶𝐸𝑃𝐶𝐼2022 and 

𝐶𝐸𝑃𝐶𝐼𝑏𝑎𝑠𝑒  are the CEPCI values for the reference and base years, respectively. It is worth 

noting that the CEPCI value for 2022 was used as the reference year as it was the latest available 

one (Chemical Engineering, 2023). Also, the effect of scale was considered in calculating the 

equipment cost via: 

𝐶𝑒𝑞. = 𝐶2022 (
𝑆𝑟𝑒𝑓

𝑆𝑏𝑎𝑠𝑒
)

𝑛

          (4.5) 

where 𝐶𝑒𝑞. is the cost of equipment designed for the scenarios, n is the exponent scale factor 

for equipment cost,  and 𝑆𝑟𝑒𝑓  and 𝑆𝑏𝑎𝑠𝑒  are the reference and base capacities, respectively. 
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Table 4.2. Equipment costs for the base year and updated costs for the reference year based on the scale and cost factors considered in the analysis. 

Equipment Scenarios Base 

year 

Base 

capacity 

Base cost Cost 

factor 

Scale 

Factor 

Reference 

year 

Reference 

capacity 

Reference cost Reference 

Dryer Unit C1 and C2 2018 1.25 t/h $2,000,000 1.35 0.7 2022 1.8 t/h £2,616,591 (Haig et al., 2018) 

D1 and D2 2018 1.25 t/h $2,000,000 1.35 0.7 2022 0.4 t/h £914,229 (Haig et al., 2018) 

Pyrolysis Unit C1 2018 0.4 t/h $2,000,000 1.35 0.7 2022 1.7 t/h £5,588,847 (Haig et al., 2018) 

D1 2018 0.4 t/h $2,000,000 1.35 0.7 2022 0.4 t/h £2,029,785 (Haig et al., 2018) 

Fast Pyrolysis 

Unit 

C2 2021 10 t/h $22,000,000 1.15 0.7 2022 1.7 t/h £5,327,182 (Yadav et al., 

2022) 

D2 2021 10 t/h $22,000,000 1.15 0.7 2022 0.4 t/h £1,934,752 (Yadav et al., 

2022) 

Steam Reforming 

Unit 

C2 2022 0.15 t/h €275,000 1 0.75 2022 1.7 t/h £1,448,599 (Al-Qadri et al., 

2023) 

D2 2022 0.15 t/h €275,000 1 0.75 2022 0.4 t/h £489,392 (Al-Qadri et al., 

2023) 

Oil Distillation 

Unit 

C1 2018 1 t/h $2,500,000 1.35 0.7 2022 1.4 t/h £3,211,069 (Haig et al., 2018) 

D1 2018 1 t/h $2,500,000 1.35 0.7 2022 0.3 t/h £1,092,307 (Haig et al., 2018) 

Syngas Cleaning 

Unit 

C2 2022 0.25 t/h €1,177,000 1 0.67 2022 6 t/h £8,440,442 (Al-Qadri et al., 

2023) 

D2 2022 0.25 t/h €1,177,000 1 0.67 2022 1.3 t/h £3,029,325 (Al-Qadri et al., 

2023) 

C2 2007 233.6 t/h $12,918,000 1.55 0.67 2022 6 t/h £861,818 (Rath et al., 2011) 
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Water Gas Shift 

Unit 

D2 2007 233.6 t/h $12,918,000 1.55 0.67 2022 1.3 t/h £309,312 (Rath et al., 2011) 

Pressure Swing 

Adsorption Unit 

C2 2007 32.99 t/h $38,047,000 1.55 0.6 2022 5.8 t/h £10,401,199 (Rath et al., 2011) 

D2 2007 32.99 t/h $38,047,000 1.55 0.6 2022 1.2 t/h £4,041,433 (Rath et al., 2011) 

Hydrogen 

Compressor Unit 

C2 2009 166 t/h €9,000,000 1.56 0.68 2022 0.6 t/h £263,909 (Manzolini et al., 

2013) 

D2 2009 166 t/h €9,000,000 1.56 0.68 2022 0.1 t/h £78,039 (Manzolini et al., 

2013) 

Carbon Capture 

Unit 

C1 2016 82 t/h €43,274,000 1.51 0.7 2022 1.3 t/h £2,935,567 (Rath et al., 2011) 

D1 2016 82 t/h €43,274,000 1.51 0.7 2022 0.5 t/h £1,503,871 (Rath et al., 2011) 

C2 2016 82 t/h €43,274,000 1.51 0.7 2022 33.2 t/h £28,361,440 (Rath et al., 2011) 

D2 2016 82 t/h €43,274,000 1.51 0.7 2022 9.8 t/h £12,072,296 (Rath et al., 2011) 
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The equipment unit purchase costs (Table 4.2), and labour costs and material and utility 

inputs were used to calculate the total CAPEX and OPEX (Table 4.3) (Umenweke et al., 2023). 

The CAPEX contains direct and indirect costs, whilst the OPEX is divided into fixed and 

variable operating costs. One of the main components of the fixed operating cost is the labour 

cost, which is dependent on the number of operating staff. The overall number of operators for 

each scenario was calculated via the following equation (Mukherjee et al., 2022): 

𝑁𝑜 = √(31.7𝑃2 + 0.23𝑁 + 6.29)          (4.6) 

where P is the number of  solid handling steps and N is the number of non-particulate (gas- and 

liquid-phase) processing steps. The overall number of operators required for each scenario is 

12, which was multiplied by the gross annual average pay (£27,710) in Scotland for 2022 to 

obtain the labour cost (The Scottish Parlament, 2023). 

Table 4.3. Equations used to calculate CAPEX and OPEX. 

Name Estimation factors and formulas 

Total equipment unit purchase cost 𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. = ∑ 𝐶𝑒𝑞. 

Installation cost 𝐶𝑒𝑞.𝑖𝑛𝑠𝑡𝑎𝑙. = 0.4𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. 

Instrumentation and control cost 𝐶𝑖𝑛𝑠𝑡𝑟. = 0.26𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. 

Mechanical, electrical, and plumbing cost 𝐶𝑚.𝑒.𝑝. = 0.41𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. 

Building cost 𝐶𝑏𝑢𝑖𝑙𝑑. = 0.1𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. 

Outdoor space work cost 𝐶𝑜𝑢𝑡. = 0.12𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. 

Direct cost 𝐶𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐶𝑡𝑜𝑡𝑎𝑙𝑒𝑞. + 𝐶𝑒𝑞.𝑖𝑛𝑠𝑡𝑎𝑙. + 𝐶𝑖𝑛𝑠𝑡𝑟.+𝐶𝑚.𝑒.𝑝.

+ 𝐶𝑏𝑢𝑖𝑙𝑑.+𝐶𝑜𝑢𝑡. 

Indirect cost 𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 = 0.22𝐶𝑑𝑖𝑟𝑒𝑐𝑡  

Fixed capital investment 𝐹𝐶𝐼 = 𝐶𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡  

Working capital 𝑊𝐶 = 0.15𝐹𝐶𝐼 

Pre-operating and organization costs 𝐶𝑠𝑡𝑎𝑟𝑡𝑢𝑝 = 0.05𝐹𝐶𝐼 

CAPEX 𝐶𝐴𝑃𝐸𝑋 =  𝐹𝐶𝐼 + 𝑊𝐶 + 𝐶𝑠𝑡𝑎𝑟𝑡𝑢𝑝  

Labor cost 𝐶𝑙𝑎𝑏𝑜𝑢𝑟 = 𝑁𝑜 ∗ 𝑆𝑎𝑣𝑒𝑟𝑎𝑔𝑒 

Supervisory and management cost 𝐶𝑠𝑢𝑝. = 1.25𝐶𝑙𝑎𝑏𝑜𝑢𝑟  

Maintenance and miscellaneous expenses 𝐶𝑚𝑎𝑖𝑛𝑡. = 0.04𝐹𝐶𝐼 

Fixed operating cost 𝐹𝑂𝐶 = 𝐶𝑙𝑎𝑏𝑜𝑢𝑟 + 𝐶𝑠𝑢𝑝. + 𝐶𝑚𝑎𝑖𝑛𝑡. 

Total utility cost 𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦 = 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + 𝐶𝑤𝑎𝑡𝑒𝑟 + 𝐶𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 

Operating supplies cost 𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑠 = 𝐶𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + 𝐶ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛+. .. 

Variable operating cost 𝑉𝑂𝐶 = 𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦 + 𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑠 

OPEX 𝑂𝑃𝐸𝑋 = 𝐹𝑂𝐶 + 𝑉𝑂𝐶 
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The average prices of electricity and natural gas for the reference year in the UK were 

used to calculate the variable operating costs. Gas and electricity prices vary according to the 

annual scale of utility consumption for non-domestic sectors in the UK, and this factor was 

also considered in the analysis (Department for Energy Security and Net Zero, 2023a). Ash and 

solid by-products produced by the combustion and processes are sent to landfill, and the gate 

fee paid for landfill, including transportation, is £78 per tonne of waste (Steven and Ashley, 

2022). 

4.1.4. Sensitivity analysis 

Various factors (CAPEX, OPEX, transportation, carbon tax, fuel sales price,  inevitably waste 

gate fee, and average distance between waste collection points) can have significant impacts 

on the NPV. The compare the influences, sensitivity ratios per changes of key factors with a 

variation of ±10% were calculated using (Fang et al., 2023): 

𝑆𝑅 = |

𝑁𝑃𝑉𝑖
𝑏−𝑁𝑃𝑉𝑖

𝑚

𝑁𝑃𝑉𝑖
𝑏

𝜑𝑖
𝑏−𝜑𝑖

𝑚

𝜑𝑖
𝑏

|          (4.7) 

where 𝑁𝑃𝑉𝑖
𝑏 and 𝑁𝑃𝑉𝑖

𝑚 are baseline and modified NPV results, respectively; 𝜑𝑖
𝑏  and 𝜑𝑖

𝑚 are 

baseline and modified factors’ value. 

It is also worth noting that exploring a wider range of factors with greater variations, 

such as the selling price of electricity or diesel, conversion efficiency, and others, could provide 

more comprehensive insights. However, the purpose of this sensitivity analysis is to offer a 

consistent and comparable measure of the influence of the selected factors on the NPV. 
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4.2. Results and Discussion 

4.2.1. Inputs and Outputs of the Developed Models  

A summary of the transportation distances for the products and by-products is given in Table 

4.4. On average, the truck makes 1183 stops to collect general bin waste and covers over 20 

km per trip in all scenarios. In the C1 and C2 scenarios, the bailed sorted NMPW is transported 

to hydrogen and pyrolysis diesel production plants located 100 km away. Additionally, empty 

returns were taken into account for the bailed NMPW transportation in calculating the cost of 

transportation. 

Table 4.4. Transport distances. 

Transported material Transport from Transport to Distance, km 

MPW Households Transfer station 25 

NMPW* Transfer station Pyrolysis facility 100 

Pyrolysis diesel Pyrolysis facility Oil refinery plant 100 

Hydrogen* Pyrolysis facility Hydrogen refuelling 

station 

100 

Compressed carbon 

dioxide** 

Pyrolysis facility Carbon storage and 

transportation 

infrastructure 

70 

*These transportation distances are only for centralized NMPW management systems. **These 

transportation distances are only for decentralized NMPW management systems. 

A summary of the main inputs and outputs obtained from the mass and energy balance 

analysis for the C1/D1 and C2/D2 scenarios is presented in Tables 4.5 and 4.6, respectively. It 

is evident that the large-scale systems (C1 and C2) exhibit higher efficiencies in heating energy 

consumption compared to the small-scale systems (D1 and D2). For example, for the C1 

system, the heating energy consumption for drying, pyrolysis, and oil distillation is 11,356 

MJ/h, which is significantly lower than the heating energy recovered from the combustion of 

by-products, at 16,239.18 MJ/h. Consequently, a CHP system was implemented to utilize 
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excess heating energy to generate electricity, amounting to 4,883.68 MJ/h for the C1 scenario. 

Conversely, for the D1 scenario, the heating energy consumption for all processes totalled 

7,191.82 MJ/h, much greater than the heating energy recovered from the combustion of by-

products (3,427.37 MJ/h). Therefore, natural gas was combusted to compensate for the heating 

energy deficiency in this scenario. 

In all scenarios, thermochemical conversion processes consume a significant amount 

of energy. For instance, for the large-scale plant in the C2 scenario, fast pyrolysis and SR 

processes consume 9751 MJ/h and 36,332 MJ/h of energy, respectively, which are much greater 

than the energies consumed by any other stages. Moreover, the thermochemical conversion 

processes require steam to produce hydrogen-rich gas for the C2 and D2 scenarios, which 

results in the increased energy consumption for these systems. 

Across all scenarios, approximately 90% of total carbon dioxide emissions are captured 

and sent to deep geological formation sites in the North Sea. For large-scale plants, the 

transportation of captured carbon is not considered within the systems, as these plants are 

situated near existing carbon dioxide transportation infrastructure that convey the captured 

carbon to storage sites in the North Sea. Conversely, in the case of decentralized small-scale 

plants, captured carbon is transported to the northeast of Scotland, as illustrated in Table 4.4, 

where a carbon storage and transportation infrastructure is available.
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Table 4.5. Mass and energy balances for the C1 and D1 scenarios. 

Process stage 
 

C1 D1 Comment Reference 

Inputs 

Dryer Unit NMPW, kg/h 1,800 380 After the dryer, the 

moisture content of 

NMPW is less than 1 

wt% 

Aspen Plus simulation, (Haig et al., 

2018), (C3) Heating energy, MJ/h 816 517 

Outputs 

Dried NMPW, kg/h 1,710 361 

Water vapour, kg/h 90 19 

Pyrolysis Unit Inputs T=500OC, P=1 atm Aspen Plus simulation, (Haig et al., 

2018), (C3) Dried NMPW, kg/h 1,710 361 

Heating energy, MJ/h 9,751 6,176 

Outputs 

Crude Oil, kg/h 1,368 289 

Gas, kg/h 171 36 

Solid product, kg/h 171 36 

Oil Distillation Unit Inputs Residue contains 

hydrocarbons heavier 

than diesel-range 

hydrocarbons 

Aspen Plus simulation, (Haig et al., 

2018), (C3) Crude Oil, kg/h 1,368 289 

Heating energy, MJ/h 788 499 

Hydrogen, kg/h 14 3 

Outputs 

Pyrolysis diesel range oil, kg/h 1,187 251 

Residue, kg/h 181 38 
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Heat Recovery and 

Electricity Generation 

Unit 

Inputs RStoic reactor was 

used to simulate this 

process. Heat 

recovery efficiency is 

80% of produced 

heating energy; fuel 

to electricity 

conversion efficiency 

is 33-36%. 

Aspen Plus simulation, (EPA, 2023), 

calculated Gas, kg/h 171 36.1 

Solid product, kg/h 171 36.1 

Residue, kg/h 181 38 

Natural gas, kg/h - 94 

Air, kg/h 7,010 3,211 

Outputs 

Net heating energy, MJ/h 11,356 7,192 

Electricity, MJ/h 4,884 - 

Exhaust gasses, kg/h 7,475 3,400 

Ash, kg/h 58 15 

Carbon Capture Unit Inputs The carbon capture 

efficiency is 90%. 

The energy penalty 

for this unit is 7.9% 

of the Lower Heating 

Value (LHV) points. 

(Singh et al., 2011), (Rubin et al., 

2007) and (Peeters et al., 2007) Exhaust gasses, kg/h 7,475 3,400 

Electricity, MJ/h 1,604 339 

Outputs 

Scrubbed gases, kg/h 6,204 2,908 

Captured and compressed carbon 

dioxide, kg/h 

1,271 493 
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Table 4.6. Mass and energy balances for C2 and D2 scenarios 

Process stage 
 

C1 D1 Comment Reference 

Inputs 

Dryer Unit NMPW, kg/h 1,800 380 After the dryer, the 

moisture content of 

NMPW is less than 1 

wt% 

Aspen Plus simulation, (Haig et al., 

2018), (C3) Heating energy, MJ/h 816 517 

Outputs 

Dried NMPW, kg/h 1,710 361 

Water vapour, kg/h 90 19 

Fast Pyrolysis Unit Inputs T=500OC, P=1 atm Aspen Plus simulation, (Ahamed et 

al., 2020), (C3) Dried NMPW, kg/h 1,710 361 

Heating energy, MJ/h 9,751 6,176 

Outputs 

Volatiles, kg/h 1,676 354 

Solid product, kg/h 34 7 

Steam Reforming Unit Inputs T=700-800OC, P=1 

atm. 

Aspen Plus simulation, (Yi et al., 

2024) Volatiles, kg/h 1,676 354 

Steam, kg/h 4,283 904 

Heating energy, kg/h 36,332 7670 

Outputs 

Syngas, kg/h 5,959 1,258 

Syngas Cooling and Inputs 
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Cleaning Unit Syngas, kg/h 5,959 1,258 Overall, 100% of zinc 

sulphide is recovered 

from the reaction of 

hydrogen sulphide 

and zinc oxide. 

Aspen Plus simulation, (Lui et al., 

2022b), (Spallina et al., 2016), and 

(Lui et al., 2022a) 

Electricity, kg./h 534 113 

Zinc oxide, kg/h 89 19 

Outputs 

Cleaned syngas, kg/h 5,938 1,253 

Zinc sulphide, kg/h 111 23 

Water Gas Shift Unit Inputs Carbon monoxide is 

reacted with steam to 

maximize hydrogen 

production 

Aspen Plus simulation, (Lui et al., 

2022b), and (Lui et al., 2022a) Cleaned syngas, kg/h 5,938 1,253 

Electricity, MJ/h 178 38 

Outputs 

Hydrogen rich gas, kg/h 5,794 1,223 

Water, kg/h 144 30 

Pressure Swing 

Adsorption Unit 

Inputs Hydrogen recovery 

efficiency is 90% 

Aspen Plus simulation, (Ronald Long, 

2011), (C3) Hydrogen-rich gas, kg/h 5,794 1,223 

Electricity, MJ/h 5,215 1,101 

Outputs 

Hydrogen, kg/h 569 120 

Tail gas, kg/h 5,224 1,103 

Inputs (Lui et al., 2022b), (C3) 

Hydrogen, kg/h 569 120 
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Hydrogen 

Compression and 

Storage Unit 

Electricity, MJ/h 6,457 1,363 Hydrogen is 

compressed to 200 

bar 

Outputs 

Compressed hydrogen, kg/h 569 120 

Heating Energy and 

Steam Generation Unit 

Inputs 2.5 MJ of energy is 

required to produce 1 

kg of steam 

Aspen Plus simulation, GaBi database 

Tail gas, kg/h 5,161 1,103 

Air, kg/h 26,757 5,708 

Natural gas, kg/h 1,300 277 

Water, kg/h 4,283 904 

Outputs 

Heating energy, kg/h 46,899 14,363 

Exhaust gasses, kg/h 33,184 9,766 

Steam, kg/h 4,283 904 

Carbon Capture Unit Inputs The carbon capture 

efficiency is 90%. 

The energy penalty 

for this unit is 7.9% 

of the Lower Heating 

Value (LHV) points. 

(Singh et al., 2011), (Rubin et al., 

2007) and (Peeters et al., 2007) Exhaust gasses, kg 33,184 9,766 

Electricity, MJ 5,477 1,612 

Outputs 

Scrubbed gases, kg/h 25,473 7,497 

Captured and compressed carbon 

dioxide, kg/h 

7,711 2,269 
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The credibility of the developed Aspen models with regards to the thermochemical 

conversion of NMPW into fuels (diesel and hydrogen) was assessed by comparing the results 

of diesel and hydrogen production yields with those of other studies. Figure 4.4 reports the 

yields of diesel and hydrogen production per tonne of MPW feedstock, and the percentage 

differences between this study's results and those of other studies. A number of studies were 

selected for comparison based on similarities in technological and thermochemical conversion 

setups. However, it was not possible to select studies with identical setups to those in this study 

due to as the difficult of matching various factors such as the composition of MPW feedstock, 

temperature, and residence time of the thermochemical conversion processes. It is worth noting 

that this study was based on Glasgow (UK), and there are few available studies that are directly 

comparable due to the differences in the systems, technologies and process designs. Hence, the 

results of the comparison are indicative and will more tend to support collective understanding 

of cost hotspots and the development of a more complete picture about the economic outlook 

of similar technologies.  

Overall, diesel production yield is 659 kg per tonne of NMPW for the C1 and D1 

scenarios, whilst 316 kg of hydrogen is produced per tonne of NMPW for the C2 and D2 

scenarios. The results of the verification analysis show that the deviation in diesel production 

yields between this study and others is generally less than 5%, while in the case of hydrogen 

production yields, the deviation is more than 20%. This difference can be explained by the 

availability of existing studies assessing diesel production from MPW, allowing for more 

accurate parameter selection in model development for the C1 and D1 scenarios. There are 

limited studies related to hydrogen production from MPW through fast pyrolysis-SR, the 

majority of which are lab-based studies. However, the model developed for hydrogen 

production can still be utilized despite the deviation being relatively significant as it could 

indicate the general potential of hydrogen production from NMPW. Future studies could 
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potentially address this issue to develop a more accurate model of hydrogen production through 

fast pyrolysis-SR by increasing the available data regarding hydrogen production from MPW 

through this process. 

 

 

Figure 4.4. Verification of modelling results of thermochemical processes simulated in Aspen 

plus. 
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4.2.2. Cost-Benefit Analysis Results 

The detailed results of the CBA, including all expenditures and incomes, as well as the total 

NPV results for each scenario, are reported in Table 4.7 and illustrated in Figure 4.5. Across all 

scenarios, only centralized large-scale diesel production from NMPW has a positive NPV 

(£22,240,135 and £24,449,631 for C1 with and without CCS, respectively). The lowest 

negative NPV is from  the C2 scenario with CCS (-£435,744,891) and without CCS (-

£326,392,536) compared to the other two scenarios, with the D1 and D2 scenarios showing 

negative NPV results. However, the C2 scenario demonstrates better economic performance 

than the D2 scenario when their NPV results are adapted to one tonne of treated NMPW. The 

NPVs per tonne of treated NMPW for C2 with and without CCS are -£1125 and -£842, 

respectively, which are higher than the NPVs per tonne of treated NMPW for the D2 scenario 

with (-£2391) and without (-£1525) CCS. This suggests that when waste management systems 

with different scales, as in this study, are compared, it is important not only to assess the total 

NPV of systems but also their NPV results as normalized to the FU, such as per a certain 

amount of treated waste. 

When comparing centralized large-scale and decentralized small-scale waste 

management systems, aside from the scales and efficiencies of the systems, transportation plays 

a crucial role. In some existing studies, it was supposed that transportation costs should be 

higher for centralized systems than decentralized (Pires Costa et al., 2022). It is indeed the case 

that transportation cost per FU for centralized large-scale systems is lower than for the 

decentralized small-scale systems considered in this study. For example, the transportation cost 

per tonne of treated NMPW is £221 for the C1 scenario without CCS, which is approximately 

10% lower than for the D1 scenario without CCS. However, the CBA of the transportation part 

revealed that poor or undeveloped infrastructure related to waste management systems could 

negatively affect the cost of product and by-product transportation. In this study, it was assumed 
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that centralized large-scale plants are located in the northeast of Scotland, close to carbon 

dioxide transportation pipelines and storage infrastructure, while compressed carbon dioxide 

captured from decentralized small-scale facilities located on the outskirts of Glasgow needs to 

be transported to the northeast of Scotland due to the lack of carbon dioxide transportation and 

storage infrastructures around the city. Thus, in systems with CCS units, the transportation 

costs per tonne of treated NMPW for decentralized systems are higher than those for centralized 

systems. For example, the transportation costs for the D2 scenario with CCS are £694 per tonne 

of treated NMPW, which is much higher than the transportation costs for the C2 scenario with 

CCS (£525 per tonne of treated NMPW). This implies that in the development and analysis of 

the transportation components of waste management systems, factors such as distance and the 

condition or availability of infrastructure affecting transportation costs need to be accounted 

for. 

Two options to deal carbon dioxide emissions were considered, namely emitting it into 

the atmosphere under the UK ETS regulations or capturing it for storage it in deep geological 

formations. In the case of emitting carbon dioxide into the atmosphere, £916,814, £358,666, 

£5,564,475, and £1,651,525 need to be paid annually for the C1, D1, C2, and D2 scenarios 

under the UK ETS regulations, respectively. This payment can be reduced by 90% for all 

scenarios if the CCS unit is used to capture carbon dioxide emissions. This results in other 

expenditures for the CAPEX and OPEX of CCS unit, of course, and for transportation of 

compressed captured carbon dioxide. From Table 4.7 and Figure 4.5, it can be seen that 

capturing carbon dioxide for diesel and hydrogen production from NMPW is not economically 

beneficial as the NPV results for systems that include CCS are lower than the results for 

systems without CCS for all scenarios. Thus, the question arises regarding the effectiveness of 

UK ETS in promoting the CCS option and reducing GHG emissions from the waste 

management systems using energy-intensive technologies. This issue should be investigated in 
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depth to find ways of making capturing carbon dioxide more economically viable or developing 

scenarios that strike the balance between carbon footprint and economic benefits.  

There are a few sources of income in all scenarios such as waste gate fees, and selling 

product fuels (diesel and hydrogen) and electricity. The income from selling the fuels (diesel 

and hydrogen) produced is much greater than the income possible from other sources. For 

example, in the D1 scenario, selling diesel resulted in £1,409,783 per year, which accounts for 

around 80% of the total income. 

The results of this study showed that the real-world demonstrator scenario C1 

producing diesel, is economically feasible, whereas other alternatives are not. The alternative 

scenarios were developed based on the consideration of the current situation in Glasgow, and 

there are ways to potentially improve NPVs. For example, diesel and hydrogen production 

through pyrolysis-based technologies are thermal energy-intensive. In all scenarios, natural gas 

and by-products (tail gases, oil distillation residues, etc.) are used to generate the necessary 

heating energy. This results in GHG emissions and expenses related to addressing them. 

Integrating low-carbon energy generation technologies (such as wind or solar energy) with 

hydrogen and diesel production systems from NMPW can reduce GHG emissions. However, 

there are additional expenses associated with deploying renewables. This study showed that 

capturing carbon dioxide is not economically attractive due to the high CAPEX and OPEX of 

the CCS unit and the underdeveloped CCS infrastructure around Glasgow. In future alternative 

scenarios, the development of CCS infrastructure and other tools, such as government subsidies 

to reduce the cost of CCS, can be considered for boosting both profitability and carbon saving 

potential of the systems.
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Table 4.7. The summary of incomes and expenditures in GBP. 

 Scenarios 

C1 with CCS C1 without 

CCS 

D1 with CCS D1 without 

CCS 

C2 with CCS C2 without 

CCS 

D2 with CCS D2 without 

CCS 

Process information 

Annual NMPW input, t 15,500 15,500 3,300 3,300 15,500 15,500 3,300 3,300 

Operational lifetime, years 25 25 25 25 25 25 25 25 

Annual saleable hydrogen output, t - - - - 4,903 4,903 1,044 1,044 

Annual saleable diesel output, t 10,222 10,222 2,176 2,176 - - - - 

Annual saleable electricity output, kWh 7,845,820 11,681,636 - - - - - - 

CAPEX 

Total fixed capital investment, £ 40,106,390 31,905,003 15,478,189 11,276,674 161,270,996 82,034,804 63,890,788 30,163,208 

Total working capital, £ 6,015,958 4,785,750 2,321,728 1,691,501 24,190,649 12,305,221 9,583,618 4,524,481 

Total pre-operating costs and organization costs, £ 2,005,319 1,595,250 773,909 563,834 8,063,550 4,101,740 3,194,539 1,508,160 

Total CAPEX, £ 48,127,668 38,286,004 18,573,827 13,532,009 193,525,195 98,441,765 76,668,946 36,195,849 

OPEX 

Annual fixed operating cost, £ 2,352,426 2,024,370 1,367,298 1,199,237 7,199,010 4,029,562 3,303,802 1,954,698 

Annual variable operating cost, £ 38,948 38,948 787,637 597,519 16,382,125 13,972,789 3,872,157 3,113,909 

Total annual OPEX, £ 2,391,373 2,063,318 2,154,935 1,796,756 23,581,135 18,002,351 7,175,958 5,068,607 

Transportation  

Annual feedstock collection, segregation, and transportation 

cost, £ 

3,234,252 3,234,252 628,217 628,217 3,234,252 3,234,252 628,217 628,217 

Annual compressed carbon dioxide transportation, £ 0 0 134,093 0 0 0 617,450 0 

Annual product transportation, £ 186,979 186,979 39,808 39,808 4,903,497 4,903,497 1,043,970 1,043,970 

Total annual transportation cost, £ 3,421,231 3,421,231 802,118 668,025 8,137,749 8,137,749 2,289,637 1,672,187 

Carbon Tax Cost (UK ETS) 
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Total annual Carbon Tax Cost (UK ETS), £ 91,681 916,814 35,867 358,666 556,447 5,564,475 165,153 1,651,525 

Income 

Annual gate fee income, £ 1,705,000 1,705,000 363,000 363,000 1,705,000 1,705,000 363,000 363,000 

Annual product sales income, £ 17,227,713 17,419,503 3,584,316 3,584,316 49,034,973 49,034,973 10,439,704 10,439,704 

Total annual income, £ 18,932,713 19,124,503 3,947,316 3,947,316 50,739,973 50,739,973 10,802,704 10,802,704 
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Figure 4.5. PVs for all cash flows over operational time and NPV results for all scenarios, with and without CCS. 
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4.2.2.1. Levelized Cost of Hydrogen 

For the NPV calculation, the average sales price of hydrogen was considered. However, as 

described in section 4.1.3.3, the hydrogen market is currently not well developed, and the 

hydrogen sale price is relatively variable compared to the price of diesel. Moreover, the UK 

and EU have the ambition to reduce the production costs of green hydrogen soon, which will 

affect the hydrogen sale price. Thus, the LCOH for hydrogen production scenarios with and 

without CCS were calculated to clarify the cost structure and competitiveness with hydrogen 

production technologies. 

The LCOH per kg of hydrogen for the C2 and D2 scenarios with and without CCS is 

illustrated in Figure 4.6. The lowest LCOH is £7.27 per kg of hydrogen for the centralized 

large-scale system without CCS, whilst the highest LCOH is £12.16 per kg of hydrogen for the 

decentralized large-scale system with CCS. It is worth noting that capturing caron dioxide for 

both the centralized and decentralized systems increases the LCOH. 

  

Figure 4.6. Comparison of LCOHs across the hydrogen producing scenarios. 
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4.3. Sensitivity Analysis 

The sensitivity ratio results of key factors are illustrated in Figure 4.7. Notably, sensitivity ratios 

of CAPEX and OPEX for the scenarios with CCS are higher than those for the  scenarios 

without CCS. However, the sensitivity ratios of carbon tax present a contrasting outcome, with 

lower values observed for scenarios with CCS compared to those without CCS. According to 

Ouderji et al. (2023), if the threshold sensitivity ratio value was considered to be 0.2, and a 

ratio higher than the threshold indicates a high level of impact. The source does not provide a 

detailed explanation for selecting 0.2, but this benchmark is widely applied in the sensitivity 

analysis of many studies (Fang et al., 2023). Accordingly, factors such as OPEX and fuel sales 

prices exhibit high influence on the results across all scenarios with ratios higher than 0.2.
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Figure 4.7. Sensitivity map depicting the effect of factors on NPV results for the different scenarios. 
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4.4. Conclusions 

To improve the understanding of the techno-economic feasibility of pyrolysis-based resource 

recovery from NMPW, our research focused on the design of an assessment framework 

integrating transportation and process modelling into CBA. The framework was applied to 

evaluate the economics of 4 scenarios, including centralized large-scale and decentralized 

small-scale diesel and hydrogen production from NMPW with and without CCS. It is worth 

noting that existing TEA studies assessing hydrogen production primarily consider renewables 

(wind and solar energy) and biomass as sources of hydrogen production. There are limited TEA 

studies assessing hydrogen production from MPW or NMPW. This study can serve as a 

pioneering effort for future research to define the potential of hydrogen production from MPW, 

thus helping to deliver a more comprehensive roadmap of hydrogen economy. 

Only centralized large-scale diesel production, namely the C1 scenario, showed a 

positive NPV and profitability, whilst the others’ were negative. Centralized large-scale diesel 

production without CCS has the highest NPV of £24,449,631, whilst the centralized large-scale 

hydrogen production with CCS has the lowest NPV of -£435,744,891. However, for NPV per 

tonne of treated NMPW, the lowest NPV per tonne for treated NMPW ( £-2391) is associated 

with decentralized hydrogen production with CCS. This suggests the relevance of assessing 

total NPV and NPV per given amount of treated waste or obtained product. Carbon tax is not 

effective enough to promote the reduction of carbon dioxide emissions from under current 

economic conditions as the NPV results for scenarios with CCS are lower than those without 

CCS. This issue warrants further investigation. Also, multi-objective optimization studies 

should be conducted to obtain NMPW management systems with balanced environmental and 

economic benefits. 
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It is also worth noting that in Chapters 3 and 4, the environmental and economic 

performance of four different systems was analysed, but the number of scenarios could be 

increased by varying the input data. This approach would allow for the selection of ideal 

scenarios from a broader range of possibilities, resulting in a more comprehensive study. This 

knowledge gap is addressed in the next chapter.  
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Chapter 5 Multi-Objective Optimization of Non-Recycled Municipal 

Plastic Waste Management Systems Producing Value-Added Resources 

In Chapter 3, the environmental footprints of centralized large-scale and decentralized small-

scale NMPW management systems producing diesel and hydrogen were assessed using LCA. 

Chapter 4 presents a CBA study that evaluates the economic feasibility of these systems. From 

the results of the LCA study, it can be observed that, in general, the environmental performance 

of diesel production is better than that of hydrogen production. However, when considering the 

displacement effects from substituting fossil fuel-based diesel and hydrogen, as well as the end-

use of the produced fuels, centralized large-scale hydrogen production demonstrated better 

environmental performance than decentralized small-scale diesel systems and comparable 

environmental performance to centralized large-scale diesel production systems. 

The CBA study, however, determined that only the centralized large-scale diesel 

production system had a positive NPV, indicating its economic feasibility. Additionally, this 

study assessed the economic feasibility of incorporating a carbon capture unit under the 

recently launched UK ETS, a GHG emission trading scheme in the UK. It was found that the 

current carbon tax price is not an effective economic tool for waste management systems 

utilizing high-energy-intensive technologies, such as pyrolysis, as modelled in this study. 

In both the LCA and CBA studies, four different scenarios were developed and assessed 

in terms of environmental and economic performance. However, many more scenarios can be 

developed by varying input data, such as the transportation distance between the transfer station 

and the pyrolysis plant or by adjusting the carbon tax as traded on platforms with open market 

rules. Additional factors could also be considered in newly developed scenarios. Expanding the 

number of scenarios allows for the selection of ideal scenarios with balanced environmental 

footprints and economic feasibility. The main aim of this PhD project is to define systems with 
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optimally balanced environmental and economic performance. In this chapter, a MOO study 

was applied to identify these optimal scenarios. 

Also, in Chapters 3 and 4, the exact location of the pyrolysis plant was not discussed; 

only general assumptions were made based on other studies related to waste management 

systems within the UK. In this chapter, potential locations for the pyrolysis plant are discussed, 

along with their impact on the environmental and economic performance of NMPW 

management systems. 

5.1. Methodology 

The main stages involved in the methodology are described in Figure 5.1. Basic input data 

obtained from Chapters 3 and 4 were used in this MOO study (Chapter 5). First, 900 scenarios 

for the diesel and hydrogen producing NMPW management systems were developed based one 

existing studies and data from governmental and international organizations, and Chapter 3 and 

4. It is worth noting that varying certain inputs, as discussed in Section 5.1.1, allows for the 

development of these 900 scenarios. The number of scenarios depends on how the inputs are 

varied. All scenarios contain two main parts: 1- transportation of NMPW feedstock, products 

and by-products; and 2- thermochemical conversion of NMPW into fuels. Then, the simulation 

of transportation parts in ArcGIS Pro, along with the thermochemical conversion of NMPW 

into fuels in Aspen Plus, was conducted to generate a dataset for the 900 scenarios. Following 

this, the dataset generated was fed into LCA and CBA to calculate the GWPs and NPVs of 900 

scenarios, respectively. This dataset was subsequently enriched through Monte Carlo 

simulation of the main input variables, such as transportation distance, construction cost, etc., 

and the LSTM-RNN model was trained to predict sequences of data with long-range 

dependencies, thereby increasing the number of scenarios from 900 to 700,000 and obtaining 

their GWPs and NPVs. Finally, Pareto Front were determined from the GWPs and NPVs, and 
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the TOPSIS and LINMAP approaches were employed to define the best scenarios from the 

Pareto Front. At the conclusion of this study, its main findings were discussed. 
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Figure 5.1. Methodology diagram utilized in this MOO study.
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5.1.1. Overview of, and Scenarios for Hydrogen and Diesel Production Systems From 

NMPW 

Overall, 900 scenarios were considered for the production of transportation fuels from NMPW 

systems in Glasgow based on LCA and CBA studies in Chapter 3 and 4, respectively; their 

main distinguishing factors are reported in Figure 5.2. Five options for NMPW transportation 

were considered. In the first option, NMPW is directly transported to the FPF (Fuel Production 

Facility), as it is located near to Glasgow. In other options, NMPW is first transported to the 

MRF, and then to the FPF. Four different distances between MRF and FPF were considered, 

namely 50, 100, 150, and 230 km. 

Two of these options, a pyrolysis plant located near Glasgow and a pyrolysis plant 

located 50 km away from Glasgow, represent realistic locations for such facilities. In the first 

option, Barrhead—a small town located near Glasgow (14.5 km by road from the southwestern 

edge of Glasgow)—was selected. For the second option, a significant industrial area, 

Grangemouth (approximately 50 km by road from Glasgow), was chosen. The results of 

analysis by Haig et al. (2018) served as the basis for selecting these two locations. 

In Chapters 3 and 4, two different scales of FPF (pyrolysis plant) were considered. In 

this chapter, an additional scale is included alongside the previously considered ones: 3,300, 

8,000, and 15,500 tonnes of feedstock per year. In this study, two types of transportation fuel, 

hydrogen and diesel, can be obtained from NMPW, and two different technological methods 

and setup parameters are applied to produce them. Simulation and detailed mass and energy 

balances of thermochemical conversion processes to produce hydrogen and diesel can be found 

in the following sub-sections. 

In the UK, there are two ways to address GHGs received from energy-intensive 

thermochemical conversion of NMPW into fuels: 1- buying allowance through the UK ETS 
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(United Kingdom Emissions Trading System) to cover GHG emissions (Ian, 2023); and 2- 

Carbon Capture and Storage (CCS) involving capturing carbon dioxide at the FPFs, and 

transporting it to, and storing it under, ex-oil and -gas reservoirs underground (Department for 

Energy Security and Net Zero, 2021). Both these options were considered in the scenarios.  

In Chapter 4, the CBA study assessed the impact of the UK ETS value for the reference 

year 2022 (£75.42 per tCO₂-eq.) (Ian, 2023). This value is also used in this MOO study. It is 

expected that the UK ETS value will increase over time as the allowed GHG emissions to the 

environment are reduced. More comprehensive results could be obtained by considering 

different scenarios with varying UK ETS values in this study. Department for Energy Security 

and Net Zero (2023b) modelled the UK ETS value up to 2050. Based on this modelling, the 

average upper (£137.87 tCO2-eq.) and lower (£79.96 tCO2-eq.) bounds assumed based on the 

modelling carbon values during the lifespan of diesel and hydrogen production systems from 

NMPW were considered in the scenarios developed. The efficiency of most of the carbon 

capture units varies between 85 and 90%, and thus these parameters were considered as well. 

Also, chapter 4 showed that selling price of hydrogen can vary greatly due to the market 

not being well developed, and fuel price, in particular, can have a profound impact on the 

economic feasibility of NMPW management systems. Based on this analysis, in the hydrogen 

producing scenarios three different hydrogen selling prices were considered: £2.5, £4.26, and 

£8.53 per kg of hydrogen (Hydrogen Valley platform, 2024). 
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Figure 5.2. The factors distinguishing the scenarios considered: MPW transportation systems, ways to address GHG emissions at FPFs, thermos-

chemical conversion processes of NMPW into fuels, and scales of FPF. MRF- Material Recovery Facility;  FPF- Fuel Production Facility;  MPM- 

Municipal Plastic waste; NMPW- Non-recycled Municipal Plastic Waste;  UK ETS- United Kingdom Emissions Trading System; CCS- Carbon 

Capture and Storage;  and PSA- Pressure Swing Adsorption.
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5.1.2. Model Development for Scenarios Considered 

5.1.2.1. Transportation  

The transportation aspects of the developed scenarios were modelled and simulated using 

ArcGIS Pro based on the methodology described in subsection 3.2.2. First, MPW is collected 

and transported to the MRF. In the MRF, the MPW is separated from other waste fractions, and 

then extra sorting is employed to segregate all mechanically recyclable plastic types such as 

PET and HDPE. The remaining plastic waste is defined as NMPW, which is feedstock for the 

pyrolysis-based thermochemical conversion process to produce hydrogen or diesel. Segregated 

NMPW is baled for transport to the FPF. Five locations for the FPF were considered in this 

study: the FPFs are located 0 km, 50 km, 100 km, 150 km, and 230 km from the MRF, and 

nearby it. Two of these locations, 0 km and 50 km, are based on realistic sites for FPFs—a 

small town, Barrhead, near Glasgow, and an industrial area, Grangemouth, respectively. 

5.1.2.2. Thermochemical Conversion of NMPW into Hydrogen and Diesel 

NMPW transported to the FPF is thermochemically converted into diesel and hydrogen. All 

processes involved in this conversion processes were simulated in the Aspen Plus software 

using methodology described in sub-section 4.1.2. As depicted in Figure 5.2, three different 

scales of hydrogen and diesel production facility were simulated: 3,300, 8,000, and 15,500 

tonnes of NMPW per year. The flowsheets of conversion processes to produce diesel and 

hydrogen in Aspen Plus can be seen in Figure 4.3 of Chapter 4. 

 In Figure 4.3, the top and bottom flowsheets are for diesel and hydrogen production, 

respectively, and the first process in both is a dryer. Pyrolysis is the main process used for 

hydrogen and diesel production, each of which have different in-lines processes. For diesel 

production, dried feedstock goes through slow pyrolysis to produce solids and hydrocarbons in 

the form of vapour, and then a cyclone is used to separate the solid product. Hydrocarbon 
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vapour is pumped into the condenser where liquid-range hydrocarbons are separated, which is 

defined as crude oil, and which undergoes distillation to obtain diesel. For hydrogen 

production, dried feedstock is converted to volatiles through fast pyrolysis, which is pumped 

into the SR to obtain syngas. The syngas obtained contained hydrogen sulphide, and which 

thus needs to go through desulphurisation. A WGS reactor is then used to produce hydrogen-

rich gas from the cleaned syngas. Finally, hydrogen is separated from other tail gases by PSA. 

The detailed parameters and flows of the thermochemical conversion processes involved are 

summarized in Table 5.1 and 5.2. 

5.1.3. Life Cycle Assessment and Cost-Benefit Analysis 

LCA and CBA are applied to define the environmental footprint and economic feasibilities of 

all scenarios, respectively. The data obtained from sub-sections 5.1.2.1 and 5.1.2. 2 is fed into 

the LCA and CBA to calculate GWPs and NPVs, respectively. The scenarios do not have 

identical scales, and functional units (FU), i.e., one tonne of NMPW, was applied to compare 

the results. It is worth noting that the methodologies of Chapter 3 and 4 were used in the LCA 

and CBA analysis parts of this MOO study. 

5.1.3.1. Net Global Warming Potential 

The net GWPs of the scenarios were defined based on the methodology described in subsection 

3.2 of the LCA study. LCA consists of four main parts, namely goal and scope definition; 

inventory analysis; impact assessment; and interpretation. All these stages are conducted under 

the  ISO 14040 and 14044 standards (ISO, 2006b, ISO, 2006a). The goal of LCA is to compare 

the GWPs of all scenarios, whilst the scope definition covers subprocesses such as NMPW 

collection and transportation, thermochemical conversion, and product and by-product 

transportation. LCA was conducted in commercial LCA software, GaBi, and Ecoinvent Dataset 
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3.0, and data from existing studies were used. The Centrum voor Milieukunde Leiden (CML) 

2001 method was used to calculate GWP within a timeframe of 100 years. 

For MPW collection and transportation to MRF, the truck (Euro 4) with gross weight 

of 20-28 tonnes was used, which transports 10-15 tonnes of waste per a trip (Biakhmetov et 

al., 2024). The gross weight of the truck (Euro 4) used for NMPW transportation from MRF to 

FPF is 32 tonnes, and it transports 19.2 tonnes of NMPW per trip. In obtaining the carbon 

footprint of the transportation part, the empty returns for trucks used to transport feedstock, 

products, and by-products were also considered. 

The detailed mass and energy flows of diesel and hydrogen production from NMPW in 

the FPF are described in Tables 5.1 and 5.2, respectively. The main input (feedstock) and 

outputs (products) are NMPW and diesel/hydrogen, respectively. Additionally, there are other 

inputs such as electricity, diesel, and natural gas, and the carbon footprint of their production 

is obtained from the simulation in GaBi. 

Based on the inventory analysis, the GWPs of the transportation and thermochemical 

conversion of NMPW into hydrogen and diesel were defined. The diesel and hydrogen 

produced displace fossil fuel-based conventional diesel and hydrogen, and this displacement 

was considered in defining the net GWPs of the systems. 
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Table 5.1. Mass and energy flows of diesel production from NMPW at the FPFs with annual capacities of 15,500 tonnes (1,800 kg/h), 8,000 tonnes 

(900 kg/h), and 3,300 tonnes (380 kg/h). 

Process stage 
 

FPF with 

capacity of 

15,500 

tonnes/year 

FPF with 

capacity of 

8,000 

tonnes/year 

FPF with 

capacity of 

3,300 

tonnes/year 

Comment Reference 

Inputs 

Dryer Unit NMPW, kg/h 1,800 900 380 The moisture content 

of dried NMPW is 

less than 1 wt% 

Aspen Plus 

simulation, (Haig 

et al., 2018, 

Biakhmetov et al., 

2024), [4] 

Heating energy, MJ/h 816 612 517 

Outputs 

Dried NMPW, kg/h 1,710 855 361 

Water vapour, kg/h 90 45 19 

Pyrolysis Unit Inputs P = 1 atm, T = 500OC,  Aspen Plus 

simulation, (Haig 

et al., 2018, 

Biakhmetov et al., 

2024), [4] 

Dried NMPW, kg/h 1,710 855 361 

Heating energy, MJ/h 9,751 7,313 6,176 

Outputs 

Crude Oil, kg/h 1,368 684 288.8 

Gas, kg/h 171 86 36 

Solid product, kg/h 171 86 36 

Oil Distillation Unit Inputs Residue contains 

hydrocarbons C18+ 

Aspen Plus 

simulation, (Haig Crude Oil, kg/h 1,368 684 289 
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Heating energy, MJ/h 788 591 499 et al., 2018, 

Biakhmetov et al., 

2024), [4] 

Hydrogen, kg/h 14 7 3 

Outputs 

Pyrolysis diesel range oil, kg/h 1,187 594 251 

Residue, kg/h 181 90 38 

Heat Recovery and 

Electricity Generation 

Unit 

Inputs Carbon footprints for 

producing and 

combusting 1 kg of 

natural gas are 0.36 

and 2.67 kg CO2-eq.; 

conversion efficiency 

of fuel into electricity 

is 33-36%. 

Aspen Plus 

simulation, (EPA, 

2023), calculated, 

[4] 

Gas, kg/h 171 86 36.1 

Solid product, kg/h 171 86 36.1 

Residue, kg/h 181 90 38 

Natural gas, kg/h - 10 94 

Air, kg/h 7,010 5,351 3,211 

Outputs 

Net heating energy, MJ/h 11,356 8,517 7,192 

Electricity, MJ/h 4,884 - - 

Exhaust gasses, kg/h 7,475 5,594 3,400 

Ash, kg/h 58 29 15 

Carbon Capture Unit 

with efficiency of 

85% and 90% 

Inputs For each system 

developed, two 

carbon capture 

efficiencies were 

considered: 85% and 

90%. 

(Singh et al., 2011), 

(Rubin et al., 

2007), (Peeters et 

al., 2007), and [4] 

Exhaust gasses, kg/h 7,475 5,594 3,400 

Electricity, MJ/h 1,604 1,170 339 

Outputs 

Scrubbed gases, kg/h 6,275 

(85%)/ 

4,702 (85%)/ 

4,649 (90%) 

2,935 (85%)/ 

2,908 (90%) 
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6,204 

(90%) 

Captured and compressed carbon 

dioxide, kg/h 

1200 

(85%)/ 

1,271 

(90%) 

892 (85%)/ 

944 (90%) 

465 (85%)/ 

493 (90%) 

 

Table 5.2. Mass and energy flows of hydrogen production from NMPW at the FPFs with annual capacities of 15,500 tonnes (1,800 kg/h), 8,000 

tonnes (900 kg/h), and 3,300 tonnes (380 kg/h). 

Process stage 
 

FPF with 

capacity of 

15,500 

tonnes/year 

FPF with 

capacity 8,000 

of tonnes/year 

FPF with 

capacity 3,300 

of tonnes/year 

Comment Reference 

Inputs 

Dryer Unit NMPW, kg/h 1,800 900 380 The moisture 

content of dried 

NMPW is less than 

1 wt% 

Aspen Plus 

simulation, 

(Haig et al., 

2018, 

Biakhmetov 

et al., 2024), 

[4] 

Heating energy, MJ/h 816 612 517 

Outputs 

Dried NMPW, kg/h 1,710 855 361 

Water vapour, kg/h 90 45 19 
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Fast Pyrolysis Unit Inputs P = 1 atm , T = 

500OC 

Aspen Plus 

simulation, 

(Ahamed et 

al., 2020, 

Biakhmetov 

et al., 2024), 

[4] 

Dried NMPW, kg/h 1,710 855 361 

Heating energy, MJ/h 9,751 7,313 6,176 

Outputs 

Volatiles, kg/h 1,676 838 354 

Solid product, kg/h 34 17 7 

Steam Reforming Unit Inputs P = 1 atm, T = 700-

800OC,  

Aspen Plus 

simulation, 

(Yi et al., 

2024) , [4] 

Volatiles, kg/h 1,676 838 354 

Steam, kg/h 4,283 2,142 904 

Heating energy, MJ/h 36,332 18,166 7670 

Outputs 

Syngas, kg/h 5,959 2,979 1,258 

Syngas Cooling and 

Cleaning Unit 

Inputs Zinc oxide is used 

for 

desulphurization, 

and the carbon 

footprint for 

producing 1 kg of 

zinc oxide is 3.86 

CO2-eq. 

Aspen Plus 

simulation, 

(Lui et al., 

2022b), 

(Spallina et 

al., 2016), 

(Lui et al., 

2022a) , [4] 

Syngas, kg/h 5,959 2,979 1,258 

Electricity, MJ/h 534 267 113 

Zinc oxide, kg/h 89 45 19 

Outputs 

Cleaned syngas, kg/h 5,938 2,969 1,253 

Zinc sulphide, kg/h 111 55 23 

Water Gas Shift Unit Inputs 
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Cleaned syngas, kg/h 5,938 2,969 1,253 More hydrogen is 

produced from the 

reaction of steam 

and carbon 

monoxide 

Aspen Plus 

simulation, 

(Lui et al., 

2022b), (Lui 

et al., 2022a) 

, [4] 

Electricity, MJ/h 178 89 38 

Outputs 

Hydrogen rich gas, kg/h 5,794 2,897 1,223 

Water, kg/h 144 72 30 

Pressure Swing 

Adsorption Unit 

Inputs Overall, 90% of the 

hydrogen is 

recovered with a 

purity of 99.999% 

Aspen Plus 

simulation, 

(Ronald 

Long, 2011, 

Biakhmetov 

et al., 2024), 

[4] 

Hydrogen-rich gas, kg/h 5,794 2,897 1,223 

Electricity, MJ/h 5,215 2,607 1,101 

Outputs 

Hydrogen, kg/h 569 285 120 

Tail gas, kg/h 5,224 2612 1,103 

Hydrogen 

Compression and 

Storage Unit 

Inputs Hydrogen is 

compressed to a 

pressure of 200 bar 

(Lui et al., 

2022b, 

Biakhmetov 

et al., 2024), 

[4] 

Hydrogen, kg/h 569 285 120 

Electricity, MJ/h 6,457 3,223 1,363 

Outputs 

Compressed hydrogen, kg/h 569 285 120 

Heating Energy and 

Steam Generation Unit 

Inputs 2.5 MJ of energy 

and 1 kg of water 

are consumed to 

obtain 1 kg of 

Aspen Plus 

simulation, 

GaBi 

database, [4] 

Tail gas, kg/h 5,161 2,612 1,103 

Air, kg/h 26,757 13,518 5,708 

Natural gas, kg/h 1,300 657 277 
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Water, kg/h 4,283 2,142 904 steam. Carbon 

footprints for 

producing and 

combusting 1 kg of 

natural gas are 0.36 

and 2.67 kg CO2-

eq. 

Outputs 

Heating energy, MJ/h 46,899 26,092 14,363 

Exhaust gasses, kg/h 33,184 16,787 7,087 

Steam, kg/h 4,283 2142 904 

Carbon Capture Unit 

with efficiency of 85% 

and 90% 

Inputs For each system 

developed, two 

carbon capture 

efficiencies were 

considered: 85% 

and 90%. 

(Singh et al., 

2011), 

(Rubin et 

al., 2007), 

(Peeters et 

al., 2007) , 

[4] 

Exhaust gasses, kg 33,184 16,787 7,087 

Electricity, MJ/h 5,477 2,771 1,170 

Outputs 

Scrubbed gases, kg/h 25,902 (85%)/ 

25,473 (90%) 

13,103 (85%)/ 

12,886 (90%) 

5,531 (85%)/ 

5,440 (90%) 

Captured and compressed carbon 

dioxide, kg/h 

7,283 (85%)/ 

7,711 (90%) 

3,684 (85%)/ 

3,901 (90%) 

1,555 (85%)/ 

1,647 (90%) 
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5.1.3.2. Net Present Value 

The NPV represents the values of all income and expense cash flows that occur during the 

lifecycle of a system . The NPVs of all scenarios were calculated using the CBA methodology 

described in subsection 4.1.3. The mathematical expression for NPV is as follows (Fang et al., 

2023): 

𝑁𝑃𝑉 = ∑
(𝐼𝑛−𝑂𝑃𝐸𝑋𝑛−𝑇𝑛−𝑇𝐴𝑋𝑛)

(1+𝑖)𝑛
𝑛=25
𝑛=1 − 𝐶𝐴𝑃𝐸𝑋          (5.1) 

where 𝐶𝐴𝑃𝐸𝑋 represents the CAPital EXpenditure for development and construction of the 

FPF, 𝑂𝑃𝐸𝑋𝑛 is the OPerational EXpenditure for the 𝑛-th operational year, and 𝑇𝑛 is the 

transportation cost for the 𝑛-th operational year. 𝑇𝐴𝑋𝑛 represents the payment for carbon 

dioxide emissions for the 𝑛-th operational year, while 𝐼𝑛 represents the income obtained from 

selling fuels and gate fees for the n-th operational year, and  𝑖 is the discount rate (5%) (Lui et 

al., 2022a). The reference year for this MOO study is 2022, and lifetime for all scenarios is 25 

years. 

The cost of waste collection and transportation to the MRF was obtained from Table 

4.7 in Chapter 4. The overall annual cost for waste collection and transportation to the MRF 

was divided by the total amount of transported waste. The cost of waste collection and 

transportation to the MRF is £1,168 per tonne of treated NMPW. NMPW sorted at the MRF is 

bailed and transported to the FPF, and the fixed cost per journey from the MRF to FPF is 

£258.44, and £0.93 is applied per km distance travelled (Haig et al., 2018). Mass and energy 

balances obtained from the Aspen Plus simulations were used to select the unit/equipment size, 

and their costs, illustrated in Table 5.3, were calculated by considering scale and cost factors. 

Equations (4.4) and (4.5) in subsection 4.1.3.4 were used to account for costs and scale factors 

associated with pyrolysis plants. Base year costs were converted to reference year costs by 

applying the Chemical Engineering Plant Cost Index (CEPCI). 
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Table 5.3. Equipment/unit cost for reference year (2022) calculated based on the base year cost obtained from the existing literature, and scale and 

cost factors. 

Equipment Scenarios Base 

year 

Base 

capacity 

Base cost Cost 

factor 

Scale 

Factor 

Reference 

year 

Reference 

capacity 

Reference 

cost 

Reference 

Dryer Unit Diesel and hydrogen 

producing scenarios 

2018 1.25 t/h $2,000,000 1.35 0.7 2022 1.8 tonne/h £2,616,591 (Haig et al., 2018), [4] 

2018 1.25 t/h $2,000,000 1.35 0.7 2022 0.9 tonne/h £1,650,255 (Haig et al., 2018), [4] 

2018 1.25 t/h $2,000,000 1.35 0.7 2022 0.4 tonne/h £914,229 (Haig et al., 2018), [4] 

Pyrolysis Unit Diesel producing 

scenarios 

2018 0.4 t/h $2,000,000 1.35 0.7 2022 1.7 tonne/h £5,588,847 (Haig et al., 2018), [4] 

2018 0.4 t/h $2,000,000 1.35 0.7 2022 0.9 tonne/h £3,524,892 (Haig et al., 2018), [4] 

2018 0.4 t/h $2,000,000 1.35 0.7 2022 0.4 tonne/h £2,029,785 (Haig et al., 2018), [4] 

Fast Pyrolysis 

Unit 

Hydrogen producing 

scenarios 

2021 10 t/h $22,000,000 1.15 0.7 2022 1.7 tonne/h £5,327,182 (Yadav et al., 2022), [4] 

2021 10 t/h $22,000,000 1.15 0.7 2022 0.9 tonne/h £3,368,186 (Yadav et al., 2022), [4] 

2021 10 t/h $22,000,000 1.15 0.7 2022 0.4 tonne/h £1,934,752 (Yadav et al., 2022), [4] 

Steam Reforming 

Unit 

Hydrogen producing 

scenarios 

2022 0.15 t/h €275,000 1 0.75 2022 1.7 tonne/h £1,448,599 (Al-Qadri et al., 2023), [4] 

2022 0.15 t/h €275,000 1 0.75 2022 0.9 tonne/h £882,953 (Al-Qadri et al., 2023), [4] 

2022 0.15 t/h €275,000 1 0.75 2022 0.4 tonne/h £489,392 (Al-Qadri et al., 2023), [4] 

Oil Distillation 

Unit 

Diesel producing 

scenarios 

2018 1 t/h $2,500,000 1.35 0.7 2022 1.4 tonne/h £3,211,069 (Haig et al., 2018), [4] 

2018 1 t/h $2,500,000 1.35 0.7 2022 0.7 tonne/h £2,022,893 (Haig et al., 2018), [4] 

2018 1 t/h $2,500,000 1.35 0.7 2022 0.3 tonne/h £1,092,307 (Haig et al., 2018), [4] 

Syngas Cleaning 

Unit 

Hydrogen producing 

scenarios 

2022 0.25 t/h €1,177,000 1 0.67 2022 6 tonne/h £8,440,442 (Al-Qadri et al., 2023), [4] 

2022 0.25 t/h €1,177,000 1 0.67 2022 3.1 tonne/h £5,423,616 (Al-Qadri et al., 2023), [4] 

2022 0.25 t/h €1,177,000 1 0.67 2022 1.3 tonne/h £3,029,325 (Al-Qadri et al., 2023), [4] 

Water Gas Shift 

Unit 

Hydrogen producing 

scenarios 

2007 233.6 t/h $12,918,000 1.55 0.67 2022 6 tonne/h £861,818 (Rath et al., 2011), [4] 

2007 233.6 t/h $12,918,000 1.55 0.67 2022 3.1 tonne/h £553,782 (Rath et al., 2011), [4] 

2007 233.6 t/h $12,918,000 1.55 0.67 2022 1.3 tonne/h £309,312 (Rath et al., 2011), [4] 

Pressure Swing 

Adsorption Unit 

Hydrogen producing 

scenarios 

2007 32.99 t/h $38,047,000 1.55 0.6 2022 5.8 tonne/h £10,401,19

9 

(Rath et al., 2011), [4] 

2007 32.99 t/h $38,047,000 1.55 0.6 2022 3 tonne/h £6,999,626 (Rath et al., 2011), [4] 

2007 32.99 t/h $38,047,000 1.55 0.6 2022 1.2 tonne/h £4,041,433 (Rath et al., 2011), [4] 

Hydrogen 

Compressor Unit 

Hydrogen producing 

scenarios 

2009 166 t/h €9,000,000 1.56 0.68 2022 0.6 tonne/h £263,909 (Manzolini et al., 2013), [4] 

2009 166 t/h €9,000,000 1.56 0.68 2022 0.3 tonne/h £168,465 (Manzolini et al., 2013), [4] 

2009 166 t/h €9,000,000 1.56 0.68 2022 0.1 tonne/h £78,039 (Manzolini et al., 2013), [4] 

Carbon Capture 

Unit 

Diesel producing 

scenarios 

2016 82 t/h €43,274,000 1.51 0.7 2022 1.3 tonne/h £2,935,567 (Rath et al., 2011), [4] 

2016 82 t/h €43,274,000 1.51 0.7 2022 0.7 tonne/h £1,849,334 (Rath et al., 2011), [4] 
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2016 82 t/h €43,274,000 1.51 0.7 2022 0.5 tonne/h £1,503,871 (Rath et al., 2011), [4] 

Hydrogen producing 

scenarios 

2016 82 t/h €43,274,000 1.51 0.7 2022 33.2 tonne/h £28,361,44

0 

(Rath et al., 2011), [4] 

2016 82 t/h €43,274,000 1.51 0.7 2022 17.2 tonne/h £17,866,99

9 

(Rath et al., 2011), [4] 

2016 82 t/h €43,274,000 1.51 0.7 2022 9.8 tonne/h £12,072,29

6 

(Rath et al., 2011), [4] 
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 Total equipment cost was used to calculate the CAPEX and OPEX, the equations used 

for which are given in Table 4.3 of chapter 4. CAPEX includes fixed capital investment, 

working capital, and pre-operating and organization costs, whereas OPEX includes fixed and 

variable operating costs. For each FPF, 12 operators are required, whose average annual gross 

salary is £27,710 [4]. Electricity and gas prices depend on the consumption scale for the 

industrial and commercial sectors, and were considered for all scenarios (Department for 

Energy Security and Net Zero, 2023a). Also, the gate fee for landfilling solid by-products 

obtained after the combustion process, £78 per tonne of material landfilled, was considered 

when calculating NPVs (Steven and Ashley, 2022). 

5.1.3.3. Assessing the Environmental Footprint and Economic Performance of Pyrolysis Plant 

Locations 

Defining suitable locations for pyrolysis plants could provide valuable insights regarding the 

potential placement of centralized large-scale and decentralized small-scale plants. Based on 

the results of study by Haig et al. (2018), two locations were selected to evaluate how locating 

pyrolysis plants there affects the environmental and economic performance of NMPW 

management systems: Barrhead, a small town near Glasgow, and Grangemouth, a major 

industrial area in Scotland located around 50 km from Glasgow. 

Barrhead is an ideal location for a pyrolysis plant due to its proximity to Glasgow and 

the presence of infrastructure such as a material recycling centre, a transfer station, and several 

landfill sites. For the second location, Grangemouth is a large industrial area that hosts 

Scotland's only oil refinery, the Grangemouth Refinery. This makes it an ideal location for a 

diesel-producing pyrolysis plant, as the produced diesel can be directly transported to the 

nearby refinery. Furthermore, as highlighted in Chapter 4, Grangemouth has existing 

infrastructure for carbon capture and transportation, which reduces the cost of implementing 

carbon capture systems, especially energy-intensive hydrogen-producing systems. The impact 
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of these two locations on the environmental and economic performance of NMPW 

management systems is analysed and discussed in detail, providing valuable insights for the 

practical implementation of the proposed systems. 

5.1.4. LSTM-RNN Model 

The main results of section 5.1.3 are the GWPs and NPVs for 900 scenarios, and the LSTM-

RNN model was developed based on these results. The LSTM-RNN model is a deep learning 

artificial neural network architecture designed for processing complex sequential data to learn 

long-term dependencies of systems (Fang et al., 2024). Python was used to create the virtual 

environment used to develop the LSTM-RNN model, and a set import statement needs to be 

provided for time series and sequential data analysis. NumPy and Pandas libraries were 

imported for numerical operations and handling arrays, and MinMaxScaler and Sequential 

were imported as well to normalize data and to build neural networks layer-by-layer, 

respectively. Also, LSTM, Dense, and Input were used to build RNN, to connect neural network 

layers, and to specify the shape and type of the input data, respectively. 

The dataset obtained from the development of the scenarios and calculating their GWPs 

and NPVs was split into 80% for training, and 20% each for testing and validation. Based on 

the results of previously published works and the existing literature, a set of variables with their 

upper and lower bounds, as illustrated in Table 5.4, was selected for Monte Carlo simulation. 

Selected variables are uncertain factors that have profound impacts on environmental and 

economic performances of systems, and that can be adjusted through policymaker interventions 

or otherwise during the design stage. This approach aims to enrich the dataset, develop 

additional scenarios, and obtain their GWPs and NPVs. This allows for a more comprehensive 

analysis with a greater number of developed scenarios, facilitating the identification of a single 

ideal scenario that balances environmental and economic performance. 
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Table 5.4. Variables and their upper and lower bounds as applied in Monte Carlo simulations. 

Variable Lower  bound Upper bound 

Distance between MRF and FPF, km 0 230 

Carbon capture efficiency, % 85 90 

Hydrogen selling price, £/kg of hydrogen 2.5 8.53 

Carbon tax, £/tCO2-eq. 75.42 137.87 

System scale, tonnes of NMPW/year 3,300 15,500 

 

5.1.5. Multi-Objective Optimization 

MOO to define the best scenario with balanced GWP and NPV is described in Figure 5.3, and 

its mathematical bases can be seen in subsections 5.1.5.1-5.1.5.3. Data containing GWPs and 

NPVs from subsection 5.1.4 were normalized to define the Pareto front. The Pareto front 

contains a set of non-dominated scenarios where no other scenario is better in both GWP and 

NPV. For TOPSIS, the ideal solution that satisfies the best values for NPV and GWP and the 

anti-ideal solution that satisfies the worst values were calculated. The distance of each Pareto 

scenario from the ideal and anti-ideal solutions was computed, and the relative closeness of 

each Pareto scenario to the ideal solution was calculated. The highest relative closeness 

indicates the TOPSIS best scenario. In the case of LINMAP, first, a decision matrix was 

constructed from the Pareto optimal scenarios, and a pairwise comparison matrix was created 

to understand the trade-offs between GWPs and NPVs. Then, weights of each GWP and NPV 

were calculated based on the pairwise comparisons. Finally, Pareto scenarios were ranked by 

their weighted scores, with the highest being the LINMAP best scenario. 
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Figure 5.3. Explanation diagram of the mathematical basis of MOO. 

5.1.5.1. Pareto Front 

In section 5.1.4, the environmental (GWP) and economic (NPV) performance for 700,000 

scenarios were obtained. The sustainability, environmental footprint, and economic feasibility 

of any waste management systems need to be minimized and maximized as appropriate. 

Pareto’s optimal solutions were applied to define the ideal scenarios in terms of balanced 

environmental and economic objectives, where neither can be improved without compromising 

the other. In the case of this MOO study, these objectives were GWP and NPV. In multi-

objective optimization, Python was used to process data for 700,000 scenarios, and NumPy, 

Pandas, MinMaxScaler from Scikit-learn, Matplotlib, and Euclidean from Scipy were 

imported. 

Optimal Pareto solutions provide a range of optimal scenarios with balanced 

environmental and economic performance. TOPSIS and LINMAP approaches were applied to 

define the single best scenario obtained from the optimal Pareto scenarios. First, for both 

TOPSIS and LINMAP, a decision matrix was created, and it was converted into a normalized 

matrix using 
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𝑅𝑖𝑗 =
𝑋𝑖𝑗

√∑ 𝑋𝑖𝑗
2𝑚

𝑖=1

          (5.2) 

where  𝑅𝑖𝑗 is normalized value of the criterion 𝑗 (e.g., GWP or NPV) for scenario 𝑖, 𝑋𝑖𝑗 is 

original value of the criterion, and 𝑚 is the total number of scenarios considered in the decision 

matrix. The equation (5.2) is used to normalize created decision matrix to eliminate the 

influence of differing units or scales. 

5.1.5.2. TOPSIS 

The weighted normalized decision matrix was obtained from the normalized matrix using 

Equation (5.3). Equal weights were assumed for both GWP and NPV values in the matrix, 

which means that 𝜔𝐺𝑊𝑃 = 0.5 and 𝜔𝑁𝑃𝑉 = 0.5. 

𝑉𝑖𝑗 = 𝑅𝑖𝑗 ∗ 𝜔𝑗          (5.3) 

The ideal (𝐴+) and negative-ideal (𝐴−) scenarios need to be determined to obtain the 

TOPSIS best scenarios. They were determined by applying the following conditions: 

𝐴+ = (𝑚𝑖𝑛𝑉𝐺𝑊𝑃 , 𝑚𝑎𝑥𝑉𝑁𝑃𝑉 )          (5.4) 

𝐴− = (𝑚𝑎𝑥𝑉𝐺𝑊𝑃 , 𝑚𝑖𝑛𝑉𝑁𝑃𝑉 )          (5.5) 

The distances from the scenarios in the Pareto front to the ideal (𝐴+) and negative-ideal 

(𝐴−) scenarios were calculated using Equations (5.6) and (5.7). 

𝑆𝑖
+ = √(𝑉𝐺𝑊𝑃,𝑖 − 𝐴𝐺𝑊𝑃

+ )2 + (𝑉𝑁𝑃𝑉,𝑖 − 𝐴𝑁𝑃𝑉
+ )2          (5.6) 

𝑆𝑖
− = √(𝑉𝐺𝑊𝑃,𝑖 − 𝐴𝐺𝑊𝑃

− )2 + (𝑉𝑁𝑃𝑉,𝑖 − 𝐴𝑁𝑃𝑉
− )2          (5.7) 

Finally, the relative closeness to the ideal solution was determined using following 

equation: 
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𝐶𝑖
∗ =

𝑆𝑖
−

𝑆𝑖
++𝑆𝑖

−          (5.8) 

The obtained 𝐶𝑖
∗ values typically vary between 0 and 1, and the highest value is defined 

as the best TOPSIS scenario. 

5.1.5.3. LINMAP 

First, the ideal scenario was obtained from the decision matrix using Equation (5.4), and the 

Linear Programming Problem was applied to the matrix. All constraint applied to this Linear 

Programming Problem is linear as it is able allow to ensure that the optimization remains within 

the framework of linear programming. The objective of the Linear Programming Problem is to 

minimize the total weighted distance from the ideal scenarios, and its mathematical expression 

can be described as follows:  

minimize  𝑍 = ∑ 𝑑𝑖
𝑚
𝑖=1 , 𝑑𝑖 ≥ 𝜔𝐺𝑊𝑃(𝐴𝐺𝑊𝑃

+ − 𝐺𝑊𝑃𝑖) + 𝜔𝑁𝑃𝑉 (𝐴𝑁𝑃𝑉
+ − 𝑁𝑃𝑉𝑖)          (5.9) 

It is worth noting that the sum of the weights must be 1, and they cannot be negative. 

Finally, the optimal weights were used to calculate the preference scores for all alternatives 

using Equation (5.10). The scenario with the highest preference score is the best LINMAP 

scenario.  

𝑃𝑖 = 𝜔𝐺𝑊𝑃 × 𝐺𝑊𝑃𝑖 + 𝜔𝑁𝑃𝑉 × 𝑁𝑃𝑉𝑖          (5.10) 

5.2. Results and Discussion 

5.2.1. Environmental and Economic Performance of Systems 

Overall, 900 scenarios were developed, and their transportation and thermochemical 

conversion parts were simulated in the ArcGIS Pro and Aspen Plus software suites. Their 

environmental and economic performances were then assessed by LCA and CBA and the 

associated GWPs and NPVs for 900 scenarios obtained, as illustrated in Figure 5.4. 
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Scenarios from 1 to 225 are diesel-producing systems, while the remaining scenarios 

are hydrogen-producing systems. In general, the GWPs and NPVs of hydrogen-producing 

scenarios are greater than those of diesel-producing scenarios because hydrogen production 

from NMPW is more energy-intensive, and its OPEX and CAPEX are much higher. The 

average NPV and GWP of diesel-producing scenarios are 67 kg CO2-eq. and £-218 per tonne 

NMPW, respectively, while those for hydrogen-producing scenarios are -59 kg CO2-eq. and £-

984 per tonne NMPW, respectively. 

Applying CCS significantly reduces the carbon footprints of all scenarios. For example, 

most of the hydrogen-producing scenarios without CCS have a GWP of around 3 tonnes CO2-

eq. per tonne NMPW. The scenarios that include CCS show much lower GWPs, resulting in 

increased NPVs. Despite a large number of hydrogen-producing scenarios having positive 

GWPs and negative NPVs, there are 120 hydrogen-producing scenarios showing negative 

GWPs and positive NPVs. It is worth noting that all of these scenarios have a large annual 

capacity of 15,500 tonnes of NMPW, and the FPFs are located near the feedstock collection 

points, with CCS infrastructures available nearby. Additionally, the selling price of hydrogen 

plays a crucial role in maximizing the economic feasibility of the systems. Government 

intervention in setting the selling price of hydrogen produced from MPW should be further 

studied. 
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Figure 5.4. Environmental (GWP) and economic (NPV) statistics for a set of 900 scenarios. 
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5.2.1.1. The Impact of Pyrolysis Plant Locations on the GWPs and NPVs of NMPW 

Management Systems 

Two locations were selected for the pyrolysis plant: Barrhead, a small town near Glasgow, and 

Grangemouth, a major industrial area in Scotland located approximately 50 km from Glasgow. 

Overall, GWPs and NPVs for 900 scenarios were obtained, as shown in Figure 5.4. Among 

these, 360 scenarios are associated with the locations of Barrhead and Grangemouth. 

Specifically, in 180 scenarios, the pyrolysis plant is located near Glasgow, while in the 

remaining scenarios, it is situated 50 km away from Glasgow, which corresponds to 

Grangemouth. To understand the impact of location on the GWP and NPV of the system in 

detail, one scenario—a large-scale (15,500 tonnes of NMPW per year) diesel-producing system 

from NMPW with CCS—was selected. The results of this analysis are presented in Table 5.5. 

In Table 5.5, it can be observed that the GWP and cost of feedstock transportation per 

tonne of treated plastic feedstock for the pyrolysis plant located in Grangemouth are higher 

than those for Barrhead, due to the greater distance from Glasgow to Grangemouth. However, 

additional GWP and costs are incurred in Barrhead, as the produced diesel and captured carbon 

need to be transported to the oil refinery and carbon transportation infrastructure in the 

Grangemouth area. 

As seen from the total GWP and costs, there is currently no significant difference in 

where the pyrolysis plant is located. While a plant near Glasgow eliminates the need for long-

distance feedstock transportation, the lack of carbon transportation infrastructure near Glasgow 

means that produced fuel and captured carbon must still be transported to Grangemouth. If 

carbon transportation infrastructure were available around Glasgow, it would be more 

advantageous to locate the pyrolysis plant near Glasgow. 
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Table 5.5. GWPs and NPVs of diesel producing NMPW pyrolysis plants based on the selected 

locations (Barrhead and Grangemouth). 

 Location 

Barrhead Grangemouth 

GWP of feedstock transportation per tonne of treated plastic 

feedstock (kg CO₂-eq) 

24.85 28.54 

Cost of feedstock transportation per tonne of treated plastic feedstock  

(£) 

190.37 206.25 

GWP of diesel production from plastic waste per tonne of treated 

plastic feedstock (kg CO₂-eq) 

78.43 78.43 

Cost of diesel production from plastic waste per tonne of treated 

plastic feedstock (£) 

278.48 278.48 

GWP of product and by-product transportation per tonne of treated 

plastic feedstock (kg CO₂-eq) 

1.35 0 

Cost of product and by-product transportation per tonne of treated 

plastic feedstock (£) 

34.17 0 

Overall GWP per tonne of treated plastic feedstock (kg CO₂-eq) 104.63 106.97 

Overall cost per tonne of treated plastic feedstock (£) 503.02 484.73 

 

5.2.2. Multi-Objective Optimization and Final Decision Selection 

The LSTM-RNN model was trained on 900 scenarios to expand the dataset to 700,000 

scenarios and predict their GWPs and NPVs by enriching the input data. Overall, the GWPs 

and NPVs of 700,000 diesel and hydrogen-producing scenarios were processed to define the 

Pareto front and identify the best TOPSIS and LINMAP scenarios from the Pareto front. The 

main aim of MOO analysis is to define the best scenario with balanced environmental and 

economic performance. The results of the MOO analysis are illustrated in Figure 5.5 and Table 

5.5. 
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Figure 5.5. Pareto front, and the final TOPSIS and LINMAP best scenarios. 

The TOPSIS best scenario is a diesel-producing scenario with a CCS unit. Its annual 

capacity is 11,385 tonnes of NMPW, and the FPF facility is located near Glasgow. Additionally, 

it is worth noting that carbon transportation infrastructure is available around the FPF. The 

GWP and NPV of the TOPSIS best scenario are -2570.42 kg CO2-eq and £300.32 per tonne 

NMPW. The LINMAP best scenario is a hydrogen-producing scenario with a CCS unit. Carbon 

transportation infrastructure is available, and the distance between the MRF and FPF is 0 km, 

the same as in the TOPSIS scenario. The capacity of the FPF is 12,960 tonnes of NMPW per 

year. The GWP and NPV of the LINMAP best scenario are -1025.28 kg CO2-eq and £-1402.92 

per tonne NMPW. Its highest preference score, which is the highest, is 0.627946. In both 

scenarios, TOPSIS and LINMAP, the first one is more preferable due to the lower carbon 

footprint and higher economic feasibility. 
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Table 5.6. GWPs and NPVs of ideal and negative-ideal scenarios, as well as the final TOPSIS 

and LINMAP best scenarios. 

Scenarios GWP (kg CO2-eq. per tonne NMPW) NPV (£ per tonne NMPW) 

Ideal scenario -2570.42013837 300, 31564735 

Negative-ideal scenario -717.80847156 -2645.74649138 

TOPSIS best scenario -2570.420138 300.315647 

LINMAP best scenario -1025.278402 -1402.924978 

 

5.3. Conclusions 

In this study, 900 diesel and hydrogen-producing scenarios from NMPW based on pyrolysis-

based thermochemical conversion processes were developed, and their transportation and 

thermochemical conversion processes were simulated in ArcGIS Pro and Aspen Plus to 

produce a dataset. The obtained dataset was fed into LCA and CBA to calculate the GWPs and 

NPVs of the 900 scenarios, respectively. An LSTM-RNN integrated with Monte Carlo 

simulation of variables was used to expand the scenarios from 900 to 700,000 and predict their 

GWPs and NPVs. Finally, the Pareto front was defined, and the TOPSIS and LINMAP best 

scenarios were obtained from it. Both scenarios showed negative GWPs (-2570.42 kg CO2-eq 

per tonne NMPW for the TOPSIS scenario and -1025.28 kg CO2-eq per tonne NMPW for the 

LINMAP scenario); however, only the TOPSIS scenario showed a positive NPV, which is equal 

to £300.32 per tonne of NMPW. In both scenarios, TOPSIS is more preferable due to the lower 

GWP and higher NPV. This demonstrates that the TOPSIS method effectively balances 

environmental and economic considerations. 
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Chapter 6 Conclusions and Recommendations 

6.1. General Conclusions 

The project studied and compared the environmental and economic performance of centralized 

large-scale and decentralized small-scale diesel and hydrogen-producing systems from NMPW, 

and then identified the ideal scenarios with balanced environmental and economic 

performance. To achieve this, LCA, CBA, and MOO studies were conducted. 

The results of the LCA study showed that centralized large-scale diesel or hydrogen 

production systems have better environmental performance than decentralized small-scale 

systems. For example, the GWP of diesel production for a centralized large-scale system is 801 

kg CO₂-eq. per tonne of NMPW, while for a decentralized small-scale system, it is 1,345 kg 

CO₂-eq. per tonne of NMPW. Additionally, it is important to highlight that hydrogen production 

has a greater GWP than diesel production. When comparing centralized large-scale diesel and 

hydrogen production scenarios, the GWP of the hydrogen-producing scenario is seven times 

greater than that of the diesel-producing scenario. However, the hydrogen-producing scenario 

benefits from greater carbon credits due to its replacement of fossil fuel-based hydrogen 

production. After accounting for end-of-life GHG emissions of fuels, the net GWP of the 

centralized large-scale hydrogen-producing scenario (2,496.53 kg CO₂-eq. per tonne of 

NMPW) is lower than that of the decentralized small-scale diesel-producing scenario (2,766.3 

kg CO₂-eq. per tonne of NMPW) and is close to the centralized large-scale diesel-producing 

scenario (2,114.44 kg CO₂-eq. per tonne of NMPW). 

 Defining the environmental footprint of systems alone is not sufficient to identify the 

most feasible system. In the CBA portion of this project, the economic feasibility of centralized 

large-scale and decentralized small-scale diesel and hydrogen production systems was assessed 

by calculating their NPVs. Among the scenarios, only the centralized large-scale diesel-
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producing scenario demonstrated a positive NPV (£22,240,135 with a CCS unit and 

£24,449,631 without CCS), while the rest of the scenarios showed negative NPVs. When the 

FU (functional unit) of 1 tonne of NMPW was applied, the decentralized small-scale hydrogen 

production system exhibited the lowest NPV of -£2,391 with CCS and -£1,524 without CCS. 

Sensitivity analysis revealed that factors such as OPEX and fuel sales prices have a significant 

influence on the NPV of the systems. 

The economic feasibility of capturing GHG emissions versus releasing them into the 

environment for the systems considered in this study was also compared. Recently, the UK 

ETS (carbon emission trading scheme) was launched to motivate industries to reduce GHG 

emissions. Pyrolysis-based thermochemical conversion of NMPW into diesel and hydrogen is 

energy-intensive, producing GHG emissions. It was found that the UK ETS is not effective for 

hydrogen or diesel production systems from NMPW, as the cost for releasing GHGs into the 

atmosphere is less than the cost of CCS. 

In the LCA and CBA sections of this project, only four scenarios were considered. 

However, there is potential to explore more scenarios, which would allow for the identification 

of an ideal scenario with balanced environmental and economic performance. In the MOO 

analysis, 700,000 diesel and hydrogen scenarios with different setups and parameters were 

developed, and their GWPs and NPVs were predicted using machine learning techniques. 

Subsequently, a Pareto curve with several ideal scenarios showcasing balanced environmental 

and economic performance was generated, and the best TOPSIS and LINMAP scenarios were 

identified. The TOPSIS scenario has a GWP of -2570.42 kg CO₂-eq. and an NPV of 

£300,315.65 per tonne of NMPW, which are significantly better than those of the LINMAP 

scenario (-1025.28 kg CO₂-eq. and -£1,402.92 per tonne of NMPW). In conclusion, the 

TOPSIS method effectively selects scenarios with optimally balanced environmental and 

economic performance. 
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6.2. Recommendations for Future studies and Practical Applications 

Despite the comprehensive studies conducted, several improvement points were identified that 

can be addressed in future research. These include enhancing the simulation of transportation 

processes, refining thermochemical conversion models, and expanding the scope of LCA and 

CBA studies by considering broader scenarios. Additionally, the results of the LCA, CBA, and 

MOO analyses provide valuable insights for developing recommendations for practical 

applications. 

Recommendations for future studies:  

In Chapter 3, ArcGIS Pro was used to model and simulate the transportation part to 

obtain more accurate results. It is worth noting that this model can be improved to achieve even 

more precise results by conducting a more comprehensive analysis. For example, in modelling 

the transportation part, factors such as traffic congestion, weather patterns, road type, and 

infrastructure quality can be considered. 

In Chapter 4, the thermochemical conversion of NMPW into diesel and hydrogen was 

simulated using Aspen Plus, and the results of both simulations were validated against other 

studies. The deviation between diesel production results and other studies' results is generally 

less than 5%, while the deviation between hydrogen production results and other studies' results 

is around 20%. One of the main reasons for the relatively large deviation of 20% is the limited 

number of studies related to hydrogen production from MPW through pyrolysis-based 

thermochemical conversion technologies, which negatively affects the selection of optimal 

parameters for conversion processes. More experimental and modelling studies related to 

hydrogen production from MPW or NMPW through pyrolysis-based thermochemical 

conversion processes are necessary. 
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In addition to the systems considered in this study, there are many setups of 

thermochemical conversion processes that can be applied to produce hydrogen from MPW or 

NMPW, such as catalytic reforming, catalytic steam reforming, or other types of catalysts. 

Their environmental and economic performance are still not clear. 

Besides GWP, there are more environmental categories that can be applied to define 

their environmental footprints, such as PM2.5, water scarcity, acidification, etc. These 

environmental categories can be applied in future studies. 

CBA showed that the carbon tax is not effective in incentivizing carbon capture for 

diesel and hydrogen production systems from NMPW. This means that more studies are 

necessary to find ways to reshape the current systems. For example, in this study, it was found 

that the availability of carbon transportation infrastructure has a profound impact on the total 

NPV of systems. In areas where carbon transportation infrastructure is not available, 

governmental funding in the form of subsidies can be considered. Also, it is worth noting that 

other technologies for CCS to reduce its cost should be assessed. 

In this study, various input data related to thermo-chemical conversion processes are 

considered, with most parameters being fixed. For example, in scenarios C1 and D1, the 

pyrolysis temperature was set at approximately 500°C, and the impact of temperature variation 

and other process parameters on GWP and NPV results was not assessed. In future studies, 

evaluating the effect of process parameter variations could provide more comprehensive 

results.  

In this study, GWP and NPV were selected as objectives for optimization using machine 

learning techniques. Future studies should consider other important objectives for optimization 

such as social impacts, energy efficiency, etc. Additionally, more diverse scenarios can be 

developed to increase the dataset and assess other technologies. For example, new scenarios 
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involving the thermochemical conversion of NMPW integrated with other renewable energy 

sources can be assessed. 

In the sensitivity analysis presented in Chapters 3 and 4, the impact of operational 

parameters such as pyrolysis temperature, retention time, etc., on GWP and NPV results was 

not conducted. This was deemed unnecessary for this study, as all parameters were selected 

based on existing studies and industrial practices, ensuring more robust and reliable results that 

are closely aligned with realistic applications. Varying operational parameters typically results 

in changes in product quality and yields. For instance, increasing the temperature of the 

pyrolysis process generally leads to an increase in gas products. However, for the systems 

considered in this study, an optimal temperature range was selected to prioritize the production 

of diesel and hydrogen fuels. Furthermore, the developed environment for mass and energy 

balance and the Aspen simulation model were not adapted for varying operational parameters. 

Nonetheless, in future studies, a more flexible environment for mass and energy balance and 

the Aspen simulation of the NMPW pyrolysis process, with the capacity to vary operational 

parameters, can be developed. 

Recommendations for practical applications: 

Based on the results of this study, the large-scale diesel-producing scenario utilizing 

pyrolysis-based thermochemical conversion processes with a CCS unit is recommended for 

processing NMPW. Among the scenarios considered, only this system demonstrated economic 

feasibility and negative GWP. 

If hydrogen production from NMPW is required, it is recommended to deploy large-

scale plants, as small-scale hydrogen-producing systems showed the lowest environmental and 

economic performance in this study. 
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It is recommended to locate NMPW management plants producing diesel and hydrogen 

close to waste collection sources. This reduces costs and GHG emissions associated with 

transportation, as it is more efficient to transport produced fuel rather than low-density plastic. 

One of the main challenges in capturing GHG emissions is the unavailability of carbon 

capture and transportation infrastructure. For example, in Glasgow, even if a pyrolysis plant is 

located near the city and a CCS unit is applied, the captured GHGs would still need to be 

transported to distant areas with carbon capture and transportation infrastructure, significantly 

increasing the cost of waste management systems.  
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Appendix 

Table 1A. Detailed MPW composition.  

MSW 

generation, 

tonnes 

265,910 

(Scottish 

Environment 

Protection 

Agency, 

2023) 

MSW 

excluding 

MPW, 

tonnes 

244,637 

MPW, 

tonnes 
21,273 

Recycled plastic 

wastes, tonnes 
5745 (Scottish Environment Protection Agency, 2023) 

Non-recyclable 

plastic wastes, 

tonnes 

15,528 

Flexible 

Plastic 

type 
Wt.% 

LDPE 25 (Foster, 2008) 

PP 5 (Foster, 2008) 

Rigid 

PP 17.2 (Foster, 2008) 

HDPE 13.5 (Foster, 2008) 

PET 15.3 (Foster, 2008) 

PVC 3.5 (Foster, 2008) 

PS 4 (Foster, 2008) 

Contamination 16.5 (Foster, 2008) 
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Table 2A. The composition of NMPW transported to the hydrogen and diesel production facilities. 

Plastic The share 

of plastic 

in NMPW 

feedstock, 

wt% 

Ultimate composition, wt % Proximate composition, wt % HHV, 

MJ/kg 

LHV, 

MJ/kg C H N Cl S O Ash Volatile 

matter 

Fixed 

carbons 

Moisture 

LDPE 44 82.96 13.86 0.06 0.00 2.25 0.09 0.78 98.82 0.29 0.11 45.49 42.47 

HDPE 10 83.28 14.06 0.05 0.00 0.18 0.59 1.83 96.71 1.18 0.27 45.55 42.48 

PP 39 83.25 13.96 0.06 0.01 0.06 1.75 0.92 98.02 0.37 0.69 45.31 42.27 

PS 7 89.37 8.06 0.43 0.00 0.05 1.41 0.68 93.4 5.49 0.44 40.54 38.78 

 

Table 3A. The proximate and ultimate composition of LDPE 

No 

Proximate composition, wt % Ultimate composition, wt % 

Reference Ash 

Volatile 

matter 

Fixed 

carbons Moisture C H N Cl S O 

1 0.00 99.70 0.00 0.30 85.70 14.20 0.05 0.00 0.00 0.05  (Park et al., 2012) 

2 0.40 99.60 0.00 0.00 85.50 14.30   0.00 0.20 0.00  (Aboulkas and El Bouadili, 2010) 

3 1.57 96.76 1.68 0.00 69.67 10.12 0.09 0.00 0.90 0.00  (Rajendran et al., 2020) 
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4         85.70 13.00 0.09 0.00 18.55 0.00  (Rajendran et al., 2020) 

5 0.12 99.85 0.00 0.03 85.60 13.40 0.26 0.00 0.00 0.74  (Sharuddin et al., 2017) 

6 0.00 99.80 0.20 0.10 83.67 16.33 0.00 0.00 0.00 0.00  (Silvarrey and Phan, 2016) 

7 0.08 99.95 0.00 0.01 86.32 14.43 0.00 0.00 0.21 0.00  (Saad et al., 2021) 

8 0.00 99.70 0.00 0.30              (Mortezaeikia et al., 2021) 

9 0.40 99.60 0.00 0.00              (Mortezaeikia et al., 2021) 

10 3.55 95.08 1.22 0.15              (Mortezaeikia et al., 2021) 

11 1.99 97.85 0.16 0.18              (Mortezaeikia et al., 2021) 

12 1.05 98.62 0.28 0.05 75.69 11.25 0.00 0.00 0.00 0.00  (Akgün et al., 2021) 

13 0.15 99.65 0.00 0.20 83.00 16.75 0.00 0.00 0.25 0.00  (Dubdub and Al-Yaari, 2020) 

Mean 0.78 98.85 0.30 0.11 82.32 13.75 0.06 0.00 2.23 0.09  Calculated 

 

Table 4A. The proximate and ultimate composition of HDPE 

No Proximate composition, wt % Ultimate composition, wt % Reference 

Ash Volatile 

matter 

Fixed 

carbons 

Moisture C H N Cl S O 

1 0.60 99.40 0.00 0.00 85.50 14.20 0.00 0.00 0.30 0.00  (Aboulkas and El Bouadili, 2010) 

2 0.20 97.50 1.01 0.00 83.90 14.90 0.05 0.00 0.00 0.74  (Rajendran et al., 2020) 

3 0.22 99.77 0.00 0.01 86.99 12.12 0.27 0.00 0.07 0.56  (Sharuddin et al., 2017) 

4 0.18 99.81 0.01 0.00 84.74 11.65 0.02 0.00 0.66 0.00  (Ahmad et al., 2013) 

5 1.40 98.57 0.03 0.00 83.73 15.52 0.01 0.00 0.00 0.00  (Heikkinen et al., 2004) 
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6 4.98 94.77 0.00 0.25 78.18 12.84 0.06 0.00 0.08 3.61  (Yao et al., 2018) 

7 10.40 77.70 11.90 0.10 73.33 13.28 0.00 0.00 0.00 0.00  (Silvarrey and Phan, 2016) 

8 0.38 99.27 0.00 0.72 85.39 14.23 0.02 0.00 0.23 0.37  (Saad et al., 2021) 

9 0.18 99.81 0.01 0.80              (Mortezaeikia et al., 2021) 

10 1.40 98.57 0.03 0.74              (Mortezaeikia et al., 2021) 

11 0.22 99.38 0.00 0.41 82.77 16.92 0.00 0.00 0.29 0.00  (Dubdub and Al-Yaari, 2020) 

Mean 1.83 96.78 1.18 0.28 82.73 13.96 0.05 0.00 0.18 0.59 Calculated 

 

Table  5A. The proximate and ultimate composition of PP. 

No Proximate composition, wt % Ultimate composition, wt % Reference 

Ash Volatile 

matter 

Fixed 

carbons 

Moisture C H N Cl S O 

1 0.00 99.70 0.00 0.30 86.10 13.70 0.00 0.00 0.00 0.20  (Park et al., 2012) 

2 0.90 99.10 0.00 0.00 85.10 14.40 0.00 0.00 0.00 0.00  (Aboulkas and El Bouadili, 2010) 

3 0.67 99.44 0.00 0.00 77.52 14.22 0.10 0.00 0.00 7.46  (Rajendran et al., 2020) 

4 86.10 13.70 0.10 0.00 0.00 0.20  (Rajendran et al., 2020) 

5 0.36 99.64 0.00 0.00 86.88 12.50 0.28 0.00 0.03 0.32  (Sharuddin et al., 2017) 

6 1.99 97.85 0.16 0.18              (Heikkinen et al., 2004) 

7 1.06 98.54 0.00 0.40 83.74 13.71 0.02 0.00 0.08 0.98  (Yao et al., 2018) 

8 3.55 95.08 1.22 0.15 80.30 13.20 0.00 0.06 0.00 0.00  (Jung et al., 2010) 

9 0.00 97.70 2.30 0.10 83.25 16.75 0.00 0.00 0.00 0.00  (Silvarrey and Phan, 2016) 



186 
 

 

 

 

Table  6A. The proximate and ultimate composition of PS. 

No Proximate composition, wt % Ultimate composition, wt % Reference 

Ash Volatile 

matter 

Fixed 

carbons 

Moisture C H N Cl S O 

1 0.00 99.50 0.20 0.30 92.70 7.90 0.00 0.00 0.00 0.00  (Park et al., 2012) 

2 0.00 

  

52.01 

  

47.99 

  

0.00 

  

83.10 7.82 0.21 0.00 0.00 0.00  (Rajendran et al., 2020) 

3 92.70 7.90 0.21 0.00 0.00 8.88  (Rajendran et al., 2020) 

4 0.22 99.78 0.00 0.00 91.57 7.80 0.15 0.00 0.04 0.45  (Sharuddin et al., 2017) 

5 0.50 99.30 0.00 0.20 90.40 8.56 0.07 0.00 0.08 0.18  (Yao et al., 2018) 

6 0.00 98.80 1.20 1.00 89.81 7.48 2.71 0.00 0.00 0.00  (Silvarrey and Phan, 2016) 

7 5.23 98.25 0.00 1.72 89.91 8.14 0.11 0.00 0.23 1.84  (Saad et al., 2021) 

8 0.00 99.63 0.12 0.25              (Mortezaeikia et al., 2021) 

9 0.00 99.50 0.20 0.30              (Mortezaeikia et al., 2021) 

10 0.18 99.59 0.00 0.24 90.47 9.43 0.00 0.00 0.08 0.00  (Dubdub and Al-Yaari, 2020) 

Mean 0.68 94.04 5.52 0.45 90.08 8.13 0.43 0.00 0.05 1.42 Calculated 

 

10 0.39 95.00 0.00 5.68 78.85 12.74 0.04 0.00 0.23 8.38  (Saad et al., 2021) 

11 0.29 99.63 0.00 0.08 85.00 14.73 0.04 0.00 0.23 0.00  (Dubdub and Al-Yaari, 2020) 

Mean 0.92 98.17 0.37 0.69 83.28 13.97 0.06 0.01 0.06 1.75 Calculated 
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Table 7A. Chemical composition of crude oil in Aspen plus simulation for C1 and D1 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Toluene C7H18 6.9 

Dimethyl-heptene 1-TRA-01 1.4 

Ethyl-benzene ETHYL-01 6.3 

Xylenes O-XYL-01 2.1 

Nonene 1-NON-01 2 

Styrene STYRE-01 16.4 

a-Methyl-styrene C9H10 2.2 

Decene 1-DEC_01 3.7 

Undecene 1-UND-01 3.6 

Dodecene 1-DOD-01 3.1 

Naphthalene NAPTH-01 2.5 

Tridecene 1-TRI-01 3.5 

Tridecane N-TRI-01 1.3 

Tetradecene  1-TET-01 3.9 

Tetradecane N-TET-01 1.4 

Pentadecene 1-PEN-01 3.6 

Pentadecane N-PEN-01 1.4 

Hexadecene 1-HEX-01 3.6 

Hexadecane N-HEX-01 2.8 

Heptadecene 1-HEP-01 3.5 

Heptadecane N-HEP-01 1.9 

Octadecene 1-OCT_01 5.6 

Octadecane N-OCT-01 1.7 

Nonadecene 1-NON-02 5.6 

Nonadecane  N-NON-01 2 

Eicosene  1-EIC-01 2.6 

Eicosane N-EIC-01 3.6 

Heneicosane  N-HEN-01 1.8 
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Table 8A. Chemical composition of gas in Aspen plus simulation for C1 and D1 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Hydrogen H2 0.9 

Carbon monoxide CARBO-01 6.8 

Carbon dioxide CARBO-02 11.8 

Methane CH4 26.2 

Ethane ETHAN-01 17.9 

Ethene ETHYL-02 9.4 

Propene PROPY-01 14.2 

Butene BUTENE 12.8 

 

Table 9A. Chemical composition of volatiles obtained from the fast pyrolysis in Aspen plus 

simulation for C2 and D2 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Hydrogen H2 0.01 

Methane CH4 0.29 

Ethane C2H6 0.53 

ETHYLENE ETHYL-01 0.45 

PROPANE C3H8 0.41 

PROPYLENE PROPY-01 1.7 

N-BUTANE N-BUT-01 0.11 

ISOBUTANE ISOBU-01 0.024 

1-BUTENE 1-BUT-01 0.23 

ISOBUTYLENE ISOBU-02 0.34 

1,2-BUTADIENE 1:2-B-01 0.025 

N-PENTANE N-PEN-01 0.75 

2-PENTENE,-(CIS+TRANS) C5H10 0.75 

N-HEXANE N-HEX-01 0.8 

2-HEXENE,-(CIS+TRANS) C6H12 0.8 

N-HEPTANE C7H16 0.41 

2-HEPTENE C7H14 0.41 

N-OCTANE C8H18 0.335 
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2-OCTENE C8H16 0.335 

N-NONANE C9H20 1.8 

1-NONENE 1-NON-01 1.8 

2,4-DIMETHYLHEPTANE 2:4-D-01 2.4 

N-DECANE N-DEC-01 0.425 

1-DECENE 01-Dec-01 0.425 

N-UNDECANE N-UND-01 0.295 

1-UNDECENE 1-UND-01 0.295 

N-DODECANE N-DOD-01 0.45 

1-DODECENE 1-DOD-01 0.45 

N-TRIDECANE N-TRI-01 0.31 

1-TRIDECENE 1-TRI-01 0.31 

N-TETRADECANE N-TET-01 0.4 

N-PENTADECANE N-PEN-02 0.4 

1-TETRADECENE 1-TET-01 0.4 

1-PENTADECENE 1-PEN-01 0.4 

1-HEXADECENE 1-HEX-01 0.4 

1-HEPTADECENE 1-HEP-01 0.4 

N-HEXADECANE N-HEX-02 0.35 

N-HEPTADECANE N-HEP-01 0.35 

1-OCTADECENE 01-Oct-01 0.35 

1-NONADECENE 1-NON-02 0.35 

1-EICOSENE 1-EIC-01 0.35 

BENZENE BENZE-01 0.014 

TOLUENE 1:2-D-01 0.5 

STYRENE STYRE-01 6.3 

ETHYLBENZENE ETHYL-02 0.15 

ALPHA-METHYL-STYRENE ALPHA-01 0.29 

N-OCTADECANE N-OCT-01 0.44 

N-NONADECANE N-NON-01 0.44 

N-

HEXADECYLCYCLOPENTANE N-HEX-03 0.44 

1-DOCOSENE 1-DOC-01 0.44 

CYCLOTRICOSANE CYCLO-01 0.44 

N-EICOSANE N-EIC-01 0.4 
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N-HENEICOSANE N-HEN-01 0.4 

1-TETRACOSENE 1-TET-02 0.4 

C25H50 C25H5-01 0.4 

1-HEXACOSENE 1-HEX-02 0.4 

N-DOCOSANE N-DOC-01 0.42 

N-TRICOSANE N-TRI-02 0.42 

C27H54-N1 C27H5-01 0.42 

1-OCTACOSENE 01-Oct-02 0.42 

1-NONACOSENE 1-NON-03 0.42 

N-TETRACOSANE N-TET-02 0.42 

1-CYCLOHEXYLNONADECANE 1-CYC-01 0.42 

1-TRIACONTENE 1-TRI-02 0.42 

C31H62-N2 C31H6-01 0.42 

C32H64-N4 C32H6-01 0.42 

N-HEXACOSANE N-HEX-04 0.42 

N-HEPTACOSANE N-HEP-02 0.42 

C34H68-N2 17-TR-01 0.42 

C35H70 C35H7-01 0.42 

N-OCTACOSANE N-OCT-02 0.42 

N-NONACOSANE N-NON-02 0.42 

1-HEXATRIACONTENE 1-HEX-03 0.42 

13-DODECYL-12-

PENTACOSENE 13-DO-01 0.42 

N-TRIACONTANE N-TRI-03 0.42 

N-HENTRIACONTANE N-HEN-02 0.42 

C39H78 C39H7-01 0.42 

1-TETRACONTENE 1-TET-03 0.42 

N-DOTRIACONTANE N-DOT-01 0.7 

N-TRITRIACONTANE N-TRI-04 0.7 

CYCLODOTETRACONTANE CYCLO-02 0.7 

3-METHHLTRITRIACONTANE 3-MET-01 0.7 

2-

METHYLTETRATRIACONTANE 2-MET-01 0.7 

CYCLOPENTATETRACONTANE CYCLO-03 0.7 

N-HEXATRIACONTANE N-HEX-05 0.7 
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N-HEPTATRIACONTANE N-HEP-03 0.7 

CYCLOOCTATETRACONTANE CYCLO-04 0.7 

13-DODECYLHEXACOSANE 13-DO-02 16.71 

N-NONATRIACONTANE N-NON-03 16.71 

C40H82-N1 C40H8-01 16.726 

 

Table 10A. Virtual components representing gas, oil and wax hydrocarbons of obtained 

volatiles from the fast pyrolysis for C2 and D2 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Hydrogen H2 0.011 

Methane CH4 0.29 

Ethane C2H6 0.53 

ETHYLENE ETHYL-01 0.45 

PROPANE C3H8 0.41 

PROPYLENE PROPY-01 2.429 

N-PENTANE C5H12 10.59 

N-DECANE N-DEC-01 2.96 

N-TETRADECANE N-TET-01 1.6 

N-HEXADECANE N-HEX-01 1.5 

BENZENE BENZE-01 0.014 

TOLUENE 1:2-D-01 0.5 

STYRENE STYRE-01 6.3 

ETHYLBENZENE ETHYL-02 0.15 

ALPHA-METHYL-STYRENE ALPHA-01 0.29 

N-OCTADECANE N-OCT-01 5.46 

N-OCTACOSANE N-OCT-02 14.28 

OCTATRIACONTANE OCTAT-01 50.146 

 

Table 11A. Chemical composition of diesel obtained from NMPW for C1 and D1 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Toluene C7H8 8.14 
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Dimethyl-heptene 1-TRA-01 1.65 

Ethyl-benzene ETHYL-01 7.43 

Xylenes O-XYL-01 2.48 

Nonene 1-NON-01 2.35 

Styrene STYRE-01 19.35 

a-Methyl-styrene C9H10 2.6 

Decene 1-DEC_01 4.37 

Undecene 1-UND-01 4.25 

Dodecene 1-DOD-01 3.66 

Naphthalene NAPTH-01 2.95 

Tridecene 1-TRI-01 4.13 

Tridecane N-TRI-01 1.53 

Tetradecene  1-TET-01 4.6 

Tetradecane N-TET-01 1.65 

Pentadecene 1-PEN-01 4.24 

Pentadecane N-PEN-01 1.65 

Hexadecene 1-HEX-01 4.25 

Hexadecane N-HEX-01 3.3 

Heptadecene 1-HEP-01 4.13 

Heptadecane N-HEP-01 2.24 

Octadecene 1-OCT_01 6.58 

Octadecane N-OCT-01 1.97 

Nonadecene 1-NON-02 0.44 

Nonadecane  N-NON-01 0.05 

C20+  
 

<0.01 

 

Table 12A. Chemical composition of cleaned syngas obtained from NMPW for C2 and D2 

scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Hydrogen H2 7.89 

Methane CH4 <0.01 

Ethane C2H6 <0.01 

ETHYLENE ETHYL-01 <0.01 
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PROPANE C3H8 <0.01 

PROPYLENE PROPY-01 <0.01 

N-PENTANE C5H12 <0.01 

Steam H2O 36.91 

Carbon monoxide CO 54.36 

 

Table 13A. Chemical composition of the gas used as fuel to produce heating energy for the C1 

and D1 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Hydrogen H2 0.9 

Carbon monoxide CO 6.8 

Carbon dioxide CO2 11.8 

Methane CH4 26.2 

Ethane ETHAN-01 17.9 

Ethene ETHYL-02 9.4 

Propene PROPY-01 14.2 

Butene BUTENE 12.8 

 

Table 14A. Chemical composition of the residue used as fuel to produce heating energy for the 

C1 and D1 scenarios. 

Component name Alias in Aspen Mass fraction, wt% 

Nonadecene 1-NON-02 34.4 

Nonadecane  N-NON-01 12.9 

Eicosene  1-EIC-01 17.1 

Eicosane N-EIC-01 23.7 

Heneicosane  N-HEN-01 11.8 
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Table 15A. Consumer Price Index (CPI) from 2010 to 2023 for UK (Gooding, 2023). 

No Year CPI 

1 2010 89.423 

2 2011 93.415 

3 2012 96.057 

4 2013 98.521 

5 2014 99.96 

6 2015 100 

7 2016 100.660 

8 2017 103.361 

9 2018 105.922 

10 2019 107.819 

11 2020 108.736 

12 2021 111.551 

13 2022 121.664 

14 2023 130.545 

 

Table 16A. The Chemical Engineering Plant Cost Index (CEPCI) from 2001 to 2022 (Chemical 

Engineering, 2023). 

No Year CEPCI 

1 2001 394.3 

2 2002 395.6 

3 2003 402 

4 2004 444.2 

5 2005 468.2 

6 2006 499.6 

7 2007 525.4 

8 2008 575.4 

9 2009 521.9 

10 2010 550.8 

11 2011 585.7 

12 2012 584.6 
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13 2013 567.3 

14 2014 576.1 

15 2015 556.8 

16 2016 541.7 

17 2017 567.5 

18 2018 603.1 

19 2019 607.5 

20 2020 596.2 

21 2021 708.8 

22 2022 816 

 

Table 17A. The average prices of electricity and gas based on the consumption scale for non-

domestic sector in UK in the reference year (Department for Energy Security and Net Zero, 

2023a). 

Name Annual consumption,  MWh Price, pence per kWh 

Electricity: very small 0-20 23.21 

Electricity: small 20-499 19.36 

Electricity: small/medium 500-1,999 23.28 

Electricity: medium 2000-19,999 19.5 

Electricity: large 20,000-69,999 18.39 

Electricity: very large 70,000-150,000 19.34 

Electricity: extra large >150,000 19.13 

Gas: very small 0-20 7.024 

Gas: small 20-499 4.256 

Gas: medium 500-1,999 4.539 

Gas: large 2000-19,999 4.641 

Gas: very large 20,000-69,999 5.034 
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Table 18A. The GWP breakdown of the four scenarios based on the stages involved in the 

production of hydrogen and diesel in percentages. 

Stages Scenarios 

C1 D1 C2 D2 

MPW collection and transportation to 

sorting facility 0.52% 0.31% 0.06% 0.05% 

MPW sorting 1.76% 1.05% 0.20% 0.18% 

Extra sorting 0.54% 0.32% 0.06% 0.05% 

Bailing 0.29% 0.00% 0.03% 0.00% 

MPW transportation to the pyrolysis 

facility 0.92% 0.00% 0.10% 0.00% 

Impurities transportation to the 

incineration plant 0.10% 0.00% 0.01% 0.00% 

Dryer 4.74% 5.82% 0.49% 1.03% 

Pyrolysis/Pyrolysis-Catalytic Reforming 36.67% 57.49% 60.70% 64.57% 

Oil distillation 10.18% 8.94% 0.37% 0.35% 

PSA (pressure swing adsorption) 0.00% 0.00% 0.34% 0.30% 

Impurities incineration 37.34% 22.23% 4.21% 3.74% 

Acid washing 0.00% 0.00% 14.61% 13.01% 

Diesel transportation to the oil refinery 

plant, and back to Glasgow 0.90% 0.27% 0.03% 0.01% 

Fuel station 5.98% 3.56% 0.17% 0.15% 

Ash transportation to landfill 0.05% 0.03% 0.00% 0.00% 

Hydrogen compression and storage 0.00% 0.00% 0.96% 0.86% 

Compressed hydrogen transportation 0.00% 0.00% 0.01% 0.00% 

Refuelling hydrogen fuel vehicles 0.00% 0.00% 0.08% 0.08% 

Wastewater treatment 0.00% 0.00% 17.56% 15.63% 
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