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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENVINEERING AND THE ENVIRONMENT 

Environmental Science 

Thesis for the degree of Doctor of Philosophy 

EVALUATING THE LIFE CYCLE CLIMATE IMPACTS OF SOLID WASTE 

MANAGEMENT 

By David Anthony Turner 

This thesis comprises three papers that address the evaluation of potential climate 
impacts of solid waste management (SWM) systems and processes from a life cycle 
perspective for purpose of decision-support. Paper I presents a critical review of the 
carbon footprint quantification and communication practice of large UK-based waste 
management companies. Results indicated a lack of methodological consistency and 
transparency in current practice, emphasising the need for a robust, transparent, and 
standardised approach to corporate carbon footprint quantification and reporting.  

 Paper I also describes the importance of greenhouse gas (GHG) emission factors 
(EF) in helping stakeholders better understand and address the potential climate impacts 
of their SWM activities. However, existing EFs were reviewed in Paper II and were 
found to lack transparency and breadth. Consequently, Paper II presents an original and 
fully transparent series of GHG EFs for the recycling of a wide range of source-
segregated materials . Results showed that materials recycling generally leads to (often 
substantial) climate benefits, due to avoided primary material production. However, 
results also highlighted the dearth of available high quality materials recycling life cycle 
inventory data, which are essential to support effective SWM decision-making. 

Paper III presents a novel, practical framework for evaluating the potential climate 
impacts of complex SWM systems through the innovative use of publically-available 
waste flow data and a combined material flow analysis (MFA) and LCA approach. The 
performance of a complete, meso-level SWM system was evaluated and the potential 
effectiveness of real world waste policies was analysed. Results showed that landfilling 
was the greatest source of potential impacts for the existing system, whilst the increased 
diversion of food waste from landfill lead to the greatest reduction in potential impacts.  

Overall, this thesis presents an original, practical analytical framework and 
valuable information to support decision makers at multiple levels in evaluating the 
potential life cycle climate impacts of their SWM activities.     
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  Chapter 1 

Chapter 1:  Introduction 

1.1 Research context 

There is now overwhelming scientific consensus that climate change is occurring and 

that it poses a serious threat to the health of the biosphere (Intergovernmental Panel on 

Climate Change [IPCC], 2014). The primary cause of climate change is increased 

emissions of anthropogenic greenhouse gases (GHG) linked to rising standards of living 

and population growth (IPCC, 2013). Since the start of the pre-industrial era, 

atmospheric concentrations of the three principal GHGs, carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O), have increased by 40%, 150%, and 20%, 

respectively (IPCC, 2013). It is internationally acknowledged that a concerted, robust 

response by governments, industry, and society to mitigate emissions of GHGs is 

required (United Nations [UN], 1992). At the international scale, many nations have 

become Parties to the Kyoto Protocol, an international treaty that commits State Parties 

to reducing their GHG emissions, whilst the European Union (EU) has committed to 

reducing its GHG emissions by 40% on 1990 levels by 2030 (European Commission 

[EC], 2014a). In the United Kingdom (UK), the Climate Change Act was passed in 

2008 and sets a highly ambitious long-term commitment for the UK to reduce its GHG 

emissions by at least 80% by 2050 from 1990 levels.  

The solid waste management (SWM) sector is a relatively minor contributor to 

anthropogenic global warming, accounting for less than 3% of global GHG emissions, 

or around 700 Mt CO2 equivalent (CO2e) per year (Fischedick et al., 2014). Emissions 

from the sector are dominated by CH4 emissions from landfills, which represent 

approximately 36% of total CH4 emissions in the UK (Committee on Climate Change, 

2014). However, the SWM sector is recognised as occupying a unique position as a 

potential net reducer of GHG emissions (International Solid Waste Association [ISWA], 

2010; United Nations Environment Programme [UNEP], 2010). The traditional view of 

waste as a pollutant has evolved into one that regards it as a resource and the recovery 

of value in the form of secondary material and energy resources can help SWM make a 

significant contribution towards the global GHG mitigation effort, an opportunity that is 

yet to be fully exploited (ISWA, 2015). Furthermore, improving SWM can contribute to 
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other sustainable development goals, such as resource efficiency and sustainable 

employment and economic growth (EC, 2011d, 2014a).  

SWM is predominantly a local issue and the management of resources to maximise 

environmental sustainability and contribute towards GHG mitigation and sustainable 

development goals requires that important strategic and investment decisions be made 

by local governments and waste management companies, who are simultaneously 

tasked with maintaining a reliable, low-cost waste removal service to households under 

increasing budgetary pressures (Powell, 2000). To help alleviate this burden, there is a 

need for strong national waste policies that guide and enable effective local decision-

making. However, local conditions can vary considerably between municipalities, 

making effective waste policy making, which must take into consideration these local 

differences, a challenging endeavour. Furthermore, SWM systems themselves are 

becoming increasingly complex and encompass numerous different multi-functional 

technologies that are designed to manage specific waste streams. In this context, there is 

a need for analytical tools that can address local circumstances and handle the 

complexity and interdependency of modern SWM systems to provide understandable, 

useful information to assist SWM decision making with regards to GHG emissions at 

multiple scales.  

An analytical tool that has recently risen in prominence in the field of environmental 

management is life cycle assessment (LCA). LCA is a systematic methodology that 

utilises a life cycle perspective (i.e. ‘cradle to grave’) to quantitatively evaluate the 

potential environmental and human health impacts of products and systems. LCA is 

subject to internationally standardised framework and guidelines published by the 

International Organization for Standardization (ISO), ISO 14040 and ISO 14044 (ISO, 

2006b, 2006c), and can provide a rigorous means of supporting decision making in 

environmental management. The application of LCA to SWM has become extremely 

popular in recent years (Cleary, 2009; Hauschild and Barlaz, 2011; Laurent et al., 

2014a; Laurent et al., 2014b), due to its ability to capture and address the complexity 

and multifarious interdependencies of modern integrated SWM systems (Blengini et al., 

2012). Furthermore, the application of LCA in a SWM decision support context is 

recommended by the EU Waste Framework Directive (2008/98/EC) (EC, 2008a) and 

the Thematic Strategy on the prevention and recycling of waste (EC, 2011e).  
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With regards to the potential climate impacts of SWM, LCA has been applied to 

quantify GHG emissions from SWM systems as part of holistic LCA studies, 

encompassing a variety of potential impact categories (e.g. Bernstad et al., 2011; Pires 

et al., 2011; Rigamonti et al., 2013; Erses Yay, 2015; Parkes et al., 2015), or as part of 

‘partial’ LCA studies that focus solely on potential climate changes impacts (e.g. Batool 

and Chuadhry, 2009; Zhao et al., 2009a; Tabata et al., 2011; Cifrian et al., 2012; 

Corsten et al., 2013), known as ‘carbon footprint’ (Weidema et al., 2008; Finkbeiner, 

2009). LCA, applied in either its full or partial form, can provide SWM decision makers 

with information to support SWM decision making in a range of purposes, such as 

evaluating the GHG emissions performance of their SWM systems, monitoring and 

benchmarking performance over time, communicating GHG emissions information to 

the public and other stakeholders, and facilitating the formulation and implementation 

of optimal SWM solutions. 

1.2 Research aims and scope 

This thesis concerns the quantitative evaluation of climate impacts of SWM systems and 

processes from a life cycle perspective for the purpose of decision support. The overall 

aims are to: 

1. Critically review existing approaches used to quantitatively evaluate and 

communicate the life cycle climate impacts of SWM systems and processes. 

2. Develop a practical, scientifically robust systematic framework and supporting 

information for quantitatively evaluating the life cycle climate impacts of complex 

SWM systems for the purpose of supporting decision making at multiple scales. 

3. Apply this framework to a real-world, municipality-scale (meso-level) SWM system 

to demonstrate its potential capabilities and utility from a decision-support 

perspective. 

These aims are addressed by the three papers presented in this thesis, each of which 

contains its own set of research objectives.  

Key aspects of the research scope include: 

• This thesis is concerned with the management of solid waste, principally municipal 

solid waste (MSW). The management of wastewater is not considered.  
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• The research presented in this thesis sits within the theoretical framework of life 

cycle thinking and, more specifically, LCA. The focus of the work is on GHG 

emissions and potential climate impacts. Hence, other potential environmental and 

human health impacts of SWM are not considered. The life cycle inventory (LCI) 

that has been compiled could, however, be used to form the basis of a LCI for a full 

LCA if further data are collected. 

• The analysis presented in this thesis has concentrated on emissions of three GHGs, 

namely CO2, CH4, and N2O, which collectively contribute around 90% of total 

GHG emissions from the waste management sector (Bogner et al., 2007). 

• The focus of the research is on the UK situation and all foreground system processes 

are modelled to best reflect UK technologies, whilst data were selected based on 

their representativeness and appropriateness to the UK situation. It is, however, 

expected that much of the results will be of interest to decision makers in other 

countries and to the broader LCA community. Furthermore , the LCI has been fully 

and clearly documented with the intention that it may be adapted to represent SWM 

systems and processes of other geographic situations.  

• The analytical framework and supporting information are intended to be used to 

support decision making by different actors in the SWM sector, including private 

companies and entrepreneurs, local governments, and national governments. 

• Potential life cycle climate impacts are considered from the point of waste 

generation to the point of material reuse, recycling, or final disposal, i.e. the focus is 

on evaluating the performance of solid waste management systems. In this sense, the 

research applies the ‘zero burden assumption’, whereby environmental impacts that 

occur upstream from the point of waste generation are omitted from the analysis 

(Ekvall et al., 2007).  

•  Indirect downstream impacts from materials reuse or recycling (the provision of 

secondary materials) and energy from waste (energy generation) are included. The 

extent of the GHG ‘benefits’ associated with these activities is calculated through 

system expansion and substitution of avoided alternative product(s) and energy 

source(s) production.  
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1.3 Outline of papers 

This thesis comprises three core papers that each contribute towards the overall aims of 

this thesis. The linkages between the three papers and to the overall aims and purpose of 

the research are illustrated in Figure 1.1. An outline of each paper is presented below.  

Paper I, ‘Carbon footprinting in the UK waste management sector’, was published in 

Carbon Management. In Paper I, the current situation with regards to ‘carbon footprint’ 

quantification and reporting in the UK waste management sector is investigated. This 

paper critically reviews corporate social responsibility and environmental performance 

reports published by the seven largest (by revenue) waste management companies in the 

UK– Biffa Group Ltd., Cory Environmental Ltd.,Shanks Group plc, Sita UK Ltd., 

Veolia Environmental Services (UK) plc, Viridor Waste Management Ltd., and Waste 

Recycling Group Ltd – to assess the approaches taken by these companies to quantify, 

report, and verify the carbon footprints of their waste management activities. 

Furthermore, this paper critically reviews the sector-specific GHG quantification and 

reporting standard, the Entreprises pour l’Environnement (EpE) Protocol for the 

Quantification of GHG Emissions from Waste Management Activities (EpE, 2010) 

 
Figure 1.1. Linkage of papers to the overall research project. Note that black arrows represent linkages 
between phases of the research project, whilst dashed green arrows represent linkages to the overall 
purpose of the work, i.e. to support SWM decision making. 
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developed by the waste management sector. The review incorporates an evaluation of 

how various approaches address a range of key methodological issues in carbon 

footprint quantification, such as (non-exclusively) temporal boundary selection, GHG 

selection, treatment of biogenic carbon, and estimation of ‘avoided emissions’. Whilst 

the focus of this paper is on carbon footprint quantification and reporting by private 

companies, the methodological issues concerning GHG quantification of SWM systems 

and activities discussed are relevant at a broad level and are investigated further in 

Papers II and III. 

Paper II, ‘greenhouse gas emission factors for recycling of source-segregated materials’, 

was published in Resources, Conservation & Recycling. As asserted in Paper I, generic 

GHG emission factors (EFs) are commonly used by decision-makers to evaluate the 

climate impacts of their activities. To ensure the accuracy and value of outcomes to 

decision-makers from such evaluations, it is essential that where such generic GHG EFs 

are used, they are representative and appropriate of the situation of concern. Paper II 

focuses on the development of GHG EFs for waste materials recycling for the purpose 

of providing information to support SWM decision making. Based on a review of 

previous studies, it was determined that existing GHG EFs for materials recycling are 

generally insufficient to support SWM decision-making due to a lack of transparency 

and clarity in documentation and/or comprehensiveness with regards to material 

coverage. In this paper, a comprehensive, fully transparent, and clearly documented 

compilation of GHG EFs for the recycling of a wide range of source-segregated waste 

materials is presented. The EFs were derived from a series of recycled material-specific 

partial LCA studies, performed as far as possible in accordance with the ISO 14040 

standard. The focus of the study is on source-segregated (aka. source-separated) 

recyclable dry materials, which comprise a large proportion of collected dry recyclables 

from the MSW stream in the UK. The purpose of developing the GHG EFs is to provide 

information to support SWM decision- and policy-makers (including national 

governments, local authorities, private companies, and entrepreneurs) in the UK and 

abroad in appraising the GHG emissions performance of their existing and potential 

SWM systems and activities. 

Paper III, ‘Combined material flow analysis and life cycle assessment to support solid 

waste management decision making’, has been accepted for publication in Journal of 

Cleaner Production. This paper focuses on the application of LCA in combination with 
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material flow analysis (MFA), another systems-based analytical methodology, to 

evaluate SWM systems. Whilst MFA and LCA have both widely been applied to 

support SWM decision-making, they are generally applied independently rather than 

jointly. In this paper, an approach that combines the MFA and LCA methodologies to 

evaluate large and complex SWM systems from an environmental perspective is 

presented. The approach is applied to quantitatively evaluate the environmental 

performance, focusing on potential climate change impacts, of a real-world, complex, 

municipality-scale (meso-level) SWM system and, using scenario analysis, to compare 

it with alternative systems to assess the potential effectiveness of different national 

waste policies.  

The ‘partial’ LCA undertaken in Paper III incorporates the LCI process inventory data 

for materials recycling that are presented in Paper II, in which they are used to derive 

the GHG EFs. Through sensitivity analysis, Paper III also explores the impacts of key 

methodological choices, which were first discussed in Paper I. Paper III represents the 

culmination of the research presented in Papers I and II, with the approach taken based 

on a review of the current situation, partially described in Paper I, the involvement of 

key stakeholders (the Welsh Government and Natural Resources Wales), the 

development of a comprehensive LCI database for SWM processes (partially presented 

in Paper II), and the application of this database to evaluate a real-world SWM system. 

The results presented in Paper III will be presented to the project stakeholders for 

critical review and the outcomes of the study should be of direct relevance from a 

national policy-making perspective. 

In addition to the three papers presented in this thesis, the following publications were 

also produced during the period of PhD candidature: 

Turner, D. A., Williams, I., Kemp, S., Wright, L., Coello, J. & McMurtry, E. (2012) 

Towards standardization in GHG quantification and reporting. Carbon 

Management, 3 (3): 223-225. 

Williams, I., Coello, J., Kemp, S., McMurtry, E., Turner, D. A. & Wright, L. (2012) 

The role of business and industry in climate management after Durban. Carbon 

Management, 3 (5): 431-433. 
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Williams, I., Kemp, S., Coello, J., Turner, D. A. & Wright, L. (2012) A beginner's guide 

to carbon footprinting. Carbon Management, 3 (1): 55-67. 

Greenglass, N., Nilsson, L. J., Williams, I., Kemp, S., Wright, L., Turner, D. A., Coello, 

J. & McMurtry, E. (2012) Ask the experts: The implications of COP17 at 

Durban. Carbon Management, 3 (3): 235-341 

Clark, C., Turner, D. A. & Williams, I. D. (2015) Flows of WEEE through the UK 

network 2010-2030 and associated carbon footprints. Proceedings of the 

Fifteenth International Waste Management and Landfill Symposium, S. 

Margherita di Pula, Cagliari, Sardinia, Italy, 5-9 Oct 2015. Paper No. 275. 

These papers are not included in this thesis, but can be obtained from the University of 

Southampton online research repository (ePrints) at http://eprints.soton.ac.uk/.  

1.4 Thesis structure 

This thesis is presented in six chapters and is structured as follows: 

• Chapter 1 encompasses a brief introduction to the research field and defines the 

primary research aims and scope of this thesis. The three papers that make up the 

body of this thesis are described in relation to their respective contents and 

contributions to the overall research project, with the interconnections between the 

papers also explained.  

• Chapter 2 provides a broad context for the research. Section 2.2 provides an 

introduction to the different types of waste and includes key definitions and 

information regarding waste generation rates in the UK. Section 2.3 provides 

background information related to the greenhouse effect and climate change and 

describes the contribution of SWM to global warming. Common SWM technologies 

and their status in the UK are described in Section 2.4. The legislative and policy 

context for GHG mitigation action and SWM practice is presented in Section 2.5. 

Sections 2.6 and 2.7 describe how the life cycle climate impacts of SWM systems 

and processes, respectively, can be quantitatively evaluated using systematic 

analytical tools and provides an introduction to the methods used in the papers 

presented in Chapters 3 to 5. Finally, Section 2.8 presents a critical review of 
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previous studies concerning the quantification of life cycle climate impacts of SWM 

systems and processes, focusing in particular on the UK situation. 

• Chapters 3 to 5 present the three individual papers in turn. A statement clarifying the 

respective contribution of each author to the paper and a brief outline of the linkages 

of the paper to the overall research project is included at the beginning of each 

chapter, prior to the presentation of the paper.  

• Chapter 6 presents a discussion of the key findings of the research project and of its 

limitations. Finally, overall conclusions and recommendations from the research 

project as a whole are presented, along with suggestions for further research.   
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Chapter 2:  Managing solid waste in a changing 

global climate 

2.1 Chapter overview 

The research presented in this thesis concerns the quantitative evaluation of the potential 

climate impacts of SWM systems and processes from a life cycle perspective. The 

purpose of this chapter is to provide context for this research. The chapter provides an 

introduction to the different types of waste, including key definitions and generation 

rates in the UK. The need for climate change mitigation action is established and the 

role of SWM in contributing towards both global warming and climate change 

mitigation is discussed. The complexity of modern SWM systems is established, with 

an overview of SWM processes and management options presented. Important 

legislation and policy that is driving improvements in SWM, from a general 

environmental performance perspective and, specifically, in relation to potential climate 

impacts, is presented, emphasising the significant role that SWM is expected to play in 

contributing towards environmental sustainability efforts. An overview of systematic, 

life cycle-based approaches for evaluating SWM systems and processes from an 

environmental perspective is presented, providing an introduction to the methods used 

in the research papers. Key methodological aspects of modelling specific SWM 

processes from a life cycle perspective are discussed, highlighting the complexity of 

modelling modern integrated SWM systems in this manner. Finally, a critical review of 

previous studies into the life cycle climate impacts of SWM systems and processes is 

presented, emphasising the general lack of high quality LCA studies of SWM systems 

in the UK. 

2.2 Solid waste: definitions and types 

This section presents descriptions and definitions of the different types of waste that are 

of interest in the context of the research presented in this thesis. 
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2.2.1 Waste 

Waste is defined under Article 3(1) of the EU Waste Framework Directive 

(2008/98/EC) as “…any substance or object which the holder discards or intends or is 

required to discard” (EC, 2008a). The term ‘waste’ is often subjective, with the 

designation of a material or substance as being waste dependent on the situation and the 

value ascribed to the material or substance by its owner in that situation, i.e. what may 

be waste to one person may not be waste to another. Waste may occur in different 

physical states, namely as a solid, semi-solid, liquid, or in a gaseous form. 

2.2.2 Solid waste 

It would be pertinent to assume that the definition of solid waste would be ‘waste in a 

solid state’. However, whilst solid waste does occur predominantly in a solid state, it 

may be solid, liquid (in the form of sludge from, for example, a wastewater treatment 

plant or an air pollution control facility), semi-liquid, or in a free chemical phase 

(Christensen, 2011). 

Solid waste can be classified based on a variety of aspects, such as its: 

• original use (garden waste, food waste, packaging waste, etc.) 

• material type (glass, plastic, metal, etc.) 

• physical properties (biodegradability, recyclability, combustibility, etc.) 

• origin (household, commercial, industrial, etc.) 

• safety level (hazardous or non-hazardous) (McDougall et al., 2001) 

Each of these aspects has a bearing on the type of waste management that is necessary, 

preferred, or legislatively prohibited for a given solid waste stream1.  

The focus of this research is broadly on the management of municipal solid waste 

(MSW), which comprises waste from households and other wastes that are similar in 

nature to household waste. MSW is introduced and described in Section 2.2.4. As stated 

above, solid waste can be classified according to its safety level as being either 

hazardous or non-hazardous. Whilst MSW may contain small amounts of hazardous 

wastes, it is predominantly non-hazardous. Hence, the focus here is on the non-

1 A waste stream is a flow of waste. 
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hazardous component of MSW. The objective basis for distinguishing between 

hazardous and non-hazardous waste is outlined below.  

2.2.3 Hazardous and non-hazardous waste 

Waste may be classified as either hazardous or non-hazardous and any waste stream 

may contain hazardous waste, to varying extends. Waste (or the material or substances 

it contains) is generally considered hazardous if it is presently or potentially harmful to 

human health, living organisms, or the environment. From a regulatory perspective, 

hazardous waste is commonly considered as a subset of solid waste and is distinguished 

from, for example, municipal, industrial, or construction wastes. In Europe, waste is 

classified as hazardous if it is listed as such in Commission Decision (EU) No. 

2014/955/EU, which establishes a list of wastes (EC, 2014b). Examples of hazardous 

waste include: 

• asbestos 

• batteries  

• electrical equipment containing ozone depleting substances (e.g. fridges and freezer 

and cathode ray tubes) 

• fluorescent tubes 

• oils and oil filters 

• paints, inks, and resins 

• pesticides 

• solvents 

In the UK, procedures for carrying, disposing, or receiving hazardous waste (referred to 

as ‘special waste’ in Scotland) are regulated by the following legislation in each 

devolved authority: 

• in England and Wales, the Hazardous Waste (England and Wales) Regulations 2005 

(as amended)  

• in Scotland, the Special Waste Regulations 1996 (as amended)  

• in Northern Ireland, the Hazardous Waste Regulations (Northern Ireland) 2005  

It is a requirement of these regulations that hazardous is not mixed, either with other 

hazardous wastes or non-hazardous wastes, and that it is separately collected. 
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Furthermore, it is a requirement in the UK that all hazardous waste is treated prior to 

disposal or recovery. 

2.2.4 Municipal solid waste 

In its broadest sense, MSW covers all wastes generated in municipalities. However, 

specific definitions vary between countries due to diverse waste management practices 

(Periathamby, 2011). For the purposes of national annual reporting of MSW arisings 

and recycling rates to the Organisation for Economic Co-operation and Development 

(OECD)2/Eurostat3 via joint questionnaire, MSW is defined as follows: 

“Municipal waste is main produced by households, though similar wastes from 

sources such as commerce, offices and public institutions are included. The 

amount of municipal waste generated consists of waste collected by or on 

behalf of municipal authorities and disposed of through the waste management 

system.” 

Hence, according to this definition MSW includes all wastes under the control of 

municipal authorities or agents acting on their behalf, which includes: 

• bulky waste (e.g. mattresses, furniture, and white goods) 

• street sweepings and litter 

• municipal parks and grounds waste 

• fly-tipped materials 

• waste originating from households, including waste collected at the kerbside or 

collected through voluntary deposits (i.e. civic amenity sites) 

• waste origination from commerce and trade, office buildings, and municipal 

institutions (e.g. schools, hospitals, prisons, and government buildings) 

The definition does not include waste from municipal wastewater and sewage treatment 

or construction and demolition waste (e.g. rubble, soil, or plasterboard). 

2 The OECD is an international economic organisation that aims to stimulate economic progress, world 
trade. And social well-being. 
3 Eurostat is a Directorate-General of the European Commission and is responsible for providing 
statistical information to EU institutions. The aim of the organisation is to promote the harmonisation of 
statistical collection and reporting methods across EU Member States. 
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The definition of MSW used in key European legislation differs from that used for 

national annual reporting to Eurostat. MSW is defined in Article 2(b) of the EU Landfill 

Directive 1999/31/EC (EC, 1999) as consisting of:  

“waste from households, as well as other waste which, because of its nature or 

composition, is similar to waste from households.” 

Article 1 of Commission Decision No. 2011/753/EU (EC, 2011a), which defines rules 

and methods for the calculation of the percentage of MSW that is prepared for reuse, 

recycled, or recovered for verifying and monitoring Member State compliance with the 

targets set in Article 11(2) of the EU Waste Framework Directive (2008/98/EC), defines 

MSW as:  

(1) “‘household waste means waste generated by households 

(2) ‘similar waste’ means waste in nature and composition comparable to 

household waste, excluding production and waste from agriculture and 

forestry 

(3) ‘municipal waste’ means household waste and similar waste” 

The definition laid down in Commission Decision No. 2011/753/EU is less ambiguous 

than that of Council Directive 1999/31/EC and defines the scope of MSW more 

precisely.  

Until 2010, the UK had adopted the definition of MSW consistent with that of the 

OECD/Eurostat joint questionnaire. Based on this definition, the UK reportedly 

generated around 30.8 Mt of MSW in 2013 (Eurostat, 2015); around 15.5% of total 

waste arisings (Department for Environment, Food & Rural Affairs [Defra], 2015a). 

However, in 2010 the definition of MSW was redefined by the government to include 

commercial and industrial (C&I) waste that is similar in composition or nature to 

household waste in a move to align more closely with the definitions of MSW used in 

key European legislation, principally Council Directive 1999/31/EC. What used to be 

known as MSW was redefined as local authority collected waste (LACW).  

Determining accurate arisings for MSW in the UK based on the updated definition of 

MSW is difficult due to the scarcity of data on C&I waste arisings. In its (revised) 2013 

report Forecasting 2020 Waste Arisings and Treatment Capacity, Defra estimated 
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annual MSW arisings for England to be approximately 48.2 Mt, of which 23.5 Mt is 

household waste and 24.7 Mt is the municipal component of C&I waste (Defra, 2013b). 

Based on annual arisings of household and C&I waste in the UK in 2012, of which 

England contributed approximately 82% of total arisings (Defra, 2015a), an estimated 

59 Mt of MSW are generated in the UK each year; almost double the annual arisings of 

MSW based on the old definition. 

MSW may contain small quantities of hazardous wastes, such as paints, light bulbs, 

batteries, and aerosols, although non-hazardous wastes typically comprise the bulk of 

arisings. Based on the updated 2010 definition of MSW, MSW comprises waste from 

household waste and C&I waste that is similar in nature and composition to household 

waste. Each of these waste streams are described in the sections below. MSW does not 

include construction and demolition waste, agricultural, medical, or radioactive wastes 

or wastes from wastewater treatment.  

 Household waste 

In the UK, household waste comprises roughly 49% of total MSW arisings (Defra, 

2013b). Household waste comprises all waste collected by waste collection authorities 

under Section 34(1) of the Environmental Protection Act 1990, all waste arisings from 

civic amenity sites established under Section 51(1)(b) of the Environmental Protection 

Act 1990, and waste collected by third parties for which collection or disposal reuse or 

recycling credits are paid under Section 52 of the Environmental Protection Act 1990 . 

Hence, household waste comprises waste from the following sources: 

• household kerbside collection (including residual waste and segregated fractions of 

dry recyclables and/ organics [food and/or garden waste]) 

• Civic amenity sites (bring sites and household waste recycling centres [HWRCs]) 

• bulky waste collections 

• household hazardous waste collections 

• municipal services, such as street sweepings and litter removal and the removal of 

fly-tipped materials 

• municipal, non-domestic premises (e.g. schools, prisons, and hospitals) 
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The responsibility for collected household waste in the UK lies with the local authority 

acting as a waste collection authority, either through an ‘in-house’ service or via a 

private sector subcontractor. The local authority acting as a waste disposal authority is 

responsible for arranging the treatment and disposal of waste collected by or on the 

behalf of the waste collection authority. Such treatment/disposal arrangements are 

typically contracted out by the waste disposal authority to the private sector. 

2.2.4.1.1 Composition 

Household waste composition varies considerably between different countries and 

regions and collection sources (Waste & Resources Action Programme [WRAP], 

2010a; Bridgwater, 2013). Whilst there is no national or international consensus as to 

how waste should be classified, household waste typically consists of the following 

types of waste: 

• organic waste, such as food waste, garden waste, and wood 

• recyclable waste materials, such as paper, card, glass bottles, certain plastics, and 

metal cans 

• composite waste materials, such as textiles, batteries, and packaging containers 

• inert waste, such as soil and rubble 

• waste electrical and electronic equipment (WEEE), such as white goods, TVs, 

computers, and household electrical appliances 

• bulky waste, such as furniture and mattresses 

• hazardous waste, such as pains, light bulbs, chemicals, and aerosols 

The average composition in terms of waste material types of household waste for UK 

countries is shown in Table 2.1. Note that the data represent total household waste 

generation prior to any segregation of wastes for separate collection and irrespective of 

waste collection source. It can be seen that, whilst arisings vary between countries, 

organic waste (such as food and garden waste) generally represents a substantial 

proportion of household waste. Other major components include waste paper, plastics, 

and glass. 
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Table 2.1. Waste material composition (% wet mass basis) of household waste in UK countries. Note that 
the data presented for the different countries are adjusted to conform to the waste classification 
system used in England and are not necessary direct citations from the original sources.  

Household waste (%) England, 2010/11a Scotland, 2009b Wales, 2009c N. Ireland, 2008d 

Food waste 16.5 17.7 16.3 9.3 
Garden waste 17.5 13.3 13.8 25.8 
Other organic 2.6 0.8 3.1 - 
Paper 14.0 16.0 14.5 15.9 
Card 4.8 5.1 6.1 5.1 
Glass 6.9 7.5 7.4 14.6 
Metals 3.8 4.0 4.3 3.4 
Plastics 10.2 9.3 9.1 6.0 
Textiles 3.0 3.1 3.0 4.3 
Wood 3.8 2.9 4.4 - 
WEEE 2.4 2.8 2.5 1.4 
Hazardous 0.7 0.5 0.6 0.3 
Sanitary 3.2 2.4 2.1 - 
Furniture 2.0 2.2 1.1 - 
Mattresses 0.7 - - - 
Misc. combustibles 2.5 5.0 3.8 9.2 
Misc. non-combustibles 2.3 5.4 5.8 4.3 
Soil  0.6 - - - 
Other wastes 1.3 - - - 
Fines 1.4 1.9 2.1 0.4 

a Source: adapted from Bridgwater (2013). 
b Source: adapted from WasteWorks and AEA (2010). 
c Source: adapted from WRAP (2010a). 
d Source: adapted from Nesbitt et al. (2008). 

 Commercial and industrial waste 

Commercial and industrial (C&I) waste comprises waste generated across the C&I 

sectors. The complexity of the C&I waste stream is vast, with the volume and 

composition of the waste stream varying substantially between sectors (Defra, 2010; 

Vinogradova et al., 2013). Furthermore, data on arisings and composition in the UK are 

scarce. It was estimated by Defra that around 48 Mt of C&I waste are generated in the 

UK annually; representing approximately 24% of total waste arisings (Defra, 2015c). 

Defra estimate the municipal component of this C&I waste to be around 52% of total 

C&I waste arisings (note that this estimate is based on arisings in England) (Defra, 

2013b); hence, C&I waste comprises a sizeable  portion of MSW. The municipal 

component includes waste from, for example, the retail and wholesale sector, the public 

sector, and the food, drink, and tobacco sector, i.e. waste that is similar in nature and 

composition to household waste.  
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 The environmental significance of municipal solid waste 

A substantial body of literature has developed that addresses the assessment of 

environmental impacts from MSW management and the issue is also high on the public 

agenda. There are a number of reasons why the management of MSW continues to 

garner such attention: 

• MSW generally arises in large quantities, presenting a challenge to a society seeking 

to minimise the amount of waste disposed of in landfills. 

• MSW has a high political profile as it is the waste stream with which the general 

public (and potential voters) has the most frequent contact (McDougall et al., 2001). 

• MSW typically contains a high proportion of biodegradable waste that, due to its 

high CH4 generation potential in landfill, is the subject of stringent landfill diversion 

targets imposed by the EU Landfill Directive (1999/31/EC). 

• MSW contains many waste materials that have high resource value and potential for 

recovery, reuse, or recycling (e.g. paper, metals, plastics, glass, and textiles). 

• MSW consists of a diverse range of materials and its composition is highly variable, 

both seasonally and geographically, making its management a challenge. 

• Responsibility for collection and management of MSW lies with the public sector, 

i.e. local authorities. Due to the intense pressure currently being placed on public 

financial budgets in many EU Member States, including the UK, it is imperative that 

the most efficient policy measures and economical and practicable local solutions 

are identified and implemented in order for EU targets to be met (European 

Environment Agency [EEA], 2013).  

It is for these reasons that MSW was selected as the focus for this research. 

2.3 Global warming and solid waste management 

‘Greenhouse gases’ (primarily water vapour, CO2, CH4, ozone, and N2O) form a 

naturally-occurring shield in the atmosphere that absorbs and re-emits a fraction of the 

infrared radiation that would otherwise escape into space, thereby leading to an increase 

in the Earth’s surface temperatures to within a comfortable, liveable range for flora and 

fauna. This process is known as the ‘greenhouse effect’. Since the end of the pre-

industrial era (the mid-20th century), there has been a substantial increase in the 

19 



  Chapter 2 

concentrations of GHGs in the atmosphere, with atmospheric concentrations of CO2, 

CH4, and N2O having increased 40%, 150%, and 20%, respectively, by 2011 on pre-

industrial era levels (IPCC, 2013). This has resulted in a strengthening of the 

greenhouse effect (known as the ‘enhanced’ greenhouse effect or ‘global warming’) and 

an increase in globally-averaged surface temperatures and sea level rise. There is 

international scientific consensus that the observed increase in atmospheric 

concentrations of GHGs has been caused, at least in part, by anthropogenic activities, 

principally the combustion of fossil fuels, deforestation, and other land-use changes, 

that result in emissions of GHGs. It is widely recognised that climate change poses a 

present and severe risk to natural and human systems (IPCC, 2013). 

Whilst the SWM sector has been shown to be a relatively minor contributor to global 

GHG emissions (Fischedick et al., 2014), accounting for GHG emissions from the 

sector presents a challenge due to the variety of different GHG emissions sources from 

different types of SWM activities, the prevalence of uncontrolled and fugitive emissions 

(e.g. from landfills and biological treatment facilities), and the dynamic nature of 

organic waste biodegradation processes (Scheutz et al., 2009b). The main sources of 

GHG emissions from different SWM activities are summarised in Table 2.2. Note that 

‘upstream indirect emissions’ refer to those emissions that occur upstream from SWM 

(e.g. energy and material consumption), ‘operating direct emissions’ refer to those 

emissions that are produced directly through SWM (e.g. CO2 emissions through waste 

incineration), and ‘downstream indirect emissions’ refer to those emissions or savings 

that occur downstream from SWM (e.g. utilisation of energy and material outputs) 

(Gentil et al., 2009).  

The most important GHGs generated by the SWM sector are CH4, fossil CO2, and N2O, 

where emissions of CH4 represent more than 90% of total GHG emissions from the 

industry (Bogner et al., 2007) and approximately 36% of total CH4 emissions in the UK 

(Committee on Climate Change, 2012). CH4 is predominantly emitted through the 

landfilling of waste. As biodegradable wastes, such as food and paper, decompose 

anaerobically within the body of a landfill a gas is formed, known as landfill gas (LFG), 

comprising CO2 and CH4 (El-Fadel et al., 1997). The process of decomposition and gas 

formation occurs over long extended periods (Finnveden and Nielsen, 1999), presenting 

a legacy of environmental burden on future generations (Belevi and Baccini, 1989; 

Beaven et al., 2014).  
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Table 2.2. Qualitative GHG emissions from the waste management industry. 

Upstream indirect emissions Operating direct emissions Downstream indirect emissions 

Collection and transport   

Emissions of CO2, CH4, 
N2O due to: 
Fuel production 
Vehicle manufacturing 
Bins and sacks 
manufacturing 

Fuel combustion during collection 
and transport (CO2, CH4, N2O, 
traces of CO and NMVOC) 

Decommission of vehicles 
Disposal of bins and sacks 

Sorting, pre-treatment, recycling 

Emissions of CO2, CH4, 
N2O due to: 
Energy consumptiona 

Fuel production 
Infrastructure 
Auxiliary material use 

Fuel combustion from machinery 
(CO2, CH4, N2O, traces of CO 
and NMVOC) 

Substitution of raw materials, 
avoided GHG emissions from 
material production 
Rejects (emission depends on the 
type of secondary technology) 

Compostingb   

Emissions of CO2, CH4, 
N2O due to: 
Energy consumptiona 

Fuel production 
Infrastructure 
Auxiliary material use 

Emission from windrows, reactors 
and biofilters (CO2bio, CH4, N2O) 
Fuel combustion from machinery 
(CO2, CH4, N2O, traces of CO 
and NMVOC) 

Substitution of growing media (NPK 
fertilisers, peat): avoided N2O, CO2 
from the reduced production of 
fertilisers and avoided emission from 
peat utilisation 
Carbon bound in soil (100 years) 

Anaerobic digestionb   

Emissions of CO2, CH4, 
N2O due to: 
Energy consumptiona 

Fuel production 
Infrastructure 
Auxiliary material use 

Emission from reactors and 
biofilters (CO2bio, CH4 from 
leakages, N2O traces) 
Fuel combustion from machinery 
(CO2, CH4, N2O, traces of CO 
and NMVOC) 

Production of heat and electricity 
from CH4 combustion substituting 
fossil energy (CO2) 
Substitution of growing media (NPK 
fertilisers, peat): avoided N2O, CO2 
from the reduced production of 
fertilisers and avoided emission from 
peat utilisation 
Carbon bound in soil (100 years) 

Incineration   

Emissions of CO2, CH4, 
N2O due to: 
Energy consumptiona 

Fuel production 
Infrastructure 
Auxiliary material use 

CO2 from the fossil fraction of the 
waste 
CO2bio from the biogenic fraction 
of the waste 
Trace gases (CH4, N2O) 

Production of heat and electricity 
from CH4 combustion substituting 
fossil energy (CO2) 
Recovery of metals from ash 
Use of bottom ash, substituting 
virgin aggregate 
Transport of air pollution control  
residues and fly ash (CO2, CH4, 
N2O, traces of CO and NMVOC) 
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Table 2.2 (continued).   

Upstream indirect emissions Operating direct emissions Downstream indirect emissions 

Landfilling   

Emissions of CO2, CH4, 
N2O due to: 
Energy consumptiona 

Fuel production 
Infrastructure 
Auxiliary material use 

Fugitive emissions of CH4, traces 
of NMVOC, N2O and halogen-
containing gases 
CO2bio from waste decomposition 
Fuel combustion from machinery 
(CO2, CH4, N2O, traces of CO 
and NMVOC) 
Emissions from leachate treatment 
plant (CO2bio, CO2, CH4, N2O) 

Production of heat and electricity 
from CH4 combustion substituting 
fossil energy (CO2) 
Carbon bound in soil (100 years) 

Source: adapted from Scheutz et al. (2009b). 
CO2 is considered of fossil source; CO2bio is the biogenic source emitted from short carbon cycle; CO, 
carbon monoxide; NMVOC, non-methane volatile organic compound. 
a The GHG emission will depend on the energy mix. 
b Mechanical biological treatment has not been included since it is a combination of ‘sorting’ and, 
generally, either composting or anaerobic digestion. 

Several SWM activities can also result in GHG emissions ‘savings’ (UNEP, 2005): 

• The recovering secondary materials that can be used in manufacturing and avoid the 

use of alternative materials, including primary resources (GHG emissions savings 

result from the avoidance of primary resource use, mainly energy-related). 

• The production of energy through the combustion of waste or waste-derived 

products that can substitute or replace energy generated from the combustion of 

fossil fuels, which typically produces higher GHG emissions compared to energy 

generated from waste. 

• The long-term storage of non-biodegradable biogenic carbon (i.e. carbon from the 

natural carbon cycle) in landfills or soils. 

2.4 Solid waste management options 

Following generation, waste must be managed in such as manner as to minimise risk to 

human health and the environment. Waste management is defined in the revised EU 

Waste Framework Directive (2008/98/EC) as “the collection, transport, recovery, and 

disposal of waste, including the supervision of such operations and the after-care of 

disposal sites, and including actions taken as a dealer or broker” (EC, 2008a). In this 

context, SWM refers specifically to the management of solid waste (as defined in 

Section 2.2.2). As illustrated in Figure 2.1, modern SWM systems are highly complex  
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Figure 2.1. Generic integrated SWM system. Note that the outer dotted line represents society at large 
(the biosphere and technosphere). The inner dotted line represents the SWM system, represented by a 
number of waste management technologies (light shaded grey boxes). The dark shaded grey box 
represents the inputs and the outputs of the whole SWM system. The box indicating the system exchange 
shows the relationships of materials and energy flows between the waste industry and wider society. 
Source: adapted from Gentil et al. (2010). 
 

due in part to the abundance of possible treatment and disposal options and the manifold 

technological variations that exist for specific treatment/disposal options. This section 

provides descriptions of different SWM options and outlines their level of 

implementation in the UK.  

2.4.1 Collection 

Collection is defined as the cumulative activity of loading waste from waste generation 

units (e.g. households or businesses) into road vehicles. In the UK, waste collection is 

typically achieved through a combination of bring systems (i.e. via civic amenity sites) 

and kerbside collection. This section presents an outline of waste collection systems in 

the UK. Note, however, that a variety of other less common collection systems exist, 

including pneumatic pipe systems and drop-off containers, that are not described here 

(for more information, see Eisted et al., 2009). 
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 Bring systems 

Bring systems comprise the use of common collection points (household waste 

recycling centres [HWRC] and bring sites) by local household communities and involve 

the separate collection of mixed waste and recyclables, typically via skips or compactor 

containers, and their transport to their destination of sorting (i.e. a MRF), treatment, 

reprocessing, or preparation for reuse (Cimpan et al., 2015a). To facilitate convenient 

public access, bring sites are often sited in supermarket car parks or adjacent to council 

offices, whilst HWRCs are generally sited on the outskirts of urban or residential areas.  

With the continuing rise in kerbside recycling service provision by local authorities 

across the UK and the performance of these services, the role of bring systems in 

contributing to overall recycling performance has declined in recent years. In England, 

for example, bring system waste arisings as a percentage of total household waste 

arisings has decreased from a high of 2.7% in 2007/08 to 2% in 2010/11, whilst the 

contribution of bring systems to the overall quantity of recyclate collected has decreased 

from a high of 8.1% in 2006/07 to 4.8% in 2010/11 (SKM Enviros, 2013). 

 Kerbside collection 

2.4.1.2.1 Mixed waste 

Local authorities are legally obligated in their role as waste collection authorities to 

provide a mixed waste collection service to all households. Three methods of collection 

of mixed waste are typically used in the UK: traditional dustbins; wheeled plastic bins; 

or plastic sacks. Table 2.3 presents a comparison of operational characteristics of these 

collection systems. By far the most common collection system for mixed waste in the 

UK is the wheeled bin, which is typically deployed with a 240 litre capacity. However, 

smaller bins of 110 litres are becoming more common as local authorities seek new 

means of reducing waste arisings as part of national waste prevention programmes. 
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Table 2.3. Comparison of operational characteristics of different mixed waste collection systems. 
Traditional dustbin Wheeled bin Plastic sacks 
High crewing levels and labour 
inefficient 

Low crew levels and labour 
efficient 

Low crew levels and labour 
efficient 

Slow collection rate Fast collection rate Fast collection rate 
Residual waste remains in bin 
unless cleaned 

Residual waste remains in bin 
unless cleaned 

Low odour potential 

High odour potential Low odour potential High risk of waste spillage 
Flies and vermin attraction Increase in collected waste 

arising 
Bags prone to attack by 
scavengers (rats, mice, birds, 
cats, etc.) 

Elevated risk of crew injury Low risk of crew injury Elevated risk of crew injury 
Source:  Benn and Kersey (2003). 

2.4.1.2.2 Segregated waste 

Following the introduction of mandatory performance targets for recycling, a wide 

variety of systems for kerbside collection of dry recyclables have been introduced 

across the UK (WYG Group, 2013). Broadly these systems fall into one of two 

categories: those in which recyclables are collected, typically in a wheeled bin, 

commingled for sorting at a MRF (‘commingled collection’); and those in which 

recycles are sorted at the source (i.e. by the waste producer) or at the kerbside (i.e. by 

the waste collection crew) (‘kerbside sort’). Whilst it has long been debated which 

system is the most efficient and effective at collecting dry recyclables, no consensus has 

been yet reached (Bridgwater and Parfitt, 2010; Cimpan et al., 2015a). Rather, dry 

recycles collection system selection should be based on the local situation (WRAP, 

2009a). Segregated kerbside collection systems typically comprise the provision of two 

or more containers (wheeled bin, box, plastic sack, etc.) to the household or business: 

one or more containers is used to collect the dry recyclables, e.g. paper, card, dense 

plastics and plastic bottles, metal cans, and glass; whilst another container is provided to 

collected mixed waste. Commingled dry recyclable material collections are generally 

non-specialist bulk collection units, known as refuse collection vehicles, which may be 

operated by the same crews used for mixed waste collection. In contrast, kerbside sort 

systems require specialist compartmentalised vehicles and, often, a more sizeable crew 

(Eunomia et al., 2011). 

Recently, the separate collection of food and garden waste has increased rapidly in the 

UK. This has been driven by rising landfill tax rates, which incentivise alternative 

treatment options for organic waste, and the actions of local authorities who seek to 
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ensure that landfill diversion targets for BMW are achieved. Typically, these systems 

involve the provision of one or more additional containers to the householder or 

business in which food and/or garden waste are collected, either separately or together. 

Organic wastes are then collected at either the same time as mixed waste or dry 

recyclables or by a different collection vehicle on a different day (Bridgwater and 

Parfitt, 2009; Eunomia et al., 2011).  

2.4.2 Preparation for reuse 

Material reuse involves the recovery of waste materials and preparation (including 

repair) of those materials for reuse. Materials are collected and recovered in a manner 

similar to that of recycling as outlined above. The preparation for reuse process is 

typically far less GHG emissions-intensive than reprocessing (James et al., 2011), 

which is why it is a preferred SWM option compared to recycling or recovery. 

2.4.3 Recycling 

Recycling involves the recovery and reprocessing of waste materials into secondary 

products. A significant proportion of the dry component of the MSW stream can 

potentially be recycled, with the most commonly recovered materials being paper, 

cardboard, metals (ferrous and non-ferrous), plastics, textiles, and glass. These materials 

can be segregated at their source by the waste producers or they can be collected 

commingled and sent to a material recovery facility (MRF) where materials are sorted, 

either manually or mechanically, to reclaim the recyclable fractions. There are two main 

types of MRF that have been designed to deal with different waste streams: residual 

waste MRFs accept a mixed, residual waste stream; whilst commingled MRFs (either 

single-stream or two-stream) sort a commingled dry recyclate waste stream containing 

more than one recyclable fraction (Christensen and Bilitewski, 2011). Compared to 

residual waste MRFs, commingled MRFs generally see higher target material recovery 

rates, lower contamination rates (the proportion of non-target materials in output 

product streams), and recover a higher quality, cleaner recyclate (WRAP, 2009b; 

Pressley et al., 2015). 

Following sorting, recovered recyclable materials are transported to reprocessing 

facilities for use in the production of secondary products. Reprocessing facilities 

26 



  Chapter 2 

remanufacture waste materials in one of two forms of recycling: ‘closed-loop 

recycling’, in which recovered waste materials are reprocessed to produce a 

functionally-equivalent product (e.g., waste paper recycled to produce a recycled paper 

product); or ‘open-loop recycling’, in which the recycled materials are reprocessed and 

used to manufacture a product that is inherently different in nature to that of the original 

waste material (e.g. recycling waste car tyres to produce computer mouse mats). 

The quantity of dry recyclables that are collected for recycling in the UK has increased 

dramatically over the past 15 years. In England, approximately 2 Mt of dry recyclables 

were collected for recycling from households in 2000/2001. By 2013/2014, this amount 

had risen to 5.75 Mt (Defra, 2014). At present, the household dry recycling rate 

(excludes organic waste sent for biological treatment) for England is approximately 

32.1% and the recycling rate for C&I waste is even higher (Defra, 2013b; Vinogradova 

et al., 2013). However, compared to the rapid rise in dry recyclate collection rates, the 

UK domestic reprocessing sector has not developed at an equal rate and there is 

currently insufficient domestic reprocessing capacity to handle the volumes of dry 

recyclables collected for recycling. As a result, large quantities of dry recyclables are 

now exported for reprocessing abroad, particularly to East Asia and Europe, where 

demand for recyclable materials is high (Associate Parliamentary Sustainable Resource 

Group [APSRG], 2013). As UK countries look to meet ambitious national and 

European recycling targets, it is expected that the quantity of dry recyclate that is 

exported for reprocessing abroad from the UK will continue to increase. It is recognised 

that there is a need for further development of the domestic reprocessing sector to 

enhance competition and innovation (Environmental Services Association [ESA], no 

date). 

2.4.4 Composting 

Composting of organic waste is a well-established organic waste treatment technology 

in the UK. During the composting process, organic waste is degraded in the presence of 

oxygen. The process is exergonic, with waste materials releasing energy as they oxidise, 

fuelling microbial degradation (Stentiford and de Bertoldi, 2011). Composting produces 

an organic solid residue, known as compost, that can be used (non-exclusively) in 

agricultural landspreading, gardening and horticulture, or the preparation of growth 

media (Boldrin et al., 2010). The most common composting technologies in the UK are 
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open windrow composting (OWC) and in-vessel composting (IVC), although a number 

of other composting technologies are available (see Krogmann et al., 2011).  

In OWC, a pre-shredded green (garden) waste feedstock – animal wastes cannot be 

processed through OWC in the UK due to their Animal-By-Products Regulations 2011 

categorisation  – is piled in elongated rows (known as windrows), which are 

periodically turned for aeration and regulation of the internal temperature and moisture 

content. Maturation occurs after around sixteen weeks, after which a post-treatment 

screening is carried out to remove contaminants (WRAP, 2012c). 

A number of different IVC systems are available; these can be categorised into six 

types: boxes and containers, silos, agitated bays, tunnels, rotating drums, and enclosed 

halls. During the IVC process, a pre-shredded waste feedstock is loaded into a vessel 

(known as the first ‘barrier’), which varies in type depending on the system in operation. 

After a period of one to three weeks, the feedstock is transferred to a second ‘barrier’, in 

which the composting process continues for a further one to three weeks. Following 

this, the compost is placed in open windrows and is left to mature for up to 14 weeks, 

before a post-treatment screening to remove contaminants (WRAP, 2012b). 

2.4.5 Anaerobic digestion 

Anaerobic digestion (AD) refers to the natural process in which organic waste is 

degraded in anaerobic conditions to produce a CH4-rich biogas and a liquid and/or solid 

effluent, known as digestate. Whilst the use of AD to treat wastewater and agricultural 

slurries is widely established in the UK, its use to treat biodegradable municipal waste 

(BMW), such as food and garden waste, is being strongly promoted by the UK 

government (Defra, 2011a) and the number of operational AD facilities in the UK that 

treat BMW has rapidly increased in recent years. AD is often seen as the preferred 

organic waste treatment option for a number of reasons:  

• AD is widely recognised as often being the best treatment option for food waste in 

terms of its potential climate impact, principally due to the utilisation of biogas to 

generate energy (e.g. Sonesson et al., 2000; Bernstad and la Cour Jansen, 2011; 

Evangelisti et al., 2014). 

• The biogas that is produced during the digestion process is generated consistently 

and constantly and can be used to generate energy in the form of heat or electricity. 
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• Capital burdens related to the financial costs of construction and maintenance 

associated with AD are relatively low in comparison to alternative treatment 

technologies. 

• Digestate can be used in agricultural landspreading as a substitute for organic 

fertilisers (Defra, 2011a). 

2.4.6  Mechanical biological treatment 

Mechanical biological treatment (MBT) is a residual waste management method that 

comprises a combination of mechanical and biological treatments. Broadly, MBT 

processes can be categorised into three different types (Defra, 2013d): 

• Bio-stabilisation/bio-drying, which involves the partial composting of (usually) 

unsorted waste prior to a mechanical separation stage 

• MBT with in-vessel composting (IVC), which involves the mechanical sorting of 

waste and the aerobic composting of either residual waste or a segregated organic-

rich fraction 

• MBT with anaerobic digestion (AD), which involves the mechanical sorting of 

waste and the AD of a segregated organic-rich fraction. Produced biogas may be 

utilised to generate electrical and/or thermal energy 

The MBT process comprises several stages: 1) mechanical sorting and separation of the 

waste feedstock through a combination of mechanical shredding, grinding, screening, 

and mixing; 2) biological treatment; and 3) management of solid residues (compost-like 

output), including screening to remove contaminants, grading, and application. Note 

that the sorting phase may precede or follow the biological treatment phase.  

Compared to other residual waste treatment options, such as thermal treatment or 

landfill, MBT offers a number of advantages. Firstly, potentially valuable materials may 

be recovered for recycling during the mechanical treatment (sorting) phase, whilst can 

help boost recycling rates. Additionally, refuse-derived fuel (RDF) may be produced 

from the residual (coarse) fraction, which can be combusted to generate energy 

(Montejo et al., 2013). Secondly, the biological treatment process reduces the total 

volume of the waste, enabling the more efficient use of landfill void space, and 

enhances the biological stabilisation of the waste, minimising gas and leachate 

emissions (Tambone et al., 2011; Scaglia et al., 2013).  
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However, the use of MBT also comes with a number of potential disadvantages. Firstly, 

the quality of recovered materials is often poor (Pressley et al., 2015), which limits the 

number of potential markets upon which recovered materials may be resold and reduces 

their value. Secondly, MBT residues that are disposed of in landfills are subject to 

landfill tax as well as gate fees, which represents a financial burden to MBT plant 

operators. Thirdly, and finally, MBT plant operators may demand that a certain tonnage 

of waste be processed at the plant per year, which may potentially undermine waste 

minimisation, reuse, and recycling efforts in the waste disposal authority area.  

MBT is a firmly established waste treatment method in Europe, particularly in 

Germany, Italy, Switzerland, Austria, and the Netherlands, with over 330 MBT facilities 

currently operational throughout Europe (Ecoprog, 2011). In England, there are 

currently 19 permitted MBT facilities in operation, with a total annual capacity in 

excess of 2,500 thousand tonnes (Defra, 2013d). 

2.4.7 Thermal treatment 

Thermal treatment refers to any technology in which waste or a waste-derived product 

is combusted, usually to generate heat and/or electrical energy. Thermal treatment 

technologies can be categorised into two types: incineration (with or without energy 

recovery); and advanced thermal treatment (ATT) technologies, such as gasification and 

pyrolysis. An overview of these technologies is presented below. 

 Incineration 

Incineration is the most common thermal treatment for MSW. The incineration process 

involves the heating of wastes in aerobic conditions to oxidise organic compounds. The 

combustion process generates a flue gas, consisting principally of CO2 and water, whilst 

molecular nitrogen (N2) may also be produced as a result of complete combustion. The 

incineration process results in the complete destruction of the organic portion of waste, 

typically reducing the volume of the waste feedstock by around 90% and its weight by 

70-80% (Hjelmar et al., 2011). The remaining residues comprise a mix of compounds, 

which include ash, air pollution control residues (used to ‘scrub’ the flue gas of 

environmentally harmful air pollutants (see Vehlow and Dalager, 2011)); and other 

solid residues. These residues often contain a high proportion of metals, which can be 
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recovered and sent for recycling (Tchobanoglous et al., 1993; Hulgaard and Vehlow, 

2011; Vallero, 2011).  

There are three principal types of incineration technology (note that other, less common, 

technologies do exist and are in operation): moving grate incineration – the most 

commonly used incineration technology – in which waste is transported on a moving 

grate through a furnace; rotary kiln incineration, in which waste is combusted in a 

rotating cylinder; and fluidised bed incineration, where waste is ‘fluidised’ via 

suspension in an upward air stream over a heated bed of agitated, inert granular 

particles, such as silica, sand, limestone, or a ceramic material, from which heat is 

transferred to the waste (Hulgaard and Vehlow, 2011; Vallero, 2011). 

Modern incineration facilities must adhere to stringent monitoring and control 

requirements to prevent or reduce environmental pollution caused by the incineration 

process. Key requirements for the operation of an incineration plant include: 

• A minimum temperature for combustion and residence time for combustion 

products (for MSW, these minimum requirements are 850°C for 2 seconds). 

• Specific emissions limits for a wide range of air pollutant species, including sulphur 

dioxide, nitrogen oxide and nitrogen dioxide, hydrogen chloride, carbon monoxide, 

dust, and heavy metals. 

• A maximum total organic carbon content for bottom ashes of less than 3%.  

These requirements are established in the Industrial Emissions Directive (2010/75/EU) 

(EC, 2010b) (a coalescence of seven existing directives, including the Waste 

Incineration Directive (2000/76/EC) [EC, 2000b]), which is transposed in the UK as 

follows:  

• in England and Wales, the Environmental Permitting (England and Wales) 

(Amendment) Regulations 2013  

• in Scotland, the Waste Incineration (Scotland) Regulations 2003  and the Pollution 

Prevention and Control (Scotland) Regulations 2012  

• in Northern Ireland, the Waste Incineration Regulations (Northern Ireland) 2003  

and the Pollution Prevention and Control Regulations (Northern Ireland) 2003 (as 

amended)  
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As a consequence of these stringent control measures, modern incineration facilities 

have advanced air pollution control mechanisms in place to ensure harmful emissions to 

the air are minimised. Furthermore, flue gas is utilised to generate energy, either 

indirectly in the form of electricity, or directly as heat for district heating schemes. An 

incinerator producing exclusively heat energy can achieve a gross thermal energy 

generation efficiency of around 80-90% (based on lower heating value [LHV], MJ). 

Where this energy is used to raise steam for electrical energy generation, a gross 

efficiency of 17-30% may be achieved (EC, 2006). In contrast, the typical gross 

electrical energy generation efficiencies of large coal or gas fired power stations may be 

33-38%, whilst the electrical efficiency of a combined cycle gas turbine power station 

may be in excess of 50%. To maximise energy generation, modern incineration facilities 

typically utilise combined heat and power (CHP) technology to co-produce electrical 

and thermal energy at a substantially higher gross total energy generation efficiency that 

can be achieved if only electricity or heat are generated (Department of Energy & 

Climate Change [DECC], 2014b).  

Despite the considerable advancements in incineration technology and pollution control, 

there remains a prominent, negative public stigma attached to incineration (De Feo and 

De Gisi, 2010), particularly in the UK where incineration remains a unpopular and 

impracticable option (Jamasb et al., 2010; Upham and Jones, 2012). Incineration (with 

energy recovery) accounts for the management of 24.2% of MSW generated in England 

in 2013/2014 (Defra, 2014), which equates to approximately 6,204 kt. There are 87 

permitted incineration and co-incineration facilities currently in operation in the UK (as 

of 25 March 2015) (Defra, 2015a). In addition to this, there are some 23 facilities in 

various stages of planning and construction in England and it is expected that the 

proportion of MSW that is incinerated in the UK will increase in the near future as local 

authorities look to meet landfill diversion targets (Defra, 2013c). 

 Alternative thermal treatment 

Whilst mass burn incineration has historically been the principal thermal treatment 

technology used by MSW managers, a range of new alternative thermal treatment 

(ATT) technologies have been developed that can be used to treat MSW. Unlike 

incineration, in which waste is directly combusted to release energy, ATT involves the 

thermal conversion of waste into secondary products (may be solid, liquid, and/or 
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gaseous), such as gases and coke, which are utilised to generate energy. The two 

foremost ATT technologies are gasification and pyrolysis. 

Gasification is an ATT technology in which carbon-based material is thermally and 

chemically converted into a mainly gaseous output, known as syngas, via partial 

oxidation (Astrup and Bilitewski, 2011). The syngas product, which contains carbon 

monoxide, hydrogen, and CH4, has a typical net calorific value (LHV) of 4-10 MJ/m3 

and can be utilised to produce electrical and/or thermal energy (Defra, 2013a). Net 

electricity and heat generation efficiencies (LHV) for gasification are typically lower 

than those for incineration and are reportedly between 15-27% and 33-46%, 

respectively (Astrup et al., 2015). 

Pyrolysis is a ATT technology in which organic material is thermally degraded in 

endothermic, anaerobic conditions. The pyrolysis process produces a range of products, 

including gas, which can be used to generate energy; liquids, in the form of tar, oil and 

water; and a solids a char-like material containing combusted residues (Buah et al., 

2007; Astrup and Bilitewski, 2011). Information on net electricity and heat generation 

efficiencies (LHV) for pyrolysis are scarce, with Astrup et al. (2015) reporting average 

efficiencies of 15% and 70% for electricity and heat, respectively. 

The development of ATT technologies in the UK remains in its infancy. There are 

currently only two permitted gasification facilities, located on the Isle of White and in 

Dumfries, and one permitted pyrolysis facility, located in Cambridgeshire. However, a 

number of ATT facilities are currently under construction in the UK and the role of 

ATT in SWM is expected to become more prominent in the near future (Defra, 2013a; 

Eunomia Research & Consulting Ltd. [Eunomia], 2013).  

2.4.8 Landfill 

Historically, landfilling has been the primary disposal method for waste in the UK and 

throughout the world (Tchobanoglous et al., 1993; Blight, 2011). In the past, landfill 

sites, or ‘dumps’, were generally left uncapped and unlined, posing a serious threat to 

the local environment and to human health. As recognition of this pollution risk 

increased, landfill site design has developed over the past several decades towards 

engineered containment comprising low-permeability caps and lining systems that act to 

protect the surrounding environment. 
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Landfills comprise a series of cells and sections (group of cells that share a leachate 

control system) that are filled as waste is received (Christensen et al., 2011b; 

Christensen et al., 2011c). Once these cells and sections are filled they are covered with 

several layers of soils, sand, gravel, and clay to contain the waste and protect and 

environment and human health (Scheutz and Kjeldsen, 2011). A bottom lining system 

provides a physical barrier between infilled cells and the environment, preventing 

leachate from entering groundwater or surface water sources (Christensen et al., 2011a). 

The most advanced reactor landfills utilise leachate recirculation and LFG capture 

technologies to help alleviate the environmental impacts from the landfill site. Leachate 

recirculation results in an acceleration of organic matter degradation, which can help 

optimise LFG generation rates (Christensen et al., 2011b). The aim of LFG 

management systems (classified as either ‘active’, in which LFG is extracted via 

suction, or ‘passive’, in which gas is vented in the absence of a suction system) is to 

collect and manage LFG – comprising approximately 48% CO2 and 52% CH4 

(depending on the composition of the landfilled waste) – thereby avoiding its 

uncontrolled release into the atmosphere and providing a source of energy generation 

when the gas is combusted in an engine (Willumsen and Barlaz, 2011).   

In the EU, the use of landfill in waste management is being widely and effectively 

discouraged an effective legislative program. Just over a quarter (26.1%) of solid waste 

generated in the UK in 2012 was disposed of in landfill (Defra, 2015c). Figure 2.2 

presents the amount of MSW generated in England disposed of in landfill between 

2000/2001 and 2013/2014. It can be seen that the amount of MSW disposed of in 

landfill has fallen from 22,029 kt in 2000/2001 (79.0% of total MSW) to 7,933 kt in 

2013/2014 (30.9% of total MSW). Despite this, it is recognised that there will, 

unavoidably, always be a fraction of MSW that must be disposed of in landfill 

(McDougall et al., 2001). Alternative waste management technologies, such as 

incineration and mechanical biological treatment (MBT), produce (typically inert) 

residues that must be managed. Landfills provide a safe and reliable long-term means of 

storing these residues (Tchobanoglous et al., 1993). 
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Figure 2.2. Proportion of MSW disposed of in landfill in the UK from 2000/01 to 2013/14. 
Source: Defra (2014). 

2.5 Legislative and policy drivers 

This section provides an overview of the policy framework and key legislative 

instruments that drive the need for improvements in SWM environmental performance, 

particularly with regards to climate impacts,. The section is separated into two sub-

sections: the first sub-section, ‘climate change mitigation’, focuses on legislation and 

policies directed at climate change mitigation at a broad, cross-sectoral level; whilst the 

second sub-section, ‘solid waste management’, focuses specifically on legislation and 

policies directed at improving the environmental performance of SWM. 

2.5.1 Climate change mitigation 

 International legislation 

At the international level, recognition within the UN that climate change mitigation will 

require coordination action by nations to reduce their emissions of GHGs resulted in the 

establishment of the United Nations Framework Convention on Climate Change 

(UNFCCC) in 1992 (effective as of March 1994). The treaty, to which the UK is a 

signatory, provides a framework for establishing international treaties (known as 

‘protocols’) that may set national legally-binding GHG emissions limits (UN, 1992).  
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The Kyoto Protocol, an international agreement established under the UNFCCC that 

was negotiated in 1997 and became effective in 2005, commits State Parties (i.e. 

signatory nations) to setting internationally legally-binding GHG emissions reduction 

targets for a defined commitment period, the first being 2008-2012. As a State Party, the 

UK was set a target for the first commitment period of a 12.5% reduction in GHG 

emissions on 1990 levels, a target that was successfully achieved, with the UK reducing 

its emissions by 27% by 2011 (UN, 1998; HM Government, 2011). A second 

commitment period of the Kyoto Protocol was agreed in 2012, with 49 countries 

ratifying the Doha Amendment and agreeing to establish GHG emissions reduction 

targets for the period 2013-2020. The UK, as a Member State of the EU, are committed 

to a 20% GHG emissions during this period (UN, 2012). Notably, the Kyoto Protocol 

highlights the waste management sector as a priority area for action and makes specific 

reference to the implementation of national policies and measures to limit and/or reduce 

CH4 emissions from landfill by promoting LFG recovery and utilisation. 

 European legislation 

The EU has played and continues to play a significant role in the international climate 

change mitigation effort. The EU has set itself a long-term target of reducing GHG 

emissions by 80% to 95% by 2050 compared to 1990 levels (EC, 2011c). To ensure 

regular progress towards this target, the EU have introduced a suite of shorter-term 

targets and policy objectives. The 2020 climate and energy package, established in 2007 

and enacted in legislation in 2009, sets three key targets: 1) a 20% reduction in GHG 

emissions (on 1990 levels); 2) a 20% improvement in energy efficiency; and 3) a 20% 

EU energy mix share for renewable energy. This package was built upon by the 2030 

climate and energy framework, adopted in 2014, which establishes three key targets for 

the year 2030: 1) at least a 40% reduction in GHG emissions (on 1990 levels); 2) at 

least a 27% improvement in energy efficiency; and 3) at least a 27% EU energy mix 

share for renewable energy. 

 National legislation 

The UK Government have introduced a broad range of legislative instruments and policies that aim to 
reduce or minimise national GHG emissions levels. The Climate Change Act, which was passed in 2008, 
established a framework for the UK to achieve its long-term goals with regards to climate change 
mitigation and adaptation. The Act puts into statue a long-term national GHG emissions reduction target 
of at least 80% below 1990 levels to be achieved by the year 2050. To ensure that regular progress is 
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made towards achieving this long-term target, the Act also requires that the government establish a 
system of five-yearly ‘carbon budgets’, beginning with period 2008-2012 (see Table 2.4).Table 2.4. UK 
carbon budgets leading to 2027.  

Budget (period) GHG emissions level (Mt CO2e) % reduction below 1990 levels 
1st Carbon budget (2008-12) 3,018  23% 
2nd Carbon budget (2013-17) 2,782  29% 
3rd Carbon budget (2018-22) 2,544  35% 
4th Carbon budget (2023-27) 1,950  50% 

Source: adapted from HM Government (2011). 

2.5.2 Solid waste management 

Historically, concerns over public health and safety have been the principal drivers of 

waste politics and regulations. These concerns still apply today – it remains essential 

that waste is managed in a manner that minimises risk to human health. However, as 

environmental sustainability has become increasingly recognised and incorporated into 

the public agenda, waste management has come under pressure to minimise its adverse 

environmental impacts. The traditional view of waste as a pollutant has evolved into one 

that regards it as a resource, whilst the impact of CH4 on global warming is now firmly 

established. In this setting, a raft of legislative instruments and policies have been 

introduced in the past two decades that seek to enhance the role played by SWM in 

climate change mitigation and resource efficiency by promoting and requiring cleaner, 

more efficient SWM systems. 

This section provides an overview of key legislative instruments and policies that aim to 

drive improvements in the environmental performance of SWM, particularly with 

regards to climate impacts. Relevant legislation and policies can be grouped into three 

categories: 

• European legislation and policy 

• National legislation and policy 

• Financial instruments 

 European legislation and policy 

Since the 1970s, the EU has played a significant role in driving environmental 

performance improvements in the management of solid waste in the UK and across 

Europe through the introduction of comprehensive policies and legislative measures 

regarding waste management. Since 2005, EU waste policy and legislation has been 
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guided by the Thematic Strategy on the Prevention and Recycling of Waste (EC, 

2011e), which aims to make the EU a recycling society that seeks to, firstly, minimise 

waste generation and, secondly, use waste as a resource. Under the umbrella legislation 

of the revised Waste Framework Directive, policies and legislative measures have been 

introduced that focus on improving the EU’s resource efficiency and reducing the 

negative environmental and human health impacts of waste treatment operations, 

principally incineration and landfill, and specific, problematic waste streams, such as 

waste oils, batteries, and packaging waste. This section outlines the key legislative 

measures and policies that have been adopted by the EU that focus on improving 

resources efficiency and on improving the life cycle environmental performance of 

SWM, particularly with regards to climate impacts.  

2.5.2.1.1 The Waste Framework Directive 

The revised Waste Framework Directive (2008/98/EC) is the overarching legal 

instrument governing waste legislation and policy within Europe (EC, 2008a). The 

directive sets the basic concepts and definitions for waste management in the EU, such 

as the definitions of waste, recycling, reuse, and recovery, and the establishment of end-

of-waste criteria (i.e. when waste ceases to be waste and becomes a secondary material). 

The Directive establishes several core waste management principles: 1) it requires that 

waste management is carried out without endangering human health and without 

harming the environment; 2) it establishes the principles of ‘polluter pays’, ‘proximity’, 

and ‘extended producer responsibility’; and 3) it requires that all policies and legislative 

instruments concerning waste that are introduced by Member States apply the waste 

hierarchy – a legally binding priority order of waste management comprising five 

options listed in order of preference: prevention, preparation for reuse, recycling, 

recovery (for energy production), and disposal (see Figure 2.3) – unless deviation from 

the waste hierarchy for specific waste streams can be justified by the application of life 

cycle assessment (LCA; see Section 2.6). Finally, the directive outlines a requirement 

that separate collection be set up for at least the following materials, paper, plastics, and 

glass, by 2015 and includes a reuse, recycling, and recovery target of 50% MSW to be 

achieved by 2020. The revised Waste Framework Directive was transposed into national 

law in the UK as follows: 

• in England, The Waste (England and Wales) Regulations 2011 (as amended)  
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• in Wales, The Waste (England and Wales) Regulations 2011 (as amended) and the 

Waste (Miscellaneous Provisions) (Wales) Regulations 2011  

• in Scotland, The Waste (Scotland) Regulations 2012  

• in Northern Ireland, The Waste Regulations (Northern Ireland) 2011 
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• by 2013, reduce the portion of BMW that is landfilled to 50% of that produced in 

1995  by the UK (achieved) 

• by 2020, reduce the portion of BMW that is landfilled to 35% of that produced in 

1995 by the UK 

The requirements of the Directive were transposed into UK legislation through the 

Landfill (England and Wales) Regulations 2002 and later re-transposed through the 

Environmental Permitting (England and Wales) Regulations 2007. 

2.5.2.1.3 The Industrial Emissions Directive 

The Industrial Emissions Directive (2010/75/EU) (EC, 2010b), which is a coalescence 

of seven existing directives – including, most notably, the Waste Incineration Directive 

(2000/76/EC) (EC, 2000) and the Integrated Pollution Prevention and Control Directive 

(2008/1/EC) (EC, 1996) – aims to minimise the negative environmental and human 

health impacts from industrial installations, including waste incineration and co-

incineration. The Directive sets limits on emissions to air from incineration plants for a 

range of pollutants (e.g. heavy metals, carbon monoxide, sulphur dioxide, and nitrogen 

oxides), although GHGs are not covered. The Directive also requires that residues 

produced at incineration or co-incineration plants are minimised and, as far as possible, 

recycled. The Directive was transposed into UK legislation through the following 

legislative instruments:  

• in England and Wales, the Environmental Permitting (England and Wales) 

(Amendment) Regulations 2013  

• in Scotland, the Waste Incineration (Scotland) Regulations 2003  and the Pollution 

Prevention and Control (Scotland) Regulations 2012  

• in Northern Ireland, the Waste Incineration Regulations (Northern Ireland) 2003 and 

the Pollution Prevention and Control Regulations (Northern Ireland) 2003 (as 

amended)  

2.5.2.1.4 Waste stream legislation 

A number of directives have been introduced by the EU to complement the revised 

Waste Framework Directive by focusing on specific waste streams. Such legislation, 

which includes directives on WEEE, packaging waste, waste batteries, and end-of-life 

vehicles (ELV), may include measures to minimise environmental and human health 
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impacts and targets to increase recycling. A summary of key EU waste stream 

legislation is presented in Table 2.5. 

Table 2.5. Description of EU waste directives and associated UK legislation (transposition) relevant to the 
environmentally sustainable management of MSW. 

EU Directive UK transposition Description 
The Waste Electrical 
and Electronic 
Equipment (WEEE) 
Directive 
(2002/96/EC) (EC, 
2002) 

The Waste 
Electronic and 
Electrical Equipment 
Regulations 2006 

Aims to minimise the amount of WEEE being sent to 
landfill, thereby minimising the negative impacts of 
WEEE on the environment 

The Batteries and 
Accumulators 
Directive 
(2006/66/EC) (EC, 
2006) 
 

The Waste Batteries 
and Accumulators 
Regulations 2009 

Aims to reduce the negative environmental impacts 
of batteries and accumulators by introducing 
measures to help establish waste battery collection 
schemes, banning the disposal of untreated 
automotive and industrial batteries, and promoting 
and setting targets in relation to the collection of 
waste batteries 

The End of Life 
Vehicles (ELVs) 
Directive 
(2000/53/EC) (EC, 
2000a) 

The End-of-Life 
Vehicles Regulations 
2003 

Aims to promote more environmentally-friendly 
handling, treatment and disposal of ELVs by laying 
down quantitative targets for the reuse, recycling, 
and recovery of ELVs and their components 

The Packaging and 
Packaging Waste 
Directive (94/62/EC) 
(EC, 1994) 

The Producer 
Responsibility 
Obligations 
(Packaging Waste) 
(Amendment) 
Regulations 2012 

Focuses on minimising the negative environmental 
impacts associated with waste packaging by setting 
minimum targets for the recovery of certain 
packaging wastes and their subsequent recycling 

WEEE, waste electrical and electronic equipment; ELV, end-of-life vehicle. 

2.5.2.1.5 The Roadmap to a Resource Efficient Europe 

Published by the EC in 2011, the Roadmap to a Resource Efficient Europe (EC, 2011d) 

is part of the Resource Efficiency Flagship (EC, 2011b) of the Europe 2020 Strategy – 

the EU’s sustainable growth strategy until the year 2020 (EC, 2010a). The roadmap 

outlines approaches to increase resource productivity and decouple economic growth 

from resource consumption and its environmental impact with the aim of supporting the 

EU in meeting its medium- to long-term targets outlined in the Europe 2020 Strategy. 

With regards to SWM, the roadmap promotes the creation of policies aimed at (non-

exclusively) developing functional markets for secondary materials, introducing 

incentives for waste prevention and recycling, and improving collection processes. 

Furthermore, the roadmap introduces a key milestone for 2020 that waste generation is 
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minimised as far as possible but, where it is generated, it is recognised and managed as 

a resource that is traded on well-developed, functional markets, whilst non-recycle 

materials are managed by energy recovery and landfilling is virtually eliminated.  

2.5.2.1.6 Overlapping legislation 

A number of cross-sectoral legislative instruments have been introduced by the EU that 

focus on improving the environmental performance of different sectors. These measures 

have focused on enabling the EU to meet its targets for the years 2020, 2030, and 2050 

regarding reducing its GHG emissions, improving its energy efficiency, and improving 

its share of energy supplied from renewable sources (see Section 2.5.1.2). This section 

provides an overview of key cross-sectoral legislative instruments introduced by the EU 

that will affect the SWM sector.  

2.5.2.1.6.1 The European Union Emissions Trading System 

The EU Emissions Trading System launched in 2005, was the first GHG emissions 

trading scheme in the world and, with more than 11,000 factories, power plants, and 

other installations and all 28 EU Member States involved, the scheme remains the 

largest in the world. Under the scheme, a ‘cap’, or limit, is set on the total amount of 

specific GHGs that may be emitted by certain installations, with this cap then reduced 

over time to ensure that total emissions are also reduced. Companies then receive or 

purchase emission ‘allowances’ (or ‘credits’) that may be traded with other companies 

or used to invest in emission-saving projects around the world. Companies must ensure 

that they have enough allowances to cover all of their annual emissions or face 

substantial monetary fines. Whilst the electrical and heat energy generation sectors are 

included in the scheme, units for incineration (with energy recovery) of hazardous waste 

or MSW are excluded. Hence, the SWM sector is only indirectly affected by the scheme 

through its interaction with energy-intensive industrial sectors – for purposes of 

materials reprocessing – such as (non-exclusively) steel works and the production of 

aluminium, glass, pulp and paper, and cardboard.  

2.5.2.1.6.2 The Renewable Energy Directive 

The Renewable Energy Directive (2009/28/EC) (EC, 2009b) creates a framework for 

the promotion of renewable energy in the EU so as to minimise GHG emissions and 
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encourage cleaner transport. The Directive sets national renewable energy share targets 

for Member States with the overall aim of achieving an EU energy renewable energy 

share of 20% by 2020 and, in doing so, meeting one of the 20-20-20 targets from the 

EU’s 2020 Climate and Energy Package. In the Directive, the UK is set a target of 15% 

share of energy from renewable sources to be achieved by 2020. Of relevance to SWM, 

energy generated from biodegradable MSW is counted as a renewable energy source. 

2.5.2.1.6.3 The Energy Efficiency Directive 

The Energy Efficiency Directive (2012/27/EU) (EC, 2012) provides a framework for 

establishing measures to promote energy efficiency across the EU so as to minimise 

GHG emissions. The Directive aims to assist the EU in achieving its energy efficiency 

targets, as established in the 2020 climate and energy package. Under the Directive, 

electricity and industrial installations above 20 MW in capacity (including large scale 

energy from waste installations) are obligated to investigate the viability of 

cogeneration, waste heat recovery, or district heating network connectivity prior to 

construction or refurbishment. The Directive sets national energy efficiency targets for 

Member States to be achieved by 2020 such that the collective effort amounts to a 20% 

improvement in energy efficiency across the EU. The UK is set a target of an absolute 

level of final energy consumption in 2020 of 129.2 Mtoe (million tonnes of oil 

equivalent), or 177.6 Mtoe of primary energy consumption.  

 National and regional legislation and policy 

In the UK, waste policy is a devolved matter and the devolved administrations of 

England, Scotland, Wales, and Northern Ireland are each responsible for setting their 

own waste strategy and policy. Whilst the core focus of these strategies is on ensuring 

national compliance with EU directives, Scotland and Wales have taken bold, ambitious 

approaches that often exceed the EU’s requirements. This section comprises two sub-

sections: the first sub-section, ‘Waste strategy’, provides an outline of strategies and 

legislation adopted by each devolved administration with regards to SWM; whilst the 

second sub-section, ‘Financial instruments’, outlines key financial instruments 

introduced in the UK to support compliance with the Landfill Directive and the 

Renewable Energy Directive.  
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2.5.2.2.1 Waste strategy 

2.5.2.2.1.1 England 

The current waste strategy for England is based on the Government Review of Waste 

Policy in England 2011 (Defra, 2011b) (‘the Review’). The Review provides a review 

of waste policies in England and sets the aim of moving to a ‘zero waste economy’ by 

2020 by recognising waste as a resource to be managed in-line with the waste hierarchy 

and to reduce GHG emissions. Building on the Review, the Waste Management Plan 

for England (‘the Plan’) was published in 2013 with the aim of establishing a path 

towards a ‘zero waste economy’ (Defra, 2013e). The Plan does not, however, include 

any new waste management policies for England. 

The government have adopted a relatively laissez-faire approach to waste regulation and 

policy in England. At present, waste strategy and regulation is chiefly driven by use of 

the Landfill Tax escalator (see Section 2.5.2.2.2.2) and government-issued recycling 

targets for local authorities. Local authorities are given flexibility in deciding how to 

meet their targets and the government have stated that it will only intervene in waste 

matters where necessary or where there are is a clear market failure.  

One area of priority for the government has been to improve the quality of recyclate 

produced at MRFs. To this end, The Environmental Permitting (England and Wales) 

(Amendment) Regulations 2014 was passed into law in 2014, requiring that certain 

MRFs undertake sampling of their input and output material streams and make this 

information publically available. Another priority area has been the promotion of waste 

prevention and reduction efforts and, since the launch of the Waste Prevention 

Programme for England in December 2013 (HM Government, 2013), a number of 

waste prevention initiatives have been introduced (WRAP, 2015). 

At a broader level, the government have set as a priority area a need to increase the 

supply of renewable electricity to ensure that it meets its 2020 target of sourcing 15% of 

its total energy from renewable sources, as set by the EU Renewable Energy Directive. 

To this end, the government have introduced a policy for the delivery of major energy 

infrastructure (DECC, 2011a), including new energy from waste installations 

(principally ATT technologies) and have outlined a commitment to enhancing the role 
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of AD (Defra, 2011a), with AD recognised as being an effective means of reducing 

GHG emissions from waste management and supplying renewable energy.  

2.5.2.2.1.2 Scotland 

Scotland’s Zero Waste Plan, published by the Scottish Government in June 2010, is 

Scotland’s overarching, long-term policy document for resource efficiency and 

sustainable waste management (The Scottish Government, 2010). The document 

outlines the Scottish Government’s long-term vision of a ‘zero waste’ Scotland. 

Measures promoted in the document include a ban on landfilling of certain recyclable 

materials, a requirement for Local Authorities to separately collect certain wastes (e.g. 

food waste) restrictions on thermal treatment feedstocks, the establishment of a 25% cap 

on LACW sent for thermal treatment, and measures to reduce GHG emissions from 

waste management. The document also sets a series of targets for recycling, preparation 

for reuse, or composting (or AD) of LACW: 

• 50% by 2013 (failed) 

• 60% by 2020 

• 70% by 2025 

A target of a maximum landfill rate of 5% of LACW by 2025 is also set. These policies 

and targets are legally established by the Waste (Scotland) Regulations 2012, which was 

passed by the Scottish Parliament in May 2012. The regulations also include a number 

of provisions that impact on both local authorities and businesses:  

• by 1 January 2014, local authorities must provide a basic recycling service to all 

households 

• by 1 January 2016, local authorities must offer a food waste collection and recycling 

service in all non-rural areas 

• a ban on the landfilling or incineration of waste material collected for recycling 

• by 1 January 2021, a ban on the landfilling of BMW 

2.5.2.2.1.3 Wales 

In June 2010, the Welsh Government published its ambitious long-term waste strategy, 

entitled Towards Zero Waste (Welsh Assembly Government [WAG], 2010b). The 

document sets out a framework for improving resource efficiency and the sustainability 
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of waste management in Wales until 2050. Measures promoted in the document include 

waste prevention (a target of an annual 1.5% reduction in national waste arisings until 

2050 is set), separate collection of food waste, the provision of information on the 

destinations of recyclate, kerbside sort for household dry recyclables collection (this 

measure is currently under review following recommendations made in the 

Environment and Sustainability Committee report on recycling in wales [National 

Assembly for Wales [NAW], 2014]). The document also sets a series of targets for 

recycling, preparation for reuse, or composting (or AD) of LACW: 

• 52% by 2012/13 (achieved) 

• 58% by 2015/16 

• 64% by 2019/20 

• 70% by 2024/25 

It is also stipulated that, at a minimum, 80% of waste sent for recycling, preparation for 

reuse, or composting (or AD) must come from source separation. Further targets include 

maximum levels of landfill of municipal waste, 10% in 2019/20 and 5% in 2024/25, and 

maximum levels of thermal treatment of MSW for individual local authorities:  

• 42% in 2015/16 

• 36% in 2019/20 

• 30% in 2024/25 

These policy measures and targets are legally established by the Waste (Wales) Measure 

2010, which was passed by the NAW in November 2010. Implementation of the 

strategy is to be achieved through six key Sector Plans, including plans for municipal 

(WAG, 2011), C&I, and the food & retail sectors. These will describe the role of each 

sector in delivering the outcomes, targets, and policies in Towards Zero Waste.  

In December 2013, the Welsh Government introduced the Waste Prevention 

Programme for Wales (Welsh Government, 2013), which addresses waste prevention in 

Wales in fulfilment of the requirements of the EU Waste Framework Directive. The 

strategy supports Towards Zero Waste and outlines policies and targets to encourage 

waste prevention action from the households, businesses, and the public sector. 
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The Welsh Government have also established a broad and ambitious cross-sectoral 

sustainable development scheme, which is outlined in One Wales: One Planet, 

published by the Welsh Government in May 2009. The strategy outlines Wales’ vision 

of making sustainable development the overarching strategic aim of all policies and 

programmes developed by the Welsh Government and to make sustainable development 

the central organising principle in the Welsh public sector. After years of consultation, 

the bold policies outlined in One Wales: One Planet were legally established through 

the Well-being of Future Generations (Wales) Act 2015, which was passed into law in 

April 2015.  

2.5.2.2.1.4 Northern Ireland 

The national waste strategy for Northern Ireland, Delivering Resource Efficiency, was 

published in October 2013 and sets the policy framework for the sustainable 

management of waste in Northern Ireland (Department for the Environment [DOE], 

2013). The strategy emphasises the need to view waste as a resource, with landfill 

diversion recognised as the key driver. The document contains specific targets for MSW 

management:  

• by 2015, achieve a household waste recycling rate of 45% (including preparation for 

reuse)  

• by 2020, achieve a household waste recycling rate of 50% (including preparation for 

reuse) and a local authority collected MSW recycling rate of 60% (including 

preparation for reuse) 

Recycling targets for specific waste streams are in line with those of the EU Directive 

on Packaging and Packaging Waste (94/92/EC). 

In September 2014, the Northern Ireland Executive released its National Waste 

Prevention Programme, The Waste Prevention Programme for Northern Ireland – the 

Road to Zero Waste (DOE, 2014). The plan outlines a strategy for Northern Ireland to 

reduce waste arisings and improve its resource efficiency and emphasises the need to 

take a whole life cycle approach in evaluating resource management solutions.  
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2.5.2.2.2 Financial instruments 

2.5.2.2.2.1 CRC Energy Efficiency Scheme 

The CRC (Carbon Reduction Commitment) Energy Efficiency Scheme was introduced 

by the UK government in 2010 with the aim of driving energy efficiency improvements 

in non-energy-intensive private and public sector organisations and, in doing so, 

reducing carbon dioxide emissions. Organisations are required to participate in the 

scheme is they consume more than 6,000 MWh of half-hourly metered electricity per 

year. Hence, many local authorities and large private waste management companies are 

eligible for the scheme. Under the scheme, the principal requirements of participating 

organisations are to monitor their energy use and to purchase allowances equivalent to 

the CO2 emissions generated by the organisation. This then forms an incentive for 

organisations to reduce their energy use (and, consequentially, their CO2 emissions). 

The scheme was initially introduced under the CRC Energy Efficiency Scheme Order 

2010 but was revised in 2013 through the CRC Energy Efficiency Scheme Order 2013. 

2.5.2.2.2.2 Landfill tax 

The Landfill Tax is a tax payable for every tonne of waste that is disposed of in a 

landfill site. The tax, the UK’s first environmental tax, was introduced in 1996 to 

support the UK in meeting its BMW to landfill diversion targets set out in the Landfill 

Directive by increasingly the cost of landfill and thereby making other waste treatment 

options with higher gate fees more financially appealing. The amount of tax levied is 

calculated based on the weight of material sent for deposition and the nature of that 

material, i.e. whether it is inactive (i.e. inert) or active. Whilst payment of the tax is the 

responsibility of the landfill site operation, the cost is passed on to the waste provider 

(typically private companies and local authorities) as addition to the landfill gate fee. 

Two landfill tax apply, a standard rate for ‘active’ waste (currently 82.60 £/t for 

England, Scotland, and Wales and 85 £/t for Northern Ireland) and a lower rate for 

inactive waste (currently 2.60 £/t for England, Scotland, and Wales and 2.50 £/t for 

Northern Ireland), with rates increasing on an annual basis (see Table 2.6).  

The landfill tax is established in the UK through the following statutory instruments:  

• for England and Wales, The Landfill Tax Regulations 1996 (as amended)  
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• for Scotland, The Scottish Landfill Tax (Qualifying Material) Order 2015  

• for Northern Ireland, The Landfill Tax (Qualifying Fines) Order 2015  

Table 2.6. Historic UK landfill tax rates 
Date of change Standard rate (£/t) Lower rate (£/t) 
1 October 1996 7 2 
1 April 1999 10 2 
1 April 2000 11 2 
1 April 2001 12 2 
1 April 2002 13 2 
1 April 2004 14 2 
1 April 2005 15 2 
1 April 2006 21 2 
1 April 2007 24 2 
1 April 2008 32 2.50 
1 April 2009 40 2.50 
1 April 2010 48 2.50 
1 April 2011 56 2.50 
1 April 2012 64 2.50 
1 April 2013 72 2.50 
1 April 2014 80 2.50 
1 April 2015a 82.60 2.60 

Source: adapted from Her Majesty’s Revenue & Customs (HMRC; 2015). 
a Not applicable for Northern Ireland.  

2.5.2.2.2.3 Landfill Allowance Trading Scheme 

The Landfill Allowance Trading Scheme was adopted by the UK government in 2004 to 

support the UK in meeting its landfill diversion targets under the Landfill Directive. 

Under the scheme, the total permissible amount of BMW that can be landfilled in the 

UK was divided between the devolved countries of England, Wales, Scotland, and 

Northern Ireland. Each national government then allocated each local authorities an 

allowance in tonnes for the amount of BMW they are permitted to send to landfill in a 

given year, with this allocation progressively reducing on an annual basis until 2020. 

Local authorities are allowed to trade their allowances with other local authorities if 

they feel that the number of allowances they have exceeds the amount that they will 

require. Allowances may also be ‘banked’ (i.e. saved) for future years or ‘borrowed’ 

from future allowances for earlier use. Local authorities that exceed their allocated 

allowances are handed a financial penalty. The scheme was legally established in 

England under The Landfill Allowances and Trading Scheme (England) Regulations 
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2004 until it was abolished in England in March 2013 following the publication of the 

Government Review of Waste Policy in England 2011 (Defra, 2011b).  

The scheme remains in place in Wales, Scotland, and Northern Ireland as the Landfill 

Allowances Scheme under the following legislative instruments:  

• for Scotland, The Landfill Allowances Scheme (Scotland) Regulations 2005  

• for Wales, The Landfill Allowances Scheme (Wales) Regulations 2004 (as 

amended)  

• for Northern Ireland, The Landfill Allowances Scheme (Northern Ireland) 

Regulations 2004 (as amended)  

2.5.2.2.2.4 Private Finance Initiative 

In 2006, the UK government established the Waste Infrastructure Delivery Programme 

to encourage the development of new waste infrastructure by providing financial 

support and guidance to local authorities undertaking waste projects through the Private 

Finance Initiative scheme. The scheme aims to incentivise the construction of waste 

infrastructure assets over other options for reducing the amount of waste disposed of in 

landfill. Whilst £1.7 billion of Private Finance Initiative ‘credits’ have allocated by the 

government to 28 local authorities to fund waste infrastructure projects since its 

conception, the scheme has faced widespread criticism due to a perceived lack of value 

for money in the schemes (House of Commons Committee of Public Accounts, 2014).  

2.5.2.2.2.5 The Renewables Obligation 

The Renewables Obligation (RO) was introduced in 2002 with the aim of providing 

incentives for the large-scale deployment of renewable electricity generation in the UK. 

The RO is legally established in the UK under the following statutory instruments:  

• for England and Wales, The Renewables Obligation Order 2009 (as amended) 

• for Scotland, The Renewables Obligation (Scotland) Order 2009 (as amended)  

• for Northern Ireland, The Renewables Obligation Order (Northern Ireland) 2009 (as 

amended) 

Under the scheme, Renewable Obligation Certificates (ROCs) are issued by Ofgem to electricity 
suppliers relating to the amount of electricity they generate from eligible renewable sources. ROCs, 
which have no fixed price, are then sold by electricity generators to suppliers at a premium, with the 
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amount paid by a supplier for a ROC a matter for negotiation. To demonstrate their compliance with the 
RO, suppliers are required to present their ROCs to Ofgem, who dispense financial penalties to suppliers 
if insufficient ROCs are presented. Details of energy from waste technology eligibility for the RO are 
presented in Table 2.7.Table 2.7. Energy from waste technologies that quality for financial incentives. 

Financial 
incentive 

Landfill (LFG 
utilisation) 

Incineration (with 
energy recovery) 

ATT AD 

RO Eligible only if 
electricity is 
generation using 
pre-2013 capacity 
and currently earns 
0.25 ROCs/MWh. 
Closed LFG systems 
and LFG heat 
recovery systems 
are eligible and 
currently receive 0.2 
and 0.1 
ROCs/MWh, 
respectively 

Only eligible if it is 
CHP. Currently 
earns 1 ROCs/MWh  

Eligible, and 
currently earns 2 
ROCs/MWh, 
although this will be 
reduced to 1.9 and 
1.8 for 2015/16 and 
2016/17 capacity, 
respectively 

Eligible, and 
currently earns 2 
ROCs/MWh, 
although this will be 
reduced to 1.9 and 
1.8 for 2015/16 and 
2016/17 capacity, 
respectively 

RHI Ineligible Only eligible if a 
CHP system 

Eligible. 
Preliminary 
accreditationa 
available for 
installations > 200 
kW 

Eligible. 
Preliminary 
accreditationa 
available 

FIT Ineligible Eligible only if it is 
CHP with a net 
capacity of ≤50 kW 

Ineligible Eligible, with 
current tariffs 
(p/kWh) set as 
follows: ≤250 kW 
capacity, 10.3; ≤250 
kW to 500 kW, 
9.36; and >500 kW, 
8.68 

Source: adapted from Renewable Energy Association (REA; 2011). 
a Preliminary accreditation provides companies who are submitting plans for installations to be 
commissioned with evidence that demonstrates that, once built, the installation would meet the RHI 
eligibility criteria. 
LFG, landfill gas; ATT, advanced thermal treatment; AD, anaerobic digestion; RO, Renewables 
Obligation; ROC, Renewable Obligation Certificate; CHP, combined heat and power; RHI, Renewable 
Heat Incentive; FIT, Feed-in Tariff. 

2.5.2.2.2.6 The Non-Domestic Renewable Heat Incentive 

The Non-Domestic Renewable Heat Incentive (RHI) is a financial incentive scheme 

designed to promote the uptake of renewable heat energy generation technologies and 

reduce GHG emissions. The RHI is legally established in Great Britain and Northern 

Ireland through The Renewable Heat Incentive Regulations 2011 (as amended) and The 

Renewable Heat Incentive Scheme Regulations (Northern Ireland) 2012, respectively. 
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The RHI aims to help the UK meet its renewable energy target of 15% by 2020, as 

required by the EU Renewable Energy Directive (2009/28/EC), and provides payments 

over a 20 year period to eligible, non-domestic renewable heat generators and 

biomethane producers. The amount payable to heat suppliers is subject to detailed 

criteria (see Ofgem, 2015). Details of energy from waste technology eligibility for the 

RHI are presented in Table 2.7. 

2.5.2.2.2.7 Feed-in Tariffs 

The Feed-in Tariff (FIT) scheme, introduced in 2010 and legally established in Great 

Britain under The Feed-in Tariffs Order 2012 (as amended), is designed to encourage 

the uptake of small-scale renewable and low-carbon electrical energy generation 

technologies. Note that the FIT scheme does not cover Northern Ireland as the primary 

legislation that provides for the scheme, the Energy Act 2008 only applies to Great 

Britain. The FIT scheme creates an obligation  for certain electricity suppliers, of ‘FIT 

Licensees’, to pay fixed tariffs to eligible renewable and CHP installations for generated 

and exported electricity. The tariffs vary depending on the technology and the capacity 

of the installation. With regards to the SWM sector, AD facilities and micro-CHP 

facilities qualify under the FIT scheme for payments (see Table 2.7). Note that as a 

result of the introduction of this scheme, AD micro-generating facilities (< 50 kW 

capacity) are now excluded from RO support. 

 

2.6 Supporting climate-conscious solid waste management 

decision-making 

Given the level of international concern over the potential negative impacts of climate 

change and the stringent regulatory and policy framework, outlined in the previous 

section, that has developed, there is increasing public and political pressure on the 

SWM sector to maximise its resource efficiency and minimise its environmental 

impacts, including its climate impacts. In this context, analytical tools are needed to 

assist private companies and local and national governments in evaluating the GHG 

emissions performance of their SWM systems and activities, to appraise and monitor 

potential policy measures and strategic decisions, and to communicate their 
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performance to key stakeholders. These tools must be able to handle and address the 

complexities of modern SWM systems and processes and must be able to provide 

decision makers with comprehensible, practicable information. This section provides an 

overview of systematic methodologies for evaluating potential environmental impacts 

of SWM systems and processes, with a focus on life cycle climate impacts.  

2.6.1 Life cycle assessment 

Life cycle assessment is a quantitative tool that assesses the environmental and human 

health aspects and potential impacts of a product or product system over its entire life 

cycle (i.e. from ‘cradle to grave’), from raw materials extraction through production and 

manufacturing, use, and end of life treatment and disposal (ISO, 2006b). The holistic 

perspective of LCA makes it a valuable tool upon which to compare alternative 

products, strategic decisions, and policies, with LCA being identified as the preferred 

method of comparing SWM options in the EU Waste Framework Directive (EC, 

2008a). A summary of the advantages and disadvantages of the use of LCA is presented 

in Table 2.8. Life cycle assessment is subject to an international standardised 

methodology and framework, ISO 14040 and ISO 14044 (ISO, 2006b, 2006c) 

According to this framework, a LCA consists of four distinct, iterative phases: goal and 

scope definition, inventory analysis, impact assessment, and interpretation (see 

Figure 2.4). 
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Table 2.8. Advantages and disadvantages of LCA. 
Advantages Disadvantages 
• Provides a holistic, 

quantitative assessment of 
potential environmental 
impacts associated with a 
product or product system 
through its full life cycle 

• Subject to an international 
standardised methodology 
(ISO, 2006b, 2006c) 

• Wide availability of 
methodological and 
procedural guidance 

• Wide availability of peer-
reviewed LCI databases 

• Has been found to provide 
policy and strategic decision 
relevant and consistent results 
(Finnveden and Ekvall, 1998; 
Björklund and Finnveden, 
2005) 

• Allows for comparisons 
between different products 
and product systems 
(Baumann and Tillman, 2004) 

• Large uncertainty associated with a number of impact 
categories, particularly toxicity-related impacts (Finnveden 
et al., 2000; Pennington, 2001; Reap et al., 2008b) 

• Data and time intensive endeavour 
• As the methodology and the assumptions used are of almost 

equal importance as the results in an LCA report, outcomes 
of an LCA can be quite difficult for decision- and policy-
makers, who, for the most part, want straightforward results 
that can be easily translated into decisions and policy 

• Representative, appropriate, high quality data can be hard to 
acquire 

• Inappropriate functional unit or system boundary definition 
can diminish the effectiveness of LCA outcomes (Reap et 
al., 2008b) 

• Generally, LCA models of waste management quantify 
environmental impacts per kg or tonne of waste generated. 
This implies that the total quantities of waste generated are 
not affected by changes to management measures 
investigated (Ekvall et al., 2007) 

• LCA has been found to be an inadequate tool for assessing 
waste prevention strategies (Ekvall et al., 2007) 

• Involves a drastic simplification of a complex real system 
(Ekvall et al., 2007) 

 
                 Figure 2.4. Stages of a life cycle assessment.  
                 Source: ISO 14040 (ISO, 2006b). 
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 Goal and scope definition 

 The first step of an LCA study is to state, unambiguously, the reason(s) why 

the study is to be carried out, the intended application(s) and the target 

audience. This is known as goal definition. This then, in turn, defines the 

scope of the study, which is expressed in terms of a description of the 

system under investigation, the functions of the system, the functional unit – 

a unit of reference upon which the investigation shall be based and to which 

all comparisons must relate – and a definition of the study’s system 

boundaries, which includes a definition of the life cycle stages to be covered 

and which unit processes are to be included (Clift et al., 2000; Finnveden et 

al., 2000; Wolf et al., 2012). Also required is a description of the data 

quality requirements necessary to meet the intended goal of the study. This 

should address the time-related, geographical, and technological coverage 

and the completeness, representativeness, and consistency of the data used, 

as well as the reproducibility and consistency of the study’s methodology 

(ISO, 2006c).Life cycle inventory analysis 

The next phase involves the compilation of a life cycle inventory (LCI) and the actual 

modelling of the system as defined in the goal and scope definition phase. This phase 

starts with the identification and collection of data required to meet the goal of the 

study. Two types of data are required for an LCA study: 1) inventory data for all 

processes of the system, including inputs and outputs of materials (raw and ancillary), 

energy (consumption and production), water, products, wastes, and emissions to the 

environment; and 2) process-oriented parameter information, such as sub-process 

technology levels, transportation distances and vehicle type, and transfer coefficients; 

and waste property information, such as physical and elemental composition (EC Joint 

Research Centre - Institute for Environment and Sustainability [JRC-IES], 2011a). In 

order to clearly outline what activities are to be modelled, and help clarify their 

interrelationships, it is common for a flow chart to be included. 

To build up an accurate, detailed model of a SWM system the use of primary, site-

specific data is desirable (Finnveden et al., 2000; ISO, 2006b, 2006c; JRC-IES, 2011a) 

However, it is not always possible to obtain such data for all processes and, in such 

cases, it is necessary to use data based on extrapolation from the same or similar process 
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technology from a different geographic area. Where even this is not possible, data may 

be taken from other types of technology or calculated based on theory (Hauschild and 

Barlaz, 2011). Where literature data are used, several important factors must be 

considered: firstly, the representativeness of the technologies covered; secondly, the age 

of the data – published data may be outdated due to prolonged publication procedures; 

and the data quality, assessed according to its reliability, completeness, temporal 

correlation, geographic correlation, and technological correlation based on the scope of 

the study (see Weidema and Wesnæs, 1996). 

Finally, an initial validation of data is carried out in order to confirm and justify that the 

data requirements determined during the goal and scope definition phase have been met 

(Finnveden et al., 2000; ISO, 2006c; Wolf et al., 2012).  

 Life cycle impact assessment 

The life cycle impact assessment (LCIA) phase entails a formal evaluation of the 

quantitative contributions of different LCI inputs and outputs to various potential impact 

categories. There are three mandatory steps in the LCIA phase: 1) the first step is to 

identify which potential impact categories are to be included. A number of impact 

categories can be included in a LCA, including (non-exclusively) climate change/global 

warming, human toxicity (carcinogenic or non-carcinogenic), acidification, 

eutrophication, photochemical ozone formation, ecotoxicity, land use change, and 

resource depletion; 2) after the impact categories have been selected, LCI data is 

assigned to the selected potential impact categories (classification); and 3) finally, the 

contributions of the LCI data to the selected potential impact categories are quantified 

with the use of various characterisation factors (characterisation).  

Several optional steps can be also performed during the LCIA phase, depending on the 

goal and scope of the study: Firstly, normalisation, whereby different impact potentials 

are related to a common reference value (e.g., ‘person equivalents’); secondly, 

grouping, in which impact potentials are sorted and, possibly, ranked; and, finally, 

weighting, whereby results are assigned different weighting factors to convert or 

normalise (possibly with aggregation) indicator results across different impact 

categories (Finnveden et al., 2000; ISO, 2006c). A number of different LCIA 

methodologies are available for assessing potential impacts, each comprising a different 
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selection of impact categories (Hauschild et al., 2013). Whilst they all adhere to the 

requirements of ISO 14044, differences between methods can make it difficult to draw 

comparisons between LCA studies. Consequently, the EC Joint Research Centre 

Institute for Environment and Sustainability have produced a guidance document 

comprising recommendations on which methods should be applied in the European 

context (JRC-IES, 2011a). 

 Interpretation 

The final phase of an LCA is the interpretation phase. In this phase, the LCI and LCIA 

results are brought together and evaluated (including checks on their completeness, 

sensitivity, and consistency), with significant issues identified (i.e., which activities and, 

more specifically, inputs and outputs, contribute most to the LCI and LCIA results) so 

that conclusions – including any perceived limitations – and recommendations can be 

drawn, consistent with the goal and scope of the study (ISO, 2006c; Wolf et al., 2012). 

 Attributional and consequential life cycle assessment 

In the field of LCA, two divergent approaches have emerged: attributional and 

consequential analysis. An attributional (or ‘retrospective’ or ‘descriptive’) LCA depicts 

the potential life cycle environmental impacts that can be attributed to an existing or a 

historic system. The system is, therefore, modelled as it is or, retrospectively, was (or is 

forecast to be). Background system processes are typically modelled using average or 

generic data. Issues of multifunctionality are resolved in purely attributional LCAs 

through ‘allocation’, although ‘substitution’ or ‘system expansion’ may be used where 

there is interest in interactions with other systems. By comparison, a consequential (or 

‘change-oriented’) LCA is used to analyse the consequences that decisions on 

foreground system processes exert on the background system and/or other modelled 

systems. Consequential LCA is market-oriented and relies on the use of marginal data to 

model background system processes, where the ‘marginal’ process is the process that 

will be first affected by a change in the foreground system (Weidema, 2003). Issues of 

multifunctionality are resolved through substitution or system expansion (JRC-IES, 

2011b). The focus of the work presented in this thesis is on evaluating the performance 

of existing systems, be they real or hypothetical, and, hence, an attributional approach 

has been followed. 
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2.6.2 Waste life cycle assessment 

In recent years, the application of LCA to SWM systems has rapidly expanded (Cleary, 

2009; Laurent et al., 2014a; Laurent et al., 2014b), due to its ability to capture and 

address the complexity and multifarious interdependencies of modern integrated SWM 

systems (Blengini et al., 2012). ‘Waste-LCA’, as opposed to product LCA, is a 

systematic methodology for assessing the environmental performance of waste 

management systems, which comprise interconnected waste management technologies, 

based on a specific waste composition from the point of waste generation to its final 

disposal or entry onto secondary product markets (i.e. through reuse or recycling). 

Waste-LCA offers a standardised methodology to evaluate the holistic environmental 

and human health impacts associated with SWM systems and can assist waste policy- 

and decision-makers in identifying the key ‘hot spots’ – i.e., environmental loads – and 

potential opportunities for savings within a system, as well as providing a robust 

framework upon which to evaluate alternative management options (Bjorklund et al., 

2011; Christensen et al., 2011d; Vergara et al., 2011; Othman et al., 2013).  

LCA has been used to evaluate and compare waste collection systems (Bernstad et al., 

2011; Bernstad and la Cour Jansen, 2012), waste management options for mega event 

projects (Parkes et al., 2015), household waste prevention activities (Nessi et al., 2012), 

waste treatment technologies (Boesch et al., 2014; Evangelisti et al., 2014; Yang and 

Chen, 2014; Arena et al., 2015; Beylot et al., 2015), and management options for 

residual waste (Tunesi, 2011; Al-Salem et al., 2014), organic waste (Bernstad and la 

Cour Jansen, 2011; Boldrin et al., 2011a; Andersen et al., 2012), and specific waste 

materials (Merrild et al., 2008; Shonfield, 2008; Manfredi et al., 2011; Wang et al., 

2012; Bull and Kozak, 2014; Rigamonti et al., 2014).  

2.6.3 Waste life cycle assessment modelling tools 

A number of tools have been developed that model the environmental aspects and 

potential impacts of waste management systems (Morrissey and Browne, 2004; 

Bjorklund et al., 2011). These tools (e.g. IWM-2, ISWM, ORWARE, WISARD, 

EASETECH, and WRATE) aim to make waste-LCA more accessible to waste 

managers and decision makers by providing a framework and access to LCI data to 

simplify the process of modelling of complex waste management systems. Despite 
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having each been developed within the framework for LCA (as defined by ISO, 2006b, 

2006c), there is a lack of harmonisation and consistency between different tools. 

Winkler (2004) and Winkler and Bilitewski (2007) undertook a quantitative assessment 

of six different waste-LCA modelling tools and identified large discrepancies between 

their respective results. This finding was echoed by Gentil et al. (2010), who undertook 

a quantitative assessment of eight different waste-LCA modelling tools. The authors 

inferred that identified differences between results were primarily a consequence of the 

time in which they were developed, with modelling tools developed later benefiting 

from past assumptions and methods. Most recently, a critical review of different waste-

LCA modelling tools is presented in Damgaard (2010), whilst Bjorklund et al. (2011) 

provide a summary of the key features of a variety of different waste-LCA tools.  

In the UK, the most commonly applied waste-LCA modelling tool in LCA studies of 

SWM systems and processes is WRATE. The foremost alternative to WRATE is 

EASETECH, which has only recently been developed. Critical reviews of WRATE and 

EASETECH are presented below.  

 WRATE 

WRATE (Waste and Resources Assessment Tool for the Environment) is a ‘gate-to-

grave’ (i.e. waste is modelled from the point of waste generation to the point of 

disposal, reprocessing for recycling, or preparation for reuse) PC-based MSW 

management-specific LCA modelling tool that was developed by Golder Associates 

(UK) Ltd and Environmental Resources Management (ERM) on behalf of the 

Environment Agency for England and Wales (EA) the Scottish Environment Protection 

Agency; and the Northern Ireland Department of the Environment (Gentil et al., 2005). 

WRATE consists of a foreground database, which includes some 160 waste 

management technology LCI datasets, energy mixes for 40 countries (both average and 

marginal) for a 20-year forecast, and waste composition data for 67 material fractions. 

Detailed information on the WRATE software can be found in Gentil et al. (2005).  The 

system boundaries and inputs/outputs for WRATE are illustrated in Figure 2.5. 

The WRATE software was designed for a multi-stakeholder audience, to whom it 

accords a high level of usability and selective flexibility. WRATE has been used in a 

number of previous studies to model UK SWM systems (e.g. Stichnothe and Azapagic, 

2009; Tunesi, 2011; Hanan et al., 2013). However, several issues related to the 
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application of WRATE to the modelling of GHG emissions from SWM systems have 

been identified: 

1. Whilst it is possible for a user to change the composition of the waste streams in 

WRATE, the material characteristic (e.g. lower heating value, moisture content, ash 

content, etc.) and elemental composition data are predefined and cannot be 

modified. Those data used in WRATE are based on a UK study into household 

waste composition carried out between 1991 and 1994 by the Department of the 

Environment’s National Household Waste Analysis Programme (NHWAP; now-

defunct) (Department of the Environment, 1994b, 1994a). However, a range of 

problems have been identified in the use of data from this study: Firstly, the 

NHWAP data refer solely to household waste arisings rather than MSW as a whole, 

meaning that as much as 34% of MSW arisings were not included within the study 

(MSW waste sources excluded include waste arisings from HWRCs, bulky waste 

collections, street sweeping and litter, bring sites, and non-household MSW) 

(Bridgwater and Parfitt, 2011); secondly, the NHWAP data was collected over 

twenty years ago (at the time of writing) and, as such, lacks temporal correlation to 

modern SWM systems; thirdly, a critical review of the NHWAP carried out by 

Parfitt and Flowerdew (1997) identified a number of shortcomings in the 

methodology, with the authors describing the data as “incomplete” and “too 

limited”; and fourthly, several flaws were identified in the NHWAP methodology by 

Hogg (2001). Consequently, by relying on the NHWAP compositional data, results 

generated by WRATE may be unrepresentative of real MSW management systems. 

2. WRATE calculates outputs from multifunctional foreground system processes using 

allocation algorithms that link all inputs to the outputs of a process (see Gentil et al., 

2005). This approach to addressing process multifunctionality is least preferred by 

ISO 14044, which states that allocation should be avoided wherever possible. A 

preferential approach would be to expand the system boundaries or to subdivide unit 

processes into sub-processes, thereby avoiding the allocation problem (ISO, 2006c). 

3. Three versions of the WRATE software are available: 1) a free demonstration 

version with limited functionality, 2) a standard version designed to allow waste 

managers to run scenarios using default processes, and 3) an export version that 

allows maximum functionality and user access to the background LCI database. To 

perform complex modelling, an export version is essential. For example, only an 
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expert license will allow a user to modify the default 1:1 substitution ratios between 

secondary, reprocessed materials and primary materials (see Section 2.7.8). 

However, a one year expert license costs approximately £5,950 (by comparison, a 

one year standard license costs £1,500), representing a considerable financial cost 

and a significant barrier to wider application of the WRATE software. 

 

 
Figure 2.5. System boundaries and inputs/outputs for WRATE. 
Source: Bjorklund et al. (2011). 

 EASETECH 

EASETECH (Environmental Assessment of Systems and Technologies), an updated, 

second generation version of the waste-LCA model, EASEWASTE (Environmental 

61 



  Chapter 2 

Assessment of Solid Waste Systems and Technologies), is a ‘gate-to-grave’ PC-based 

waste-LCA modelling tool developed at the Technical University of Denmark (DTU) 

(Clavreul et al., 2014). The tool calculates waste flows, resource consumption and 

recovery, and emissions to the environment from individual unit processes within the 

waste management system. The system boundaries and inputs/outputs for EASETECH 

are illustrated in Figure 2.6. EASETECH is a research-focused tool designed to be 

highly flexible and adjustable and to enable complex modelling whilst ensuring high 

levels of usability. Whilst default data are supplied, the user can redefine or modify 

these data at any level (waste composition, collection, treatment, recovery, disposal, and 

for materials and energy LCI data). EASETECH is transparent, fully documented, and 

does not require a license fee when used for academic purposes (note that a fee of 

€5,000 is required for non-academic users). EASETECH has been applied to model the 

environmental performance of SWM systems (Jain et al., 2014; Yang et al., 2014; Zhao 

et al., 2015).  

With its focus on transparency, user-friendliness, and flexibility, the use of EASETECH 

in the evaluation environmental performance of SWM systems may overcome many of 

the flaws apparent in the WRATE software. However, there are a two minor issues 

concerning the use of the EASETECH software to evaluate UK SWM systems:  

1. Default process inventory data are generally specific to Danish and northern 

European technologies and conditions. As such, the use of this data in LCA studies 

of UK SWM systems may not represent the best available data in terms of 

geographic correlation. However, as EASETECH offers the user utmost flexibility 

in redefining these data, this issue is easily overcome.  

2. EASETECH is available only to people who have attended a training course at the 

DTU – located near Copenhagen in Denmark – which is an unfeasible option for 

many potential UK-based users. Despite this, the cost of attending such a course is 

still minor in comparison to the license fee charged for an expert WRATE license (if 

EASETECH is to be used for academic purposes). 
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Figure 2.6. System boundaries and inputs/outputs for EASETECH. 
Source: DTU (2013). 

2.6.4 Life cycle environmental indicators 

Whilst LCA can provide a substantial amount of information about environmental 

performance, they can be highly complex and time- and resource-intensive endeavours 

and results can be difficult to handle by non-experts (Greene and Tonjes, 2014). In 

response to this,  there has recently been a rise in the use of simplified life cycle 

indicators to quantitatively evaluate the environmental performance of products, 

systems, and processes (Hammond et al., 1995; Galli et al., 2012; Ridoutt et al., 2015). 

Rather than the holistic approach of LCA, life cycle indicators aim to provide 

information about the performance of a product, system, or process in relation to a 
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single, specific potential impact/aspect. For example, 1) cumulative energy demand 

(CED) is used to evaluate resource use in relation to energy demand; 2) water footprint 

is used to evaluate water resource use; and 3) carbon footprint is used to evaluate 

potential climate impacts (see below). Life cycle indicators can be used to communicate 

relevant, useful information to decision-makers about often highly complex products, 

systems, or processes in a simple, comprehensible format (Herva et al., 2011).  Life 

cycle environmental indicators are frequently used in SWM for a variety of purposes 

(Greene and Tonjes, 2014), such as: 

• The assessment of SWM system or process environmental performance and 

benchmarking. 

• Comparing the environmental performance of alternative SWM systems or 

processes. 

• Performance trend analysis and forecasting. 

• Providing information to policy-makers to support waste strategy formulation. 

• Providing information to local government and private companies to support waste 

infrastructure investment decision-making and strategic planning. 

However, taken outside of the context of a broader sustainability assessment, the results 

of single life cycle indicator can place undue emphasis on performance relative to a 

single potential environmental impact and are typically not representative of overall 

environmental performance. For example, the use of carbon footprint assessment to 

evaluate the performance of landfills results in the exclusion of all possible impacts 

related to aqueous emissions into the local environmental, which may be considerable 

(see, for example, Doka, 2009). Further drawbacks related to the use of life cycle 

indicators are discussed in relation to the carbon footprint in Section 2.6.5 below (see 

Table 2.9).  

2.6.5 Carbon footprint 

A life cycle environmental indicator that has risen in prominence over the past decade is 

the carbon footprint, which quantifies the potential climate change impact of a product, 

system, or activity in a life cycle perspective (Finkbeiner, 2009; Laurent et al., 2010). 

As political and social concern about the impacts of human activities on the Earth’s 

climate system has grown, the carbon footprint has become a popular tool to provide 
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relevant, understandable information to government, industry, and the general public 

about the climate impacts of their actions (Weidema et al., 2008; Wright et al., 2011a; 

Williams et al., 2012). Compared to a full LCA, carbon footprints are, like other life 

cycle environmental indicators, far less time- and resource-demanding to perform. 

Furthermore, unlike the holistic approach of a full LCA, the carbon footprint places 

singular emphasis on climate change, which has become the main focus of 

contemporary environmental policy-making. A summary of the advantages and 

disadvantages of the carbon footprint is presented in Table 2.9. 

As a quantitative life cycle environmental indicator, the carbon footprint can be 

considered a ‘partial’ (or ‘streamlined’) LCA that focuses on a single potential impact 

category, ‘climate change’. As such, the carbon footprint can also be subjected to the 

international standards for LCA, ISO 14040 and ISO 14044 (ISO, 2006b, 2006c), 

although full compliance with these standards is not possible due to the emphasis on 

only a single potential impact category. Whilst it is possible to apply to existing ISO 

standards for LCA to carbon footprint accounting, there have recently been numerous 

initiatives to standardise carbon footprinting: 

• The PAS 2050 Specification for the assessment of the life cycle greenhouse gas 

emissions of goods and services (British Standards Institute [BSI], 2011b). 

• The PAS 2060 Specification for the demonstration of carbon neutrality, which 

outlines requirements for entities (e.g. organisations, governments, individuals, 

communities, etc.) to achieve and demonstrate carbon neutrality (BSI, 2010b).  

• The GHG Protocol Corporate Standard, which provides a framework and guidance 

for organisations to prepare GHG emissions inventories (Ranganathan et al., 2004). 

GHG protocols have also been published for GHG emissions inventory preparation 

at the community-scale (Fong et al., 2014) and for products (Bhatia et al., 2011). 

• ISO 14064, which provides a standard for the quantification and communication of 

GHG emissions at the organisational level (ISO, 2006d, 2006e, 2006f). 

• ISO 14067 (ISO, 2013), which provides a standard for the quantification and 

communication of the carbon footprint of a product and is based on the ISO 14040 

and ISO 14044 standards for LCA (ISO, 2006b, 2006c) and the ISO 14020, ISO 

14024, and ISO 14025 standards on the quantification and communication of 

environmental labels and declarations (ISO, 1999, 2000, 2006a).  
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Table 2.9. Advantages and disadvantages of carbon footprint assessment. 
Advantages Disadvantages 
• Can be ‘upgraded’ to a full LCA 
• If overall environmental impact stems from 

one or a few key processes, the carbon 
footprint has been found to be a good proxy 
for overall environmental impact (Defra, 
2011b; Laurent et al., 2012) 

• Has raised environmental awareness among 
the general public as well as decision-makers 
in politics and business (Laurent et al., 2010) 

• Considerably less data and time intensive a 
process in comparison to full LCA 

• Provides easy to understand results that can 
be translated into strategic decision-making 
(Weidema et al., 2008) 

• With its focus on GWP, at least some aspects 
of land use change are accounted for 
(Weidema et al., 2008) 

• International and national standards for 
carbon footprint assessment of organisations 
(ISO, 2006d, 2006e, 2006f) and product 
labelling (BSI, 2011b)are available 

• Addresses the current political focus on 
climate change mitigation (Giljum et al., 
2011) 

• A consequence of a lack of standardisation, 
there is considerable scope for variation in 
carbon footprint assessment depending on the 
methodology and definition used (Kenny and 
Gray, 2009; Lillywhite and Collier, 2009) 

• Where primary data is not available, the use 
of highly variable generic EFs can result in a 
lack of system-specificity (Lillywhite and 
Collier, 2009; Flysjö et al., 2011) 

• Carbon labelling remains a highly ambiguous 
and inconsistent practice (Lillywhite and 
Collier, 2009) 

• If overall environmental impact stems from a 
range of processes, the carbon footprint has 
been found to be highly unrepresentative of 
overall environmental impact (Weidema et 
al., 2008; Laurent et al., 2012) 

• Inherently involves a drastic simplification of 
a complex real system (Ekvall et al., 2007) 

• The carbon footprint has been found to be a 
poor proxy for human toxic impacts (Laurent 
et al., 2010) 

 

The carbon footprint has been recognised by the UK Government as a good proxy for 

the overall environmental impacts of waste management (Defra, 2011b). Given the 

political attention currently being ascribed to climate change mitigation, there is 

increasing pressure on private waste management companies and local governments to 

incorporate GHG emissions into their strategic and investment decision-making (Paper 

I). In this context, the carbon footprint is increasingly being recognised as a suitable tool 

to quantitatively evaluate MSW management systems in relation to their GHG 

emissions (e.g. Mohareb et al., 2008; Ragossnig and Hilger, 2008; Skovgaard et al., 

2008; Batool and Chuadhry, 2009; Papageorgiou et al., 2009b; Zhao et al., 2009a; 

Franchetti and Kilaru, 2012). 

 Definition 

Despite the proliferation of the carbon footprint’s use in academic literature, the media 

and by private organisations over the past decade, there remains little consensus as to 

what the term actually means (Hammond, 2007; East, 2008; Johnson, 2008; Wright et 
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al., 2011b). Furthermore, the term has been used interchangeably with other terms, such 

as ‘GHG inventory’, ‘carbon inventory’, ‘GHG accounting’, ‘carbon accounting’, 

‘climate impact’, and ‘GHG footprint’ (Turner et al., 2012). In an attempt to clarify the 

ambiguities within the field, Wiedmann and Minx (2008) proposed the following 

definition for the ‘carbon footprint’: 

"… a measure of the exclusive total amount of carbon dioxide emissions that is 

directly and indirectly caused by an activity or is accumulated over the life 

stages of a product." 

This definition was, however, contested by Wright et al. (2011b), who asserted that by 

excluding emissions of CH4, the carbon footprint would fail to account for a significant 

proportion of GHG emissions (at a global scale) and, as such, a carbon footprint that 

adopts this defined would not represent a valuable life cycle environmental indicator. 

Wright et al. (2011b) proceeded to outline an alternative definition for a carbon 

footprint: 

“a measure of the total amount of CO2 and CH4 emissions of a defined 

population, system or activity, considering all relevant sources, sinks and 

storage within the spatial and temporal boundary of the population, system or 

activity of interest. Calculated as CO2e using the relevant 100-year global 

warming potential (GWP100)” 

The authors argued that this definition represented a more pragmatic, complete, and 

clear approach. However, there remains no internationally agreed definition for a carbon 

footprint.  

 Global warming potential 

The Global Warming Potential (GWP) is a metric for quantifying and comparing the 

potential climate impacts of different GHGs. GWPs compare the time-integrated 

radiative forcing from a unit mass pulse emission relative to the pulse emission of an 

equal mass of CO2 (IPCC, 2007a). Despite its numerous well-documented shortcomings 

(see, for example, Shine et al., 2005; Shine, 2009; IPCC, 2013), the GWP has become 

the default metric for comparing climate impacts of different GHGs against a common 

scale, known as ‘CO2 equivalent (CO2e) emissions’ (e.g. Shine, 2009), and is used as 

the instrument in the Kyoto Protocol of the UNFCCC for State Parties to quantify and 
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report their national GHG emissions. GWP values are published by the IPCC for three 

time horizons, 20 years (GWP20), 100 years (GWP100), and 500 years (GWP500), 

although GWP100 has become the default time horizon in GHG accounting standards.  

The first set of GWP values were published by the IPCC in its Second Assessment 

Report and have since been updated several times as a result of advances in scientific 

knowledge and changes in atmospheric GHG concentrations. GWP values for different 

time horizons for CH4 and N2O as published in the Second Assessment Report, the 

Fourth Assessment Report, and the most recent Fifth Assessment Report are presented 

in Table 2.10. Most recently, the IPCC Fifth Assessment Report presents two sets of 

GWP values, one that takes into account climate-carbon feedbacks, which account for 

the indirect effects of changes in carbon storage rates as a result of climate change 

(IPCC, 2013), and another that does not (see Table 2.10). GWP values that account for 

climate-carbon feedbacks have a higher level of uncertainty due to the increased 

feedback system complexity and result in higher GWPs compared to those GWP values 

that do not account for climate-carbon feedbacks (Trottier, 2015). 

Table 2.10. GWP values for 20 and 100 year time horizons of methane and nitrous oxide. Note that, 
whilst not presented, the GWP value for CO2, the reference gas, is always equal to 1.  

Gas GWP20    GWP100    

 SAR AR4 

AR5 
(with cc 
fb) 

AR5 (no 
cc fb) SAR AR4 

AR5 
(with cc 
fb) 

AR5 (no 
cc fb) 

CH4 56 72 86 84 21 25 34 28 
N2O 280 289 268 264 310 298 298 265 

Source: IPCC (1996), IPCC (2007a), and IPCC (2013). 
GWP, global warming potential; SAR, Second Assessment Report; AR4, Fourth Assessment Report; 
AR5, Fifth Assessment Report; cc fb, climate-carbon feedbacks. 

2.6.6 Material flow analysis 

Material Flow Analysis (MFA) is a systematic approach to assess the flows and stocks 

of a good (i.e. material) and/or substance through a defined and usually open system 

(Bringezu and Moriguchi, 2002; Brunner and Rechberger, 2004). The results of MFA 

can be expressed as indicators that communicate simple, quantitative information to 

decision-makers about the performance of waste management systems and are an 

important tool for assisting policy makers in devising, implementing, and evaluating 

environmentally sustainable waste policy measures (Hammond et al., 1995; Eurostat, 
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2001; Cifrian et al., 2012; Greene and Tonjes, 2014). An MFA is performed in four 

iterative steps: 

1. Goal and scope definition. Includes the definition of the problem statement and the 

scope of the project, including the selection of appropriate goods and substances to 

be assessed and the definition of the system boundaries in both time and space, both 

of which are determined by the scope of the project. 

2. Data acquisition. Involves the identification of relevant flows, stocks, and processes 

and the performance of an initial rough mass balance of goods for the system. 

Information about material flows and stocks may be obtained from primary or 

secondary sources (e.g. the literature).  

3. Calculation. Involves the assessment of flows of goods and substances through the 

defined system and the consideration of uncertainties (data reconciliation).  

4. Interpretation. Entails the presentation of results in a clear, easily comprehensible 

manner and typically involves visualisation of results through material flow charts 

and partitioning diagrams (Brunner and Rechberger, 2004).  

MFA has been widely applied to evaluate and enhance resource efficiency of complex 

systems (Huang et al., 2012). MFA has been applied at the national scale to quantify 

flows of aluminium (Buchner et al., 2014), silver (Gsodam et al., 2014), and 

phosphorus (Egle et al., 2014) in Austria Cooper and Carliell-Marquet (2013) 

performed an MFA to investigate phosphorus flows through the UK food product and 

consumption system. A MFA was also performed by Yan and Wang (2014) to 

quantitatively analyse the impacts of iron flows through China. Other studies have 

applied MFA on a global scale, e.g., aluminium flows (Bertram et al., 2009) and at the 

meso level, e.g., to investigate the soil nutrient balance of agricultural land in Busia 

District, Uganda (Lederer et al., 2015) and mineral resource utilisation and efficiency of 

Chinese cities (Yu et al., 2015).  

MFA studies have been carried out focusing on regional SWM systems. For example, 

Arena and Di Gregorio (2014) applied MFA and substance flow analysis (SFA) to 

evaluate and compare the environmental performance of alternative theoretical waste 

management systems. MFA and SFA were used by Mastellone et al. (2009) to 

quantitatively assess waste management options for Campania region (Italy). A network 

based spatial MFA was used by Vivanco et al. (2012) to assess the organic waste 
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management system in Catalonia (Spain) with regards to progress towards sustainable 

waste management policy strategies and objectives. 

2.6.7 Combined material flow analysis and life cycle assessment 

The combination of MFA and LCA methodologies is potentially advantageous in the 

context of decision support in situations involving complex systems that comprise 

multifarious processes, such as SWM (Brunner and Ma, 2009). The use of MFA allows 

for detailed analysis of the metabolism of the SWM system, whilst the use of LCA adds 

context/weight to this analysis by enabling the evaluation of the system characterised 

through MFA with regards to its potential environmental impacts (Lopes Silva et al., 

2015). This procedure applied to SWM can provide a robust and insightful analytical 

tool to quantitatively evaluate the potential impacts of possible policy measures and 

actions against a range of environmental performance indicators.  

The combined methodologies of MFA and LCA have been applied to evaluate SWM 

systems. Sevigné-Itoiz et al. (2014a) applied an integrated dynamic MFA with 

consequential LCA to evaluate the global aluminium scrap recycling market with 

regards to GHG emissions. The authors employed the same integrated methodology in a 

follow up study focused on the global waste paper recycling market (Sevigné-Itoiz et 

al., 2014b). A combined LCA and MFA study was undertaken to evaluate the 

environmental profile of the used lubricating oil management system for California, 

USA (Geyer et al., 2013; Kuczenski et al., 2014). Dahlbo et al. (2015) applied a 

combined MFA, LCA, and life cycle costing approach to evaluate holistically the 

performance of the construction and demolition waste management system in Finland. 

A number of studies have used a combination of MFA and LCA to evaluate the 

environmental performance of WEEE management systems at the meso level (Hischier 

et al., 2005; Wäger et al., 2011; Lam et al., 2013; Biganzoli et al., 2015). 

2.7 Evaluating solid waste management processes from a 

life cycle perspective 

In LCA (full or partial), potential environmental impacts associated with the life cycle 

of a product or service are quantitatively evaluated based on an LCI, which includes 

data concerning inputs and outputs of energy, materials, and water and elementary flows 
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(emissions to the environment) compiled for the system under investigation. Although 

international standards and guidelines exist for LCA (ISO, 2006b, 2006c; EC, 2010c) 

and, more specifically, for waste-LCA (JRC-IES, 2011b; Laurent et al., 2014b), it 

remains the case that numerous, ultimately subjective, methodological decisions must 

be made by the LCA practitioner when compiling an LCI (Ekvall et al., 2007). The 

choices made can have profound implications on the results of a LCA (e.g. Björklund 

and Finnveden, 2005; Flysjö et al., 2011; Beylot et al., 2013; Brogaard et al., 2014). 

This section provides an overview of important methodological aspects of modelling 

key SWM technologies from a life cycle climate impacts perspective (i.e. partial LCA 

focusing on potential climate change impacts). The purpose of this section is to inform 

the compilation of the LCI that is described and applied in Papers II and III (see 

Chapters 3 and 4, respectively).  

2.7.1 Energy use and generation 

Energy, in the form of electricity, heat, or fuels, is consumed by almost all SWM 

activities and the consumption of energy, particularly electricity, is often a significant 

contributor to the overall GHG emissions from SWM systems and processes 

(Fruergaard et al., 2009; Lund et al., 2010). Furthermore, some SWM treatments 

recover energy in the form of electricity and heat, which can be exported to national 

electricity grids or used in district heating schemes, respectively. In such cases, the 

exported energy can displace energy produced from alternative sources (Finnveden et 

al., 2000). GHG emissions from electricity consumption may vary significant 

depending on the means of electricity production (Frischknecht et al., 2007; Weisser, 

2007; Soimakallio et al., 2011; Soimakallio and Saikku, 2012), whilst it has been shown 

that LCA results can be highly dependent on assumptions made regarding avoided 

energy production (Mathiesen et al., 2009; Burnley et al., 2015; Cimpan et al., 2015b). 

Hence, an important consideration in waste-LCA is the type of energy data that is 

applied in specific cases: average or marginal. 

For attributional LCAs (see Section 2.6.1.5), average (or forecasted average) energy 

data should be applied to describe the system. In the UK, the average electricity supply 

mix would be suitable (see Figure 2.7). For consequential LCAs, the system should be 

described using marginal energy data, i.e. data that are representative of energy 

production that is actually affected by the changes in the waste management system, 
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unless the impact of a possible decision on the electricity system can be considered to 

be very large (Ekvall and Weidema, 2004). For LCA studies of UK systems, it is 

recommend by the UK Government that power produced by combined cycle gas 

turbines be considered the long-term marginal energy source (DECC, 2014a). For heat 

energy recovery in the UK, it can generally be assumed that, due to lack of established 

district heating schemes (Hawkey, 2012), there will be no displacement of alternative 

energy production, average or marginal, as a result of heat recovery from the treatment 

of waste. However, in cases where it can be demonstrated that thermal energy is 

exported for use off-site then the LCA study should consider the avoided impacts from 

displaced thermal energy generation from an alternative source.  

 
  Figure 2.7. Average UK electricity supply mix for 2014. 

2.7.2 Source: adapted from DECC (2015).Landfill 

Fugitive emissions of CH4 are the primary source of GHG burdens from landfill and 

account for around 86% of total GHG emissions from waste management activities in 

the UK; approximately 3.5% of total national GHG emissions (Committee on Climate 

Change, 2014). However, landfills can also be a source of GHG benefits, through the 

utilisation of LFG to generate electricity that can be exported to the national grid. There 

is, at present, a lack of consensus regarding how landfills should be modelled in a LCA 
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perspective (Obersteiner et al., 2007) and the results of LCAs of landfill can drastically 

vary depending on assumptions made regarding a number of key methodological 

aspects: 1) the inventory time horizon; 2) CH4 oxidation rate; 3) LFG collection and 

utilisation; and 4) carbon sequestration. These aspects are discussed below, except for 

the issue of carbon sequestration, which is discussed in Chapter 3 (Paper I). 

 Inventory time horizon  

The degradation process of organic matter in a landfill occurs over a long time period 

and, unlike other SWM activities, emissions from landfills may occur over centuries or 

millennia (Belevi and Baccini, 1989; Finnveden, 1999; Doka and Hischier, 2004; 

Hauschild et al., 2008). To ensure consistency with other SWM activities, these long-

term emissions from landfills must be integrated over time (Obersteiner et al., 2007; 

Laner, 2009). The Society of Environmental Toxicology and Chemistry (SETAC) 

recommends that emissions from landfills should be integrated over an infinte time 

period or, where this is not possible, a time horizon of 100 years should be applied 

(Obersteiner et al., 2007). Although the choice of time horizon has been shown to be a 

critical factor in the modelling of the holistic environmental impacts from landfills 

(Finnveden and Nielsen, 1999; Moberg et al., 2005), if standard protocol is followed it 

is unlikely to be a signficant factor for partial LCA studies that only consider potential 

climate impacts. This is because, whilst highly-persistent substances in waste 

(particularly heavy metals and, to a lesser extent, ammoniacal nitrogen (Kjeldsen et al., 

2002)) degrade slowly over time and represent a long-term pollutant risk via emissions 

of leachate, non-persistent organic substances (organic matter) typically fully degrade 

within the first 100 years following waste deposition (Hauschild et al., 2008). Hence, 

the significant majority of GHG emissions from landfills, which are produced as a result 

of the degradation of organic matter, will occur within this 100 year timeframe (Doka, 

2009; Christensen et al., 2011c; Damgaard et al., 2011). 

 Methane oxidation rate  

A fraction of the CH4 generated in a landfill is oxidised in the landfill top cover by 

naturally-occurring methanotrophic microorganisms (Hilger and Humer, 2003; Stern et 

al., 2007; Scheutz et al., 2009a). Substantial variations have been observed in CH4 

oxidation rates at landfills in the UK and abroad (Hogg et al., 2011; Beylot et al., 2013). 

At present, a default value of 10% oxidation of generated CH4 is recommended for 
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covered, well-managed landfills by the IPCC in their Guidelines for National 

Greenhouse Gas Inventories (IPCC, 2006), and this value has been adopted by the 

United States Environmental Protection Agency (US EPA) and the UK government in 

calculating GHG emissions from landfills for national reporting purposes (Hogg et al., 

2011; US EPA, 2011). However, the recent literature indicates that CH4 oxidation in 

landfill top covers is probably greater than the IPCC default value of 10%. Chanton et 

al. (2009) compiled CH4 oxidation rates for different cover types from 42 studies and 

reported a mean value of 36% ± 6% of uncollected CH4, with a reported range of 14-

40%, depending on the landfill cover type (e.g. soil, clay, geomembrane) Furthermore, 

many modern landfills are fitted with high-permeability biocover systems, which are 

designed to increase CH4 oxidation rates. Scheutz et al. (2011) report a CH4 oxidation 

rate of approximately 28% of uncollected CH4 for a biocover system installed at a 

landfill site in Denmark and present CH4 oxidation rates reported in the literature, with 

values ranging from 41% to 99.7% of uncollected CH4 for biocovers of varying 

designs, in different locations, and evaluated using varying approaches (Barlaz et al., 

2004; Stern et al., 2007; Einola et al., 2008; Cabral et al., 2009; Huber-Humer et al., 

2009). LCA studies of landfills should consider the likely cover type of the landfill sites 

in the system under investigation and, based on this, ensure that appropriate CH4 

oxidation rates are applied. 

 Landfill gas collection and utilisation 

A common feature of modern landfill sites is the LFG collection system, which is one of 

the foremost measures to reduce atmospheric CH4 emissions from landfill. The IPCC 

recommend a default LFG collection efficiency of 20% be applied in national GHG 

accounting (IPCC, 2006). However, considerably greater LFG collection rates have 

been reported in the literature and the UK adopt an average collection efficiency of 75% 

in their national landfill CH4 emissions quantification model, MELMod (Hogg et al., 

2011). Furthermore, it should be recognised that LFG collection efficiencies vary over 

time as collection systems are installed and updated based on the age of the landfill cell. 

Initially (i.e. during the active operational phase), LFG collection is virtually nil. Once a 

landfill cell is complete, LFG collection commences and the system typically becomes 

more advanced as time progresses until such a point when LFG generation has virtually 

ceased and collection systems are removed. Hence, the adoption of a single, static value 

to model LFG collection is not reflective of real-world systems.  
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In the UK, collected LFG is typically utilised in a turbine, boiler, or internal combustion 

engine (ICE) to generate electricity, which can be exported to the national grid. From an 

LCA perspective, applying an appropriate and representative electricity generation 

efficiency is important as this will affect the amount of primary energy that is avoided 

as a result of exporting energy generated from LFG. A typical ICE, the most commonly 

applied technology to generate electricity from LFG, has an energy generation 

efficiency of approximately 30-33% (Banks et al., 2011; Patterson et al., 2011; US 

EPA, 2011). By comparison, modern CHP units, in which heat and power are co-

generated, may have a total energy generation efficiency of as much as 87% (DECC, 

2014b; Evangelisti et al., 2014). 

2.7.3 Thermal treatment (incineration) 

The principal methodological aspect that must be considered when evaluating the 

potential climate impacts of incineration of solid waste concerns energy recovery. 

Energy is released as heat during the thermal treatment and this energy can be used to 

generate electricity and heat. Energy is typically recovered by means of a boiler and a 

fully-condensing turbine and transformed to electrical energy by a generator (Hulgaard 

and Vehlow, 2011). It has been shown that assumptions made regarding potential 

energy recovery from incineration can have a direct influence on the results of LCA 

studies and, particularly, potential climate impacts/savings (Astrup et al., 2009b; 

Turconi et al., 2011; Astrup et al., 2015; Burnley et al., 2015; Cimpan et al., 2015b). 

Electrical energy generation efficiencies (based on LHV) at incinerators vary widely 

between technologies have been reported to range from between 0% and 34% (Nixon et 

al., 2013; Astrup et al., 2015). By comparison, incineration facilities operating with 

CHP technology can have gross energy generation efficiencies in excess of 90% 

(Turconi et al., 2013). 

2.7.4 Mechanical biological treatment 

Direct GHG emissions from MBT primary result from consumption of energy for 

mechanical sorting of the waste feedstock, preparation of RDF pellets, and biological 

treatment of organic waste (Smith et al., 2001), whilst indirect GHG benefits can gained 

through the utilisation of gaseous products to generate energy and, generally most 

significantly, the recovery of materials for recycling. 
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 Energy use 

The amount of energy used at MBT facilities varies widely depending on the type of 

technology installed, the plant configuration, and general operational procedures. 

Electricity use reported in the literature for different types of MBT range from: 

• for MBT IVC plants, between 32 and 70 kWh/t (Wallmann, 1999; Smith et al., 

2001; Wallmann and Fricke, 2001; Cimpan and Wenzel, 2013; Montejo et al., 2013; 

Reza et al., 2013) 

• for MBT AD plants, between 50 and 80 kWh/t (Wallmann, 1999; Wallmann and 

Fricke, 2001; Cimpan and Wenzel, 2013) 

• for MBT biodrying/bio-stabilisation plants, between 55.3 and 100 kWh/t 

(Zeschmar-Lahl et al., 2000; Rada et al., 2010; Cimpan and Wenzel, 2013) 

In addition, diesel is consumed by plant vehicles (forklifts, etc.), whilst natural gas may 

be used for heating purposes, particularly if the MBT plant includes an RDF production 

process, which involves drying the feedstock.  

 Material sorting efficiencies 

The extent of indirect downstream GHG benefits from MBT processes depends 

primarily on the quantity and quality of materials that are recovered and prepared for 

recycling. Recovery efficiencies for different materials targeted during mechanical 

separation at MBT facilities have been reported in the literature (de Araujo Morais et 

al., 2008; EA, 2010; Velis et al., 2010; Usón et al., 2012; Montejo et al., 2013). 

Recovery efficiencies for individual waste materials at MBT facilities vary substantially 

depending on the types of materials targeted, the degree of contamination of the input 

waste feedstock, and the intended quality of the output materials. Montejo et al. (2013) 

reported recovery efficiencies for individual waste materials from eight different full-

scale operational MBT facilities located in Spain. As Table 2.11 shows, the extent of the 

variation in material recovery efficiencies at different facilities is substantial. From a 

GHG emissions perspective, it has been shown that increased materials recovery  

Table 2.11. Summary of individual waste material recovery efficiencies at eight mechanical biological 
treatment (MBT) plants located in the Castilla y León region of Spain.  
Waste material fraction Minimum (%) Maximum (%) Mean (%) Std. dev. (%) 

Organic matter 81 93 88 4 
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Paper and cardboard 0.2 39 12 16 
Hard plastic (HDPE) 0.7 36 14 15 
Plastic bottles (PET) 4.9 48 29 15 
Soft plastic (LDPE) 0.4 60 20 21 
Glass 4.6 49 13 15 
Ferrous metals 35 84 61 15 
Aluminium 33 95 62 21 
Beverage cartons 10 71 56 19 

Source: adapted from Montejo et al. (2013). 
HDPE, high-density polyethylene; PET, polyethylene terephthalate; LDPE, low-density polyethylene. 

efficiencies can significantly improve the environmental performance of MBT 

processes (Montejo et al., 2013; Cimpan et al., 2015a).  

2.7.5 Residual waste MRF 

Direct GHG emissions from residual waste MRFs primary result from consumption of 

energy for mechanical sorting of the waste feedstock and the preparation of RDF 

pellets, whilst indirect GHG benefits can gained through the recovery of materials for 

recycling or thermal treatment (RDF combustion). 

 Energy use 

The amount of electricity and diesel used at residual waste MRFs varies significantly 

depending on the types of equipment installed (which varies depending on the types of 

waste material targeted for recovery), the level of automation, and the operational 

throughput. Electricity use at a residual waste MRF was estimated to be approximately 

7.8 kWh/t by Pressley et al. (2015), based on measured data from residual waste MRFs 

in the United States of America (USA) (Combs, 2012). This value is significantly lower 

than other published electricity use values for residual waste MRFs, which range from 

22 to 55.5 kWh/t (Barton and Poll, 1985; McDougall et al., 2001; Arena et al., 2003; 

Archer et al., 2005; Consonni et al., 2005a; Burnley et al., 2011; Reza et al., 2013). 

However, unlike the other published values, the estimate provided by Pressley et al. 

(2015) does not account for RDF production, which can be an energy-intensive process 

due to the need to intensively dry the feedstock prior to pelletisation. Diesel 

consumption at a residual waste MRFs has been estimated at 0.2 to 0.7 l/t (Arena et al., 

2003; Pressley et al., 2015). 
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 Material sorting efficiencies 

The extent of indirect downstream GHG benefits from residual waste MRF processes 

depends primarily on the quantity and quality of materials that are recovered and 

prepared for recycling. Unlike MBT processes, there is a lack of relevant studies 

regarding material recovery efficiencies at residual waste MRFs. Table 2.12 presents 

material recovery efficiencies for residual waste MRFs reported in the literature. As 

with MBT facilities, recovery efficiencies for specific materials at residual waste MRFs 

can vary substantially, depending on the types of materials targeted, the degree of 

contamination of the input waste feedstock, and the intended quality of the output 

materials. From a GHG emissions perspective, it has been shown that increased 

materials recovery efficiencies can be a significant factor in improving environmental 

performance at residual waste MRF facilities (Pressley et al., 2015).  

Table 2.12. Summary of residual waste MRF product stream target material recovery efficiencies reported 
in the literature.  
Product stream WRATE database 

(EA, 2010) 
Pressley et al. (2015) Montejo et al. (2013)a Usón et al. (2012)b 

Card 25% 76% 12% 19% 
Paper 90% 39% 12% 19% 
HDPE 25% 83% 14% 5% 
PET 25% 83% 29% 5% 
Plastic film - 77% 20% 5% 
Glass 75% 69% 13% - 
Ferrous metals 95% 88% 61% 80% 
Aluminium 95% 87% 62% 80% 

a Data for MBT facilities. Note data presented are the mean of reported values.  
b Data from MBT facility in Zaragoza, Spain.  
HDPE, high-density polyethylene; PET, polyethylene terephthalate; LDPE, low-density polyethylene 

2.7.6 Composting 

Direct GHG emissions from composting primary result consumption of energy for on-

site activities and the degradation of organic waste. Composting may result in indirect 

GHG benefits downstream where primary resources, such as peat or fertiliser, are 

substituted as a result of the application of compost to land.  
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 Energy use 

For IVC, the amount of energy used varies considerably depending on the type of 

technology used and the type of waste being treated (Bernstad and la Cour Jansen, 

2011). Previous studies have reported values for diesel and electricity use in the range 

of 0.15 to 4.74 kg/t (Smith et al., 2001; Fisher, 2006; Martínez-Blanco et al., 2009; 

Baddeley et al., 2010) and 9 to 65 kWh/t (Smith et al., 2001; Fisher, 2006; Boldrin et 

al., 2009b; Baddeley et al., 2010), respectively. By comparison, energy use for the 

OWC process is generally much lower than that of IVC due to the composting taking 

place in an open environment.  Previous studies have reported values for diesel and 

electricity use for OWC in the range of 0.48 to 7.15 kg/t and 0.02 to 21 kWh/t, 

respectively (Haight, 2005; Fisher, 2006; Brown et al., 2008; Boldrin, 2009; Boldrin et 

al., 2009a; Boldrin et al., 2009b) 

2.7.6.1.1 Degradation rates and gaseous emissions 

During composting, the organic fraction of the treated waste decomposes aerobically to 

produce gaseous emissions of, principally, CO2biogenic and H2O, in addition to (non-

exclusively) smaller quantities of CH4 and nitrogen (N) compounds (N2, NH2, and 

N2O). Degradation rates for carbon (C) and N during composting have been estimated 

in previous studies by means of mass balance. Based on a review of the literature, 

Boldrin et al. (2009b) reports ranges of C and N degradation during composting of 40-

83%C and 26-51%N, respectively. These wide variations exist due to differences 

between facilities in, et alia, climatological conditions, technology type, and operational 

procedures (e.g. composting period, operating temperature, percolation rate, etc.). 

From a climate impacts perspective, the most important gaseous emissions arisings 

during composting are those of CH4 and N2O, emissions of which form in anaerobic 

pockets of compost piles. Emissions of CH4 and N2O have been estimated in previous 

studies by mass balance based on the total loss of C and N during composting. For IVC, 

emissions of CH4 and N2) are reported to be in the range of 0.2%Degraded C to 3%Degraded C 

(Gronauer et al., 1997; Marb et al., 1997; Boldrin et al., 2011b) and 1.4%Degraded N to 

1.8%Total N (Gronauer et al., 1997; Boldrin et al., 2011b), respectively. For OWC 

systems, emissions of CH4 and N2O are reported to be in the range 0.8%Degraded C to 

2.7%Degraded C and 0.1%Total N to 2%Total N, respectively (Dalemo et al., 1997; Finnveden 
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et al., 2000; Amlinger et al., 2008; Boldrin et al., 2009a; Andersen et al., 2010; Yoshida 

et al., 2012).  

 Biofilter performance 

Modern composting facilities, particularly IVC facilities, are equipped with biofilter 

odour removal devices. Such devices use bacteria to break down various airborne 

compounds as they pass through a biofilter media and have been proven effective in 

treating odours and volatile organic compounds (VOCs) (Leson and Winer, 1991; Wani 

et al., 1997), as well as, more recently, emissions of CH4 (du Plessis et al., 2003; 

Streese and Stegmann, 2005; Qiang et al., 2011) and N2O (Barnes et al., 1995; Utami et 

al., 2009; Utami et al., 2012). Biofilter CH4 oxidation efficiencies have been reported to 

be between 23% and 95% (Dalemo et al., 1997; du Plessis et al., 2003; Streese and 

Stegmann, 2005; Brown et al., 2008; Boldrin et al., 2010; Nikiema and Heitz, 2010; 

Boldrin et al., 2011b; Qiang et al., 2011; Yazdani et al., 2012). By comparison, the 

effectiveness of biofilters in treating N2O emissions is a more controversial subject. 

Whilst some previous studies have reported positive biofilter N2O treatment efficiencies 

in the range of 61% to 80% (Dalemo et al., 1997; Utami et al., 2009; Utami et al., 

2012), others have reported that biofilters may in fact be a source of N2O (Clemens and 

Cuhls, 2003; Amlinger et al., 2008). Process emissions are an important contributor to 

the overall climate impacts of composting and it therefore important that appropriate 

and representative biofilter efficiencies are selected in LCA studies involving 

composting. 

 Compost management 

The composting process produces a solid residue called compost. There are a number of 

different markets for compost in the UK, including (non-exclusively); agricultural 

landspreading, horticulture, land restoration, soft landscaping, sports recreation and 

leisure, soil improver, and as a substrate for growing media. The suitability of a 

compost for use in a given market depends largely on the quality of the compost, with 

compost derived from source-segregated organic waste and that meets the standards 

defined in the Quality Protocol BSI (British Standards Institute) PAS (publically-

available standard) 100 (BSI, 2011a) open to a wider range of high grade markets 

compared to waste-compost – i.e. that which does not meet the BSI PAS 100 standards 

– which may only be used in lower grade markets. From an LCA perspective, the 
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approach taken to modelling compost management can have an impact on the results. 

Where compost is used in higher grade applications, such as in horticulture and 

gardening or land restoration, it can substitute for the production of primary resources, 

such as peat and inorganic fertilisers. The extraction and production of these primary 

resources can be highly energy intensive. Hence, if compost is assumed to be used in 

high grade applications where these primary products are avoided, it will likely result in 

considerable GHG savings (Boldrin et al., 2009b; Boldrin et al., 2010).  

2.7.7 Anaerobic digestion 

Direct GHG emissions from AD primary result from consumption of energy for on-site 

activities and the degradation of organic waste (fugitive emissions to the air). AD may 

result in indirect GHG benefits when produced biogas is utilised to generate fuels or 

energy for export to national grids or where primary resources, such as peat or fertiliser, 

are substituted as a result of the application of digestate to land.  

 Energy use 

The amount of energy used at an AD facility varies considerably depending on the type 

of technology and operational procedures used (Møller et al., 2009). Previous studies 

have reported values for diesel and electricity use in the range of 0.9 to 1.6 kg/t (Fisher, 

2006; Møller et al., 2009; Boldrin et al., 2011b) and 18 to 50 kWh/t (Berglund and 

Börjesson, 2006; Fisher, 2006; Møller et al., 2009; Boldrin et al., 2011b), respectively. 

 Biogas production & utilisation 

The AD of organic waste results in the production of an energy-dense gas called biogas. 

Biogas production varies depending on the type of waste digested and its associated 

CH4 production potential (i.e. theoretical methane yield). Based on a review of previous 

studies, Møller et al. (2009) reports common biogas production rates in the range 80-

130 m3/t for anaerobic treatment of food waste. Biogas produced at AD facilities is 

comprised of 45-75% CH4, 25-55% CO2, as well as small concentrations of trace gases, 

including hydrogen sulphide (H2S) (Møller et al., 2011a). The precise composition of 

the biogas varies depending on the type of the digested waste and various process 

parameters, such as temperature, pH, and reactor retention time (Khalid et al., 2011).  
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In the UK, biogas is typically utilised in an ICE or CHP unit to produce electricity or 

electricity and heat, respectively. Electricity may be exported to the national grid, whilst 

heat is mainly used locally to provide heating for the digester or for co-located buildings 

or other processes (Evangelisti et al., 2014). A more recent alternative for biogas 

utilisation is purification to remove the CO2 and hydrogen sulphide (H2S), which 

allows for a wider variety of uses and potentially greater indirect reductions in GHG 

emissions. Post-purification, the remaining ‘biomethane’ can be utilised in several 

ways: 

1. The CH4 can be injected directly into the national gas grid, leading to a substitution 

of fossil-derived natural gas. However, there are few examples of such practice in 

the UK, although this use of biomethane is a well-established practice within 

Europe. 

2. The CH4 can be compressed and used directly as a transport fuel in natural gas 

vehicles, where it substitutes for compressed natural gas. 

3. It can be liquefied and used to substitute for traditional diesel transport fuel.  

Whilst the technologies exist for purification of biogas produced at large-scale digesters, 

as do the technologies for compressing and/or liquefying, storing, and dispensing 

biomethane, the upgrading of biogas at the facility-scale is not, at present, an 

economically-viable option in the UK (Defra, 2013d). For LCA studies involving AD of 

organic waste, it is important that the biogas utilisation is appropriately considered as 

assumptions regarding the use of biogas produced at AD facilities have been shown to 

influence the LCA results (Pöschl et al., 2010; Rehl and Müller, 2011; Poeschl et al., 

2012b, 2012a).  

 Fugitive emissions 

A fraction of the biogas produced at the AD facility can be lost from the reactor and 

emitted to the air. Such losses occur as a result of the opening of the reactor for 

maintenance, as well as through leaks and intentional releases from pipes, valves, and 

fittings in the biogas management system. Quantification of these fugitive losses is 

challenging and losses are likely to be highly variable between different facilities 

(Møller et al., 2009). Previous studies suggest that fugitive emissions of biogas likely 

occur in the range 0% to 10% of the produced biogas (Smith et al., 2001; Eggleston et 

al., 2006; Boldrin et al., 2011b; Patterson et al., 2011; Yoshida et al., 2012). Previous 
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LCA studies into the environmental impacts of organic waste treatment through AD 

have suggested that fugitive CH4
 emissions can have a large impact on the overall 

potential climate change impact (Börjesson and Berglund, 2007; Møller et al., 2009; 

Bernstad and la Cour Jansen, 2011).  

 Digestate management 

The application to land of digestate derived from municipal waste is strictly controlled 

in the UK. Whilst agricultural landspreading is currently the major outlet for digestate 

produced in the UK (Fuchs et al., 2010), waste digestate, i.e. that which does not meet 

the standards defined in the Quality Protocol PAS110 (BSI, 2010a) and does not 

therefore quality as a non-waste product, can only be spread onto land following the 

obtainment of a permit or an exemption from a permit in accordance with The 

Environmental Permitting (England and Wales) (Amendment) Regulations 2013, The 

Pollution Prevention and Control (Scotland) Regulations 2012, or The Pollution 

Prevention and Control Regulations (Northern Ireland) 2003. Furthermore, The 

European Nitrates Directive (91/676/EEC) provides stringent controls over the amount 

of nitrogen in organic materials that can be spread onto land depending on the local and 

crop demand of the land (EC, 1991). This can make it difficult for suitable local land-

based markets to be identified, leading to either the transportation of digestate to distant, 

suitable lands or the landfilling of the digestate, either of which can significantly affect 

the results of LCA studies regarding the AD of organic waste.  

The use of digestate in agricultural landspreading results in emissions of GHGs 

(principally CO2 biogenic, although minor emissions of N2O may also occur [Brunn et al., 

2006]) to air as the organic matter degrades over time in aerobic conditions. is typically 

assumed to substitute for the production and application of inorganic fertilisers, 

resulting in substantial GHG benefits. If digestate is landfilled, then these GHG benefits 

are lost (Møller et al., 2009). Hence, it is important that digestate management is 

appropriately considered when performing LCA studies of AD, as the assumptions 

made can significantly affect the final results. 

2.7.8 Material reprocessing 

In LCA, secondary products produced from the reprocessing of recyclable materials are 

typically assumed to substitute for functionally-equivalent products, which can be 
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produced from either primary (‘virgin’) or secondary resources, according to a 

substitution ratio (Merrild et al., 2012). This substitution ratio consists of three 

parameters: recyclability, which refers to the amount of waste material that ends up as a 

recycled product and accounts for all material losses during the recycling process; (2) 

material quality loss, which relates to changes in the inherent technical properties of a 

waste material (e.g. the shortening of fibres during paper recycling); and (3) the market 

substitution ratio, which reflects market elasticity and defines the actual amount of a 

primary product that is substituted at the market as a consequence of the production of a 

secondary product. Overestimation of the substitution ratio or grade of application for 

recyclable materials can significantly impact the calculated GHG benefits from 

recycling and affect the overall LCA results (Laurent et al., 2014b). Further discourse 

regarding key methodological aspects associated with LCA of materials reprocessing is 

provided in Papers I and II.  

2.8 Review of previous studies 

Numerous authors have, in the past, examined the potential climate impacts of SWM 

systems and processes from a life cycle perspective. A variety of methodologies have 

been employed, including full LCA, ‘partial’ LCA (carbon footprint), ecological 

footprinting, environmental satellite accounting, environmental input-output analysis, 

system dynamic modelling, or variants thereof. In this section, previous studies into the 

life cycle climate impacts of SWM systems and/or processes are described. The first 

sub-section, ‘UK studies’, provides a critical review of previous studies into the life 

cycle climate impacts of SWM systems and processes in the UK. The review covers 

recent research undertaken at the national, ‘macro’, level and at the sub-national, 

‘meso’, level. The second sub-section, ‘other relevant studies’, provides an overview of 

recent studies into the life cycle climate impacts of SWM systems and processes 

undertaken in other countries. Note that the focus of this section is on recent studies that 

have been published in the past 10 years.  

2.8.1 United Kingdom studies 

In accordance with the UNFCCC, ratified nations are required to compile and maintain 

a national Greenhouse Gas Inventory (GHGI). In the UK, this GHGI is compiled and 
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maintained on behalf of the Department of Energy and Climate Change (DECC) by 

Ricardo-AEA. Ricardo-AEA are also contracted by DECC to compose and submit an 

annual National Inventory Report (NIR) to the UNFCCC. This consists of annual GHG 

emissions estimates – the most recent of which covers the period 1990 to 2013 

(Salisbury et al., 2015) – and details of the methodology on which emissions estimates 

are based. The emissions estimates reported in the NIR and inventoried in the GHGI are 

compiled in accordance with the IPCC 1996 Revised Guidelines and Good Practice 

Guidance (IPCC, 1997, 2000), with reference to the latest 2006 IPCC Guidelines for 

National Greenhouse Gas Inventories (IPCC, 2006), and are estimated for six different 

sectors, including waste management. Although guidance is provided to account for 

emissions from a wide range of solid waste treatment technologies, nations are only 

required to report GHG emissions from solid waste disposal in landfill and treatment 

through incineration. 

In addition to the UK GHGI, Ricardo-AEA, on behalf of DECC, compile a dataset of 

CO2 emissions estimates for UK local authority spatial districts. This dataset, a spatial 

disaggregation of the CO2 emissions from the UK GHGI, reports emissions on an end-

user basis (i.e. responsibility for emissions is ascribed to the final consumer) for three 

sectors: ‘energy producers’, ‘energy users’, and ‘others’, such as industrial process 

emissions and land use change. The methodology applied to compile this dataset is 

outlined in Ricardo-AEA (2014). Significantly, emissions arising from waste 

management activities are not accounted for in Ricardo-AEA’s approach due to issues 

with disaggregation.  

The UK SWM sector’s climate change impacts were investigated as part of a European-

wide study into future GHG emissions from MSW management  undertaken by the 

EEA European Topic Centre on Sustainable Consumption and Production (ETC/SCP) 

(previously, the European Topic Centre on Resource and Waste Management). As part 

of the study, the EEA ETC/SCP developed and applied a life cycle-based model to 

project future MSW arisings and estimate GHG emissions from its management in EU 

Member States, plus Norway and Switzerland. Initial projections were presented in 

Skovgaard et al.’s  (2008) working paper for the EEA, with these subsequently revised 

in 2011 by Bakas et al. (2011). A range of management options to reduce GHG 

emissions from MSW management in the EU based on these projections have been 

described and analysed by EEA (2011).  
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The EEA ETC/SCP model accounts for direct and avoided GHG emissions from 

incineration, landfill,  and recycling of MSW. Other waste treatment activities, such as 

biological treatment, ATT, or MBT are not included. Emissions estimates are obtained 

through a combination of aggregated EU-27 activity data combined with general EFs 

derived from European (although, mostly German) studies and, to derive direct 

emissions from landfill and incineration, a mass balance approach consistent with the 

IPCC Guidelines for National GHG Inventories (IPCC, 2006). Emissions are projected 

into the future for the period 2009-2020 for several scenarios developed to explore the 

effects of full compliance with the Landfill Directive (99/31/EC) and a total EU-wide 

landfill ban against a baseline scenario (EC, 1999).  

Fisher et al.’s (2006a) Carbon Balances and Energy Impacts of the Management of UK 

Wastes report for Defra details a UK-centric macro-level investigation into mass, 

carbon, and energy flows of alternative waste management scenarios, covering waste 

management for the period 2005 to 2031. The study compared GHG benefits and 

impacts of different waste management technologies with the aim of identifying 

optimum solutions for different waste materials. 15 waste material types were 

considered: paper/card, kitchen/food waste, green waste, agricultural crop waste, 

manure slurry, other organics, wood, dense plastic, textiles, ferrous metals, non-ferrous 

metals, silt/soil, minerals/aggregates, and miscellaneous combustibles. For each waste 

material flow for each alternative scenario, a net ‘carbon budget’ was quantified, 

accounting for both direct and indirect GHG emissions associated with the waste 

materials’ management. In general, the study suffers from a lack of sophistication with 

regards to the modelling approach taken (particularly with regards to the quantification 

of ‘avoided burdens’ through material recycling and biological treatment of organic 

waste) and relies heavily on the use of generic EFs to calculate carbon budgets. 

Mühle et al. (2010) used Fisher et al.’s (2006a) methodology in combination with a 

German study assessing the carbon footprint of German MSW management (IFEU, 

2005) – both the Institute for Energy and Environmental Research (2005) and Fisher et 

al. (2006a) calculate the carbon footprint using similar methodologies – to compare the 

carbon footprints of MSW management in Germany and the UK. The authors used 

waste generation and composition data from 2005/2006 and calculated the carbon 

footprint based on a range of MSW management options – incineration, landfill, MBT, 

AD, composting (IVC and OWC), and material recycling (paper, glass, ferrous metals, 
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non-ferrous metals, plastic, and bulky waste). GHG emissions (positive) were combined 

with avoided burdens (negative) to calculate the net carbon footprint. Their results 

found that MSW management in the UK produces an estimated five times more GHG 

emissions than that of Germany, with much of this variation the product of tightened 

landfilling criteria in Germany and a more robust recycling policy. 

 English studies 

Papageorgiou et al. (2009a) outlines a methodology for estimating a range of direct and 

indirect (upstream and downstream) emissions and emissions savings of CO2, CH4, and 

N2O from MSW energy recovery technologies and used it to model a range of scenarios 

based on an increase in the quantity of MSW treated for energy recovery with three 

alternative technologies, mass-burn incineration, mechanical heat treatment, and MBT, 

in England, by 2020. Estimates were largely based on average EFs and IPCC (2006) 

process emissions estimation equations and are estimated for a range of direct impacts 

and indirect upstream and downstream impacts, including: the use of fossil fuels for 

transportation of waste, the treatment of waste and associated fossil fuel use, the 

disposal of waste and associated fossil fuel use, consumed purchased electricity and 

heat used to facilitate waste treatment, as well as potential avoided GHGs emissions 

from energy recovery from waste and the supply of secondary materials for recycling.  

Chester (2010) describes a mass flow model using system dynamics that tracks the flow 

of waste fractions through a waste management system and estimates direct process 

emissions of CO2 and CH4 from each management stage based on chemical 

transformations of each waste fraction. The model does not, however, account for GHG 

emissions from on-site fuel combustion. Transportation emissions are estimated using a 

regression model, whilst energy generation and waste recycling rates are calculated and 

combined with EFs to determine ‘avoided’ burdens from within the system. The 

framework and methodology was applied by Chester (2010) to a fictionalised waste 

management company and has since been successfully applied to Biffa’s management 

of the MSW produced in the region of Wirral County, UK (Matthews, 2011; Moore, 

2011). 

An attributional LCA was performed by Evangelisti et al. (2014) to compare the 

environmental performance of three alternative organic waste treatment options for the 

London Borough of Greenwich: landfill with LFG utilisation for electricity generation, 
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incineration with energy recovery through CHP, and AD with organic fertiliser 

production and energy recovery through CHP. AD was identified as being the best 

treatment option in terms of GHG emissions, with a negative total net impact. However, 

the authors assume a 50% thermal energy generation efficiency for the CHP unit and 

assume that this energy is exported, presumably to a district heating system, and 

substitutes for thermal energy generated from a natural gas-fired condensing boiler. This 

assumption may be questionable in a UK context, due to the lack of established 

operational district heating systems in the country (Hawkey, 2012). Although, it should 

be noted that a project is underway to develop and install a district heating network in 

Greenwich (E.ON, 2015). Furthermore, this assumption may hold undue influence over 

the overall LCA results, as the authors found that results were sensitive to assumptions 

concerning the quality and quantity of energy substituted by the utilised biogas 

(Evangelisti et al., 2014).  

Parkes et al. (2015) undertook an attributional LCA, performed using the GaBi 

software, to compare possible alternative SWM systems for the management of MSW 

generated at the London Olympic Park under different legacy design scenarios. 10 

different integrated SWM systems were evaluated in the study, comprising different 

configurations of the following waste treatment options: AD, composting, MRF, MBT, 

incineration, ATT, and landfill. The most significant environmental savings, including 

GHG benefits, were found to be achieved through materials recycling, followed by 

energy recovery via AD, incineration, and ATT installations. Details of data used and 

assumptions made are clearly and comprehensively documented in the provided 

supplementary information. However, the modelling of environmental impacts from the 

management of MSW was performed rather simplistically and prescriptively, owing to 

the use of the generic LCA tool, GaBi, which does not allow for the modelling of 

heterogeneous reference flows, such as waste streams. 

Tunesi (2011) undertook an attributional LCA to compare the environmental 

performance of three alternative scenarios for the management of MSW from an 

unidentified English local authority. A large number of different waste treatment types 

were considered, with foreground system process data taken from the WRATE 

database. The modelling itself was also performed using the WRATE software (expert 

version) and with background system LCI data sourced from the Ecoinvent database. 

Issues of foreground system process multifunctionality are resolved through allocation, 
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which is not the preferred approach according to the ISO 14040 and ISO 14044 

standards (ISO, 2006b, 2006c). Waste flow data for the baseline (current) scenario were 

sourced from the local authority. The paper highlights the importance of recycling and 

energy recovery in reducing GHG emissions from SWM systems. The paper also 

emphasises the need for flexible regional SWM management planning that takes into 

consideration the local situation, as well as national policy. 

Hogg et al. (2008) performed a study to rank an extensive range of residual waste 

treatment technologies with regards to their GHG emissions performance for the 

purpose of supporting national policy making. The analysis was performed using the 

WRATE software (expert edition). Somewhat controversially, Hogg et al. (2008) 

account for emissions of non-fossil (‘biogenic’) CO2 equally to emissions of fossil CO2, 

i.e. both with a GWP of 1. MBT with AD and biogas purification use as a transport 

vehicle fuel was identified as being the best performing waste treatment option, 

followed by plasma gasification with syngas purification and use as a transport vehicle 

fuel. Generally, variants of MBT with AD and gasification technologies were found to 

dominate the rankings in terms of offering the best GHG emissions performance. 

Landfill was identified as being overwhelmingly the poorest performer.  

A partial LCA approach was adopted by Stichnothe and Azapagic (2009) to evaluate the 

GHG emissions from bioethanol production systems. The partial LCA was performed 

using the WRATE software, although the bioethanol process was modelled using the 

GaBi software. The authors found that the production of bioethanol from MSW (RDF 

and BMW) provides significant GHG benefits compared to the current waste 

management situation in the UK. Furthermore, the authors found that the GHG 

emissions from the production of bioethanol from BMW showed GHG savings 

compared to petrol, although RDF-derived bioethanol was found not to offer any GHG 

savings compared to petrol. These results support those of Hogg et al. (2008) that the 

use of MSW to produce transport vehicle fuel can result in significant GHG benefits 

compared to alternative MSW treatment options.  

An attributional LCA was performed by Al-Salem et al. (2014) to compare the 

environmental performance of different waste management options for plastics in the 

context of the MSW management system in the Greater London area. The LCA was 

performed using the GaBi software. Alternative plastic waste management options 
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considered include recycling (including sorting through a MRF, reprocessing, and sale 

at the market), pyrolysis, and combustion in a hydrogenation reactor. From a GHG 

emissions perspective, the results show that recycling represents the best management 

option for waste plastics. However, the authors assume a substitution ratio of 1:1, which 

does not reflect the loss of material quality involved in plastics reprocessing (Rigamonti 

et al., 2009b). As part of a sensitivity analysis, the authors investigated the effect of 

reducing the assumed substitution ratio on the LCA results, finding that if the ratio is 

0.5 or less, pyrolysis becomes the best treatment option for plastics.  

 Scottish studies 

A Carbon Metric has been developed by WRAP (Waste and Resources Action 

Programme) for the purpose of assisting the Scottish government in evaluating the GHG 

impacts of its national SWM system and to identify areas for improvement (Pratt et al., 

2013). The Carbon Metric was applied to evaluate the ‘carbon’ impact of MSW 

management in Scotland in 2012 (Pratt, 2014). The report relies on generic EFs to 

quantify GHG emissions, many of which are poorly documented in terms of the 

assumptions made and approach taken to derive the value (see Paper II – Chapter 4).  

In 2007, the Scottish Environmental Protection Agency (SEPA) published a Life Cycle 

Assessment of Municipal Waste Management Options in Scotland, which evaluates the 

environmental impacts of four alternative MSW management scenarios in Scotland in 

the year 2020 (SEPA, 2007). The four alternative management scenarios considered 

covered different combinations and levels of source-segregated recycling and 

composting, incineration with energy recovery, and landfilling and were compared 

against a baseline scenario of the situation in 2005/06. The LCA was performed using 

the WRATE software (see Section 2.6.3.1). The best MSW management scenario from 

a GHG emissions perspective was identified as being a combination of 70% source-

segregated recycling/composting, with 25% incineration with energy recovery and 5% 

disposal to landfill. Scenarios with high levels of landfilling were found to incurring the 

largest GHG burdens. The study is fairly simplistic, with generic process data from 

WRATE applied in combination with assumed future MSW arisings data (a 1% annual 

growth rate was assumed) to generate results. 
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 Welsh studies 

Jones and Jones (2007) carried out an experimental Environmental Satellite Account – 

an extension to economic accounting that considers a wider range of environmental 

impacts associated with economic change – for Wales in 2006. As part of this study, 

emissions of certain GHGs (CO2, CH4, N2O, hydrofluorocarbons [HFCs], 

perfluorocarbons [PFCs], and sulphur hexafluoride [SF6]) associated with 12 economic 

sectors were reported, with data taken directly from the UK’s REWARD project 

database (now defunct). However, GHG emissions were only reported as a combined 

total and MSW management was not explicitly covered, only being included within the 

‘other services’ sector.  

The waste-LCA model, WISARD – developed in 1999 by Ecobilan for the EA – was 

used by Emery et al. (2007) to model the environmental impacts of MSW management 

in Wales. Amongst the conclusions of the authors’ research, they identified three 

barriers to the widespread adoption of LCA tools in the UK: i) lack of understanding of 

the importance of life-cycle thinking; ii) difficulties in the obtainment and use of input 

data; and iii) a lack of knowledge of various impact assessment methodologies and their 

application. However, from an LCA perspective, the study excludes a number of 

emissions sources and lacks transparency in the reporting of methodological data used 

and assumptions made. 

In the late 2000s, the WAG (now the Welsh Government) commissioned Walmsley and 

Cracknell (2009) to conduct an ecological footprint study of waste management in 

Wales. As part of this study, Walmsley and Cracknell (2009) quantified the GHG 

impacts generated by the full ‘Kyoto basket’ of GHGs (reported as CO2e) from  MSW 

management. The compositional data used in the study was based on past National 

Statistics reports and unpublished data provided by the WAG. The source of the 

physical and elemental composition data is, however, absent. Due to a lack of available 

material flow data, composition was assumed to be the same as that of residual 

household waste for all waste generation sources and destinations, despite there being 

recognisable differences in composition depending on the waste source (WRAP, 

2010a). Detailed analysis of material reprocessing and recycling was not considered 

within the scope of the study, with only a theoretical minimum and maximum 

ecological footprint’ saving modelled, based on assumptions outlined in WRATE, 
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Fisher et al. (2006a), and Fisher (2006). The calculation of energy substitution resulting 

from EfW operations was based on generic EFs derived from WRATE, Fisher et al. 

(2006a), and Fisher (2006), rather than the system expansion approach preferred by ISO 

14040 and 14044 (ISO, 2006b, 2006c). 

Eunomia were commissioned in 2010 by WRAP on behalf of WAG to perform a 

quantitative financial and environmental evaluation of different household dry recycling 

kerbside collection systems for local authorities in Wales (Eunomia et al., 2011). As 

part of the study, life cycle environmental impacts, including those from emissions of 

GHGs, related to collection, sorting, and reprocessing of dry recyclables and the 

treatment and disposal of residual waste and rejected materials were quantified. This 

evaluation was largely performed using an in-house model developed by Eunomia using 

data from the WRATE database, although primary data related to process transfer 

coefficients obtained from MRF operators was used where possible. Information 

concerning the modelling framework or calculation procedure of the Eunomia model is 

lacking. Whilst the approach taken to modelling to environmental impacts of dry 

recyclables collection options is highly sophisticated, the approaches used to estimate 

the GHG emissions from sorting, reprocessing, treatment, and disposal are more 

simplistic, owing, perhaps, to the focus of the study. 

 Northern Irish studies 

To the best knowledge of this author, there have been no published studies that have 

addressed the life cycle climate impacts of SWM in Northern Ireland.  

2.8.2 Other relevant studies  

Globally, numerous research studies have been undertaken to quantitatively evaluate the 

life cycle GHG emissions from SWM, either as part of full, holistic LCAs or ‘partial’ 

LCAs focusing on global warming potential as a single indicator result (‘carbon 

footprint’). These studies can be categorised into one of three types based on the focus 

of the research: 

• Specific waste type/stream (Type I). Meso-level studies that compare the impacts of 

different treatment or disposal options for specific waste material types (e.g. paper, 

glass, etc.) or waste streams (e.g. residual waste, garden waste, etc.). 
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• Specific technology or technology development (Type II). Micro-level studies that 

evaluate the impacts of specific technologies or facilities or of specific treatment 

technology developments and innovations. 

• Integrated waste management system (Type III). Meso- to macro-level studies that 

evaluate the impacts of an integrated waste management system.  

Recent literature published in the past 10 years concerning the application of LCA and 

life cycle sustainability indicators to evaluate the potential climate impacts of SWM 

systems and processes are summarised in Tables 2.13-2.15 for Type I, II, or III research 

studies, in turn. 

2.8.3 Discussion 

Tables 2.13-2.15 highlight how the use of life cycle assessment, in either a full (multi 

impact) or streamlined (single impact) form, to evaluate the potential climate impacts of 

SWM systems and/or processes has proliferated worldwide in recent years. This  

underlines the increasingly prevalent perception in the value of using LCA to support 

SWM decision making at multiple scales.  

An essential step in performing an LCA of a SWM system or process is the 

establishment of a mass balance of waste. However, few of the studies summarised in 

Tables 2.13-2.15 were found to incorporate the use of MFA to achieve this objective. 

Those studies that did use an integrated MFA and LCA approach generally focused on 

the evaluation of specific waste types/streams (e.g. Boldrin et al., 2011a; Geyer et al., 

2013; Lam et al., 2013; Sevigné-Itoiz et al., 2014a; 2014b), rather than on complete, 

multi-waste stream SWM systems. The potential benefits of applying such an approach 

to evaluate complete SWM systems at the meso-level is explored further in Paper III. 

In the UK, a number of previous studies have been undertaken that have sought to 

evaluate SWM systems and processes from a life cycle perspective (see Section 2.8.1). 

Of those studies, few have addressed SWM at the UK scale (macro-level). In general, 

those that have were undertaken for national reporting purposes (Salisbury et al., 2015) 

or as part of wider European studies (Bakas et al., 2011; EEA, 2011). In both cases, the 

level of detail with regards to system completeness and modelling sophistication is 

generally low, owing to the focus of such studies being on the provision of low-

resolution, ‘big picture’ analysis of national SWM performance.  
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The majority of the studies reviewed in Section 2.8.1 focus on the evaluation of meso- 

and micro-level SWM systems or processes in England, Scotland, or Wales. It is 

interesting to note that no previous studies have been undertaken to evaluate SWM 

systems in Northern Ireland. Section 2.8.1 highlights the prevalent use of the waste-

LCA tool, WRATE, in LCA studies of sub-UK scale SWM systems and processes (e.g. 

Hogg et al., 2008; Stichnothe and Azapagic, 2009; Tunesi, 2011). However, Section 

2.6.3.1 discussed a number of crucial shortcomings in the use of WRATE to evaluate 

SWM systems and processes that limit its ability to provide meaningful outputs to 

support SWM decision support.  

Section 2.8.1 also highlights how existing life cycle-based studies of UK SWM systems 

have generally focused on the evaluation of management systems for specific waste 

types/streams (e.g. Stichnothe and Azapagic, 2009; Al-Salem et al., 2014; Evangelisti et 

al., 2014) or the performance of specific SWM processes (e.g. Hogg et al., 2008; 

Papgeorgiou et al., 2009a). There is an evident dearth of high quality studies into the 

potential climate impacts of complete, multi-waste stream SWM systems at the 

municipality scale (meso-level). Such studies may be valuable in supporting local SWM 

decision-making. 
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Table 2.13. Summary of previous studies that have evaluated the life cycle GHG impacts of specific waste types/streams (Type I studies). 

Year Author(s) Title 
Impact 
coveragea Geographic coverage 

Level of 
analysis 

2009 Al-Salem and Lettieri 
(2009) 

Life Cycle Assessment (LCA) of municipal solid waste management in the state of 
Kuwait 

Multi Kuwait Meso 

2014 Al-Salem et al. (2014) Life cycle assessment of alternative technologies for municipal solid waste and 
plastic solid waste management in the Greater London area. 

Multi UK Meso 

2011 Alston and Arnold (2011) Environmental impact of pyrolysis of mixed WEEE plastics part 2: Life cycle 
assessment 

Multi Hypothetical Meso 

2008 Amlinger et al. (2008) Greenhouse gas emissions from composting and mechanical biological treatment Single Denmark Micro 
2012 Andersen et al. (2012) Home composting as an alternative treatment option for organic household waste in 

Denmark: An environmental assessment using life cycle assessment-modelling 
Multi Denmark Meso 

2008 Apisitpuvakul et al. (2008) LCA of spent fluorescent lamps in Thailand at various rates of recycling Multi Thailand Micro 
2011 Assamoi and Lawryshyn 

(2011) 
The environmental comparison of landfilling vs. incineration of MSW accounting for 
waste diversion 

Multi Canada Meso 

2011 Bernstad and la Cour 
Jansen (2011) 

A life cycle approach to the management of household food waste - a Swedish full-
scale case study 

Multi Sweden Meso 

2012 Bernstad and la Cour 
Jansen (2012) 

Separate collection of household food waste for anaerobic degradation – comparison 
of different techniques from a systems perspective 

Multi Sweden Meso 

2014 Bernstad Saraiva Schott 
and Andersson (2015) 

Food waste minimization from a life-cycle perspective Single Sweden Meso 

2015 Biganzoli et al. (2015) Mass balance and life cycle assessment of the waste electrical and electronic 
equipment management system implemented in Lombardia Region (Italy) 

Multi Italy Meso 

2007 Birgisdottir et al. (2007) Life cycle assessment of disposal of residues from municipal solid waste incineration: 
recycling of bottom ash in road construction or landfilling in Denmark evaluated in 
the ROAD-RES model 

Multi Denmark Micro 

2011 Boldrin et al. (2011a) Environmental assessment of garden waste management in the Municipality of 
Aarhus, Denmark 

Multi Denmark Meso 
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Year Author(s) Title 
Impact 
coveragea Geographic coverage 

Level of 
analysis 

2011 Boldrin et al. (2011b) Modelling of environmental impacts from biological treatment of organic municipal 
waste in EASEWASTE 

Multi USA, Italy, Denmark, 
Western Europe 

Micro 

2009 Cherubini et al. (2009) Life cycle assessment (LCA) of waste management strategies: Landfilling, sorting 
plant and incineration 

Multi Italy Meso 

2008 Chester et al. (2008) Energy, greenhouse gas, and cost reductions for municipal recycling systems Multi USA Meso 
2014 Evangelisti et al. (2014) Life cycle assessment of energy from waste via anaerobic digestion: a UK case study Multi UK Meso 
2014 Fernández-Nava et al. 

(2014) 
Life Cycle Assessment (LCA) of different municipal solid waste management 
options: A case study of Asturias (Spain) 

Multi Spain Meso 

2014 Ferrão et al. (2014) Environmental, economic and social costs and benefits of a packaging waste 
management system: A Portuguese case study 

Multi Portugal Meso 

2014 Ferreira et al. (2014) Life cycle assessment of a packaging waste recycling system in Portugal Multi Portugal Meso 
2005 Finnveden et al. (2005) Life cycle assessment of energy from solid waste—part 1: general methodology and 

results 
Multi Sweden Macro 

2006 Fisher et al. (2006a) Carbon balances and energy impacts of the management of UK wastes Multi UK Macro 
2006 Fisher et al. (2006b) Battery waste management life cycle assessment Multi UK Macro 
2012 Franchetti and Kilaru 

(2012) 
Modeling the impact of municipal solid waste recycling on greenhouse gas emissions 
in Ohio, US 

Single USA Meso 

2010 Fruergaard et al. (2010) Life-Cycle Assessment of selected management options for air pollution control 
residues from waste incineration 

Multi Denmark Micro 

2013 Geyer et al. (2013) Life cycle assessment of used oil management in California Multi USA Meso 
2005 Haight (2005) Assessing the environmental burdens of anaerobic digestion in comparison to 

alternative options for managing the biodegradable fraction of municipal solid wastes 
Multi Canada Meso 

2010 Haines et al. (2010) End-of-life tire management LCA Multi Canada Micro 
2011 Hermann et al. (2011) To compost or not to compost: Carbon and energy footprints of biodegradable 

materials’ waste treatment 
Multi Hypothetical Meso 
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Year Author(s) Title 
Impact 
coveragea Geographic coverage 

Level of 
analysis 

2005 Hischier et al. (2005) Does WEEE recycling make sense from an environmental perspective? Multi Switzerland Macro 
2012 Hong and Li (2012) Environmental assessment of recycled printing and writing paper: A case study in 

China 
Multi China Micro 

2015 Hupponen et al. (2015) How should greenhouse gas emissions be taken into account in the decision making 
of municipal solid waste management procurements? A case study of the South 
Karelia region, Finland 

Single Finland Meso 

2011 James et al. (2011) Benefits of reuse. Case study: electrical items Multi UK Micro 
2010 Johansson and Björklund 

(2010) 
Reducing Life Cycle Environmental Impacts of Waste Electrical and Electronic 
Equipment Recycling 

Single Sweden Micro 

2012 Kong et al. (2012) Evaluating greenhouse gas impacts of organic waste management options using life 
cycle assessment 

Single USA Meso 

2013 Lam et al. (2013) Linking material flow analysis with environmental impact potential Multi USA Meso 
2010 Laurijssen et al. (2010) Paper and biomass for energy? The impact of paper recycling on energy and CO2 

emissions 
Multi The Netherlands Macro 

2008 Liamsanguan and 
Gheewala (2008b) 

LCA: A decision support tool for environmental assessment of MSW management 
systems 

Single Thailand Meso 

2005 Lundie (2005) Life cycle assessment of food waste management options Multi Australia Micro 
2011 Manfredi et al. (2011) Environmental assessment of different management options for individual waste 

fractions by means of life-cycle assessment modelling 
Multi Denmark Micro 

2012 Merrild et al. (2012) Assessing recycling versus incineration of key materials in municipal waste: The 
importance of efficient energy recovery and transport distances 

Multi Denmark Meso 

2005 Moberg et al. (2005) Life cycle assessment of energy from solid waste—part 2: landfilling compared to 
other treatment methods 

Multi Sweden Macro 

2012 Monni (2012) From landfilling to waste incineration: Implications on GHG emissions of different 
actors 

Single Finland Meso 
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Year Author(s) Title 
Impact 
coveragea Geographic coverage 

Level of 
analysis 

2010 Morris (2010) Bury or burn North American MSW? LCAs provide answers for climate impacts & 
carbon neutral power potential 

Single USA Meso 

2012 Panepinto and Genon 
(2012) 

Carbon Dioxide Balance and Cost Analysis for Different Solid Waste Management 
Scenarios 

Single Italy Meso 

2009 Papageorgiou et al. 
(2009a) 

Assessment of the greenhouse effect impact of technologies used for energy recovery 
from municipal waste: A case for England 

Single UK Meso 

2009 Papageorgiou et al. 
(2009b) 

Municipal solid waste management scenarios for Attica and their greenhouse gas 
emission impact 

Single Greece Meso 

2010 Perkoulidis et al. (2010) Integrated assessment of a new waste-to-energy facility in Central Greece in the 
context of regional perspectives 

Single Greece Meso 

2009 Ragoßnig et al. (2009) Climate impact analysis of waste treatment scenarios -- thermal treatment of 
commercial and pretreated waste versus landfilling in Austria 

Single Austria Meso 

2013 Reza et al. (2013) Environmental and economic aspects of production and utilization of RDF as 
alternative fuel in cement plants: A case study of Metro Vancouver Waste 
Management 

Multi Canada Meso 

2014 Rigamonti et al. (2014) Environmental evaluation of plastic waste management scenarios Multi Italy Meso 
2006 Rivela et al. (2006) Life cycle assessment of wood wastes: A case study of ephemeral architecture Multi Spain Micro 
2011 Salmi and Wierink (2011) Effects of waste recovery on carbon footprint: A case study of the Gulf of Bothnia 

steel and zinc industries 
Single Finland & Sweden Macro 

2007 Schmidt et al. (2007) Life cycle assessment of the waste hierarchy – A Danish case study on waste paper Multi Denmark Macro 
2014 Sevigné-Itoiz et al. 

(2014a) 
Environmental consequences of recycling aluminum old scrap in a global market 
 

Single Spain Macro 

2014 Sevigné-Itoiz et al. 
(2014b) 

Methodology of supporting decision-making of waste management with MFA and 
CLCA: case study of waste paper recycling 

Single Spain Macro 

2008 Shonfield (2008) LCA of Management Options for Mixed Waste Plastics Multi UK Micro 
2012 Thomas et al. (2012) A carbon footprint for UK clothing and opportunities for savings Single UK Meso 
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Year Author(s) Title 
Impact 
coveragea Geographic coverage 

Level of 
analysis 

2011 Vergara et al. (2011) Boundaries matter: Greenhouse gas emission reductions from alternative waste 
treatment strategies for California’s municipal solid waste 

Single USA Meso 

2011 Wäger et al. (2011) Environmental impacts of the Swiss collection and recovery systems for Waste 
Electrical and Electronic Equipment (WEEE): a follow-up 

Multi Switzerland Macro 

2013 Wang (2013) Life cycle assessment of biodiesel production from waste cooking oil in Western 
Australia 

Multi Australia Micro 

2012 Wang et al. (2012) A Life Cycle Assessment (LCA) comparison of three management options for waste 
papers: Bioethanol production, recycling and incineration with energy recovery 

Multi UK Meso 

2013 Woon and Lo (2013) Greenhouse gas accounting of the proposed landfill extension and advanced 
incineration facility for municipal solid waste management in Hong Kong 

Single China Meso 

2012 Xie et al. (2012) Life cycle assessment of composite packaging waste management—a Chinese case 
study on aseptic packaging 

Multi China Meso 

2013 Xu et al. (2013) Environmental and economic evaluation of cathode ray tube (CRT) funnel glass 
waste management options in the United States 

Multi USA Meso 

2009 Zaman (2009) Life cycle environmental assessment of municipal solid waste to energy technologies Multi Hypothetical Meso 
2010 Zaman (2010) Comparative study of municipal solid waste treatment technologies using life cycle 

assessment method 
Multi Sweden Macro 

2012 Zhao et al. (2012) Environmental impact assessment of the incineration of municipal solid waste with 
auxiliary coal in China 

Multi China Meso 

a Impact coverage: multi, LCA studies including multiple impact categories; single, studies focused on potential climate change impacts only (e.g. carbon footprint). 

 

Table 2.14. Summary of previous studies that have evaluated the life cycle GHG impacts of specific technologies or technological developments (Type II studies). 
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Year Author(s) Title Impact 
coveragea 

Geographic 
coverage 

Level of 
analysis 

2012 Abeliotis et al. (2012) Life Cycle Assessment of the MBT plant in Ano Liossia, Athens, Greece Multi Greece Micro 
2014 Adams and McManus (2014) Small-scale biomass gasification CHP utilisation in industry: Energy and 

environmental evaluation 
Multi UK Micro 

2013 Adhikari et al. (2013) Gas emissions as influenced by home composting system 
Configuration 

Single Canada Micro 

2010 Andersen et al. (2010) Mass balances and life-cycle inventory for a garden waste windrow composting plant 
(Aarhus, Denmark) 

Multi Denmark Micro 

2015 Arena et al. (2015) A life cycle assessment of environmental performances of two combustion- and 
gasification-based waste-to-energy technologies 

Multi Hypothetical Micro 

2009 Astrup et al. (2009a) Recycling of plastic: Accounting of greenhouse gases and global warming 
contributions 

Single Europe Micro 

2009 Astrup et al. (2009b) Incineration and co-combustion of waste: Accounting of greenhouse gases and global 
warming contributions 

Single Europe Micro 

2005 Aumônier and Collins (2005) Life cycle assessment of disposable and reusable nappies in the UK Multi UK Micro 
2008 Aumônier et al. (2008) An updated lifecycle assessment study for disposable and reusable nappies Multi UK Micro 
2010 Baddeley et al. (2010) Comparative life-cycle assessment: INEOS Bio Ltd Seal Sands Waste to Biofuel Initial 

Plant 
Single UK Micro 

2013 Beylot and Villeneuve (2013) Environmental impacts of residual municipal solid waste incineration: a comparison of 
110 French incinerators using a life cycle approach 

Multi France Micro 

2013 Beylot et al. (2013) Life Cycle Assessment of landfill biogas management: sensitivity to diffuse and 
combustion air emissions 

Multi France Micro 

2015 Beylot et al. (2015) Life Cycle Assessment of mechanical biological pre-treatment of Municipal Solid 
Waste: A case study 

Multi France Micro 

2014 Boesch et al. (2014) An LCA model for waste incineration enhanced with new technologies for metal 
recovery and application to the case of Switzerland 

Multi Switzerland Micro 
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Year Author(s) Title Impact 
coveragea 

Geographic 
coverage 

Level of 
analysis 

2009 Boldrin et al. (2009b) Composting and compost utilization: Accounting of greenhouse gases and global 
warming contributions 

Single Europe Micro 

2010 Boldrin et al. (2010) Environmental inventory modelling of the use of compost and peat in growth media 
preparation 

Multi Denmark Micro 

2015 Burnley et al. (2015) Factors influencing the life cycle burdens of the recovery of energy from residual 
municipal waste 

Multi UK Micro 

2011 Chakraborty et al. (2011) Methane emission estimation from landfills in Delhi: A comparative assessment of 
different methodologies 

Single India Micro 

2010 Chen and Christensen (2010) Life-Cycle Assessment (EASEWASTE) of two municipal solid waste incineration 
technologies in China 

Multi China Micro 

2009 Damgaard et al. (2009) Recycling of metals: Accounting of greenhouse gases and global warming 
contributions 

Single Europe Micro 

2010 Damgaard et al. (2010) Life-Cycle-Assessment of the historical development of air pollution control and 
energy recovery in waste incineration 

Multi Denmark Micro 

2011 Damgaard et al. (2011) LCA and economic evaluation of landfill leachate and gas technologies Multi Hypothetical Micro 
2013 Di Maria et al. (2013) Experimental and life cycle assessment analysis of gas emission from mechanically–

biologically pretreated waste in a landfill with energy recovery 
Multi Italy Micro 

2009 Doka (2009) Life cycle inventories of waste treatment services Multi - Micro 
2013 European Aluminium 

Association (EAA; 2013b) 
Environmental profile report for the European aluminium industry Multi Europe Micro 

2009 Eisted et al. (2009) Collection, transfer and transport of waste: accounting of greenhouse gases and global 
warming contribution 

Single Europe Micro 

2007 Eriksson et al. (2007) Life cycle assessment of fuels for district heating: A comparison of waste incineration, 
biomass- and natural gas combustion 

Multi Sweden Meso 

2012 Fitzgerald et al. (2012) Greenhouse gas impact of dual stream and single stream collection and separation of 
recyclables 

Single USA Micro 

101 



Chapter 2 

 

Year Author(s) Title Impact 
coveragea 

Geographic 
coverage 

Level of 
analysis 

2011 Fruergaard and Astrup (2011) Optimal utilization of waste-to-energy in an LCA perspective Multi Denmark Micro 
2010 Gamberini et al. (2010) On the integration of planning and environmental impact assessment for a WEEE 

transportation network—A case study 
Multi Italy Meso 

2009 Gohlke (2009) Efficiency of energy recovery from municipal solid waste and the resultant effect on 
the greenhouse gas balance 

Single Sweden Micro 

2009 Han et al. (2009) Comparison of two different ways of landfill gas utilization through greenhouse gas 
emission reductions analysis and financial analysis 

Single China Micro 

2008 Ishigaki et al. (2008) Estimation and field measurement of methane emission from waste landfills in Hanoi, 
Vietnam 

Single Vietnam Micro 

2014 Jain et al. (2014) Life-Cycle Inventory and impact evaluation of mining municipal solid waste landfills Multi USA Meso 
2008 Jha et al. (2008) Greenhouse gas emissions from municipal solid waste management in Indian mega-

cities: A case study of Chennai landfill sites 
Single India Micro 

2012 Khoo et al. (2012) Projecting the environmental profile of Singapore's landfill activities: Comparisons of 
present and future scenarios based on LCA 

Multi Singapore Meso 

2011 Larsen and Astrup (2011) CO2 emission factors for waste incineration: Influence from source separation of 
recyclable materials 

Single Denmark Micro 

2009 Larsen et al. (2009a) Diesel consumption in waste collection and transport and its environmental 
significance 

Single Europe Micro 

2009 Larsen et al. (2009b) Diesel consumption in waste collection and transport and its environmental 
significance 

Single Europe Micro 

2010 Larsen et al. (2010) Waste collection systems for recyclables: An environmental and economic assessment 
for the municipality of Aarhus (Denmark) 

Multi Denmark Meso 

2007 Liamsanguan and Gheewala 
(2007) 

Environmental assessment of energy production from municipal solid waste 
incineration 

Multi Thailand Micro 

2012 Liu et al. (2012) Pilot-scale anaerobic co-digestion of municipal biomass waste: Focusing on biogas 
production and GHG reduction 

Single China Micro 
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Year Author(s) Title Impact 
coveragea 

Geographic 
coverage 

Level of 
analysis 

2015 Lu et al. (2015) The environmental impact of technology innovation on WEEE management by Multi-
Life Cycle Assessment 

Multi Hypothetical Micro 

2009 Manfredi and Christensen 
(2009) 

Environmental assessment of solid waste landfilling technologies by means of LCA-
modeling 

Multi Hypothetical Micro 

2009 Manfredi et al. (2009a) Environmental assessment of gas management options at the Old Ammassuo landfill 
(Finland) by means of LCA-modeling (EASEWASTE) 

Multi Finland Micro 

2009 Manfredi et al. (2009b) Landfilling of waste: Accounting of greenhouse gases and global warming 
contributions 

Single Europe Micro 

2010 Manfredi et al. (2010a) Environmental assessment of low-organic waste landfill scenarios by means of life-
cycle assessment modelling (EASEWASTE) 

Multi The Netherlands Micro 

2010 Manfredi et al. (2010b) Contribution of individual waste fractions to the environmental impacts from 
landfilling of municipal solid waste 

Multi Hypothetical Micro 

2009 Martínez-Blanco et al. (2009) Life cycle assessment of the use of copost from municipal organic waste for 
fertilization of tomato crops 

Multi Spain Micro 

2009 Merrild and Christensen 
(2009) 

Recycling of wood for particle board production: Accounting of greenhouse gases and 
global warming contributions 

Single Europe Micro 

2008 Merrild et al. (2008) Life cycle Assessment of waste paper management: The importance of technology data 
and system boundaries in assessing recycling and incineration 

Multi Denmark Micro 

2009 Merrild et al. (2009) Recycling of paper: Accounting of greenhouse gases and global warming contributions Single Europe Micro 
2009 Mitchell and Stevens (2009) Life cycle assessment of closed loop MDF recycling: Microrelease trial Multi UK Micro 
2008 Mohn et al. (2008) Determination of biogenic and fossil CO2 emitted by waste incineration based 

on 14CO2 and mass balances 
Single Switzerland Micro 

2009 Møller et al. (2009) Anaerobic digestion and digestate use: Accounting of greenhouse gases and global 
warming contribution 

Single Europe Micro 

2011 Møller et al. (2011b) Life cycle assessment of selective non-catalytic reduction (SNCR) of nitrous oxides in 
a full-scale municipal solid waste incinerator 

Multi Denmark Micro 
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Year Author(s) Title Impact 
coveragea 

Geographic 
coverage 

Level of 
analysis 

2013 Montejo et al. (2013) Mechanical–biological treatment: Performance and potentials. An LCA of 8 MBT 
plants including waste characterization 

Multi Spain Meso 

2010 Morais et al. (2010) Simulation and life cycle assessment of process design alternatives for biodiesel 
production from waste vegetable oils 

Multi Portugal Micro 

2009 Niskanen et al. (2009) Environmental assessment of Ammassuo Landfill (Finland) by means of LCA-
modelling (EASEWASTE) 

Multi Finland Micro 

2009 Obermoser et al. (2009) Determination of reliable CO2 emission factors for waste-to-energy plants Single Hypothetic Micro 
2012 Patel et al. (2012) Techno-economic performance analysis and environmental impact assessment of small 

to medium scale SRF combustion plants for energy production in the UK 
Single UK Micro 

2012 Poeschl et al. (2012a) Environmental impacts of biogas deployment – Part I: life cycle inventory for 
evaluation of production process emissions to air 

Multi Hypothetical Micro 

2012 Poeschl et al. (2012b) Environmental impacts of biogas deployment – Part II: life cycle assessment of 
multiple production and utilization pathways 

Multi Hypothetical Micro 

2015 Pressley et al. (2015) Analysis of material recovery facilities for use in life-cycle assessment LCI only USA Micro 
2012 Punkkinen et al. (2012) Environmental sustainability comparison of a hypothetical pneumatic waste collection 

system and a door-to-door system 
Multi Hypothetical Meso 

2008 Riber et al. (2008) Environmental assessment of waste incineration in a life-cycle-perspective 
(EASEWASTE) 

Multi Denmark Micro 

2007 Saft (2007) Life cycle assessment of a pyrolysis/gasification plant for hazardous paint waste Multi The Netherlands Micro 
2007 Salhofer et al. (2007) The ecological relevance of transport in waste disposal systems in Western Europe Multi Europe Micro 
2009 Scheutz et al. (2009a) Microbial methane oxidation processes and technologies for mitigation of landfill gas 

emissions 
Single Hypothetical Micro 

2010 Talens Peiró et al. (2010) Life cycle assessment (LCA) and exergetic life cycle assessment (ELCA) of the 
production of biodiesel from used cooking oil (UCO) 

Multi - Micro 

2007 Talyan et al. (2007) Quantification of methane emission from municipal solid waste disposal in Delhi Single India Micro 
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Year Author(s) Title Impact 
coveragea 

Geographic 
coverage 

Level of 
analysis 

2011 Turconi et al. (2011) Life cycle assessment of waste incineration in Denmark and Italy using two LCA 
models 

Multi Denmark & 
Italy 

Micro 

2012 Vainikka et al. (2012) Comparing the greenhouse gas emissions from three alternative waste combustion 
concepts 

Single Finland Micro 

2011 Voronova et al. (2011) Environmental assessment and sustainable management options of leachate and landfill 
gas treatment in Estonian municipal waste landfills 

Multi Estonia Micro 

2007 Wanichpongpan and 
Gheewala (2007) 

Life cycle assessment as a decision support tool for landfill gas-to energy projects Multi Thailand Micro 

2008 WRAP (2008d) Life Cycle Assessment of plasterboard. Quantifying the environmental impacts 
throughout the product life cycle, building the evidence base in sustainable 
construction 

Multi UK Micro 

2013 Xing et al. (2013) Environmental impact assessment of leachate recirculation in landfill of municipal 
solid waste by comparing with evaporation and discharge (EASEWASTE) 

Multi China Micro 

2014 Yang and Chen (2014) Global warming impact assessment of a crop residue gasification project—A dynamic 
LCA perspective 

Single China Micro 

2012 Yang et al. (2012) Greenhouse gas emissions from MSW incineration in China: Impacts of waste 
characteristics and energy recovery 

Single China Meso 

a Impact coverage: multi, LCA studies including multiple impact categories; single, studies focused on potential climate change impacts only (e.g. carbon footprint). 
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Table 2.15. Summary of previous studies that have evaluated the life cycle GHG impacts of integrated SWM systems (Type III studies). 
Year Author(s) Title Impact 

coverage 
Geographic 
coverage 

Level of 
analysis 

2011 Abduli et al. (2011) Life cycle assessment (LCA) of solid waste management strategies in Tehran: landfill and 
composting plus landfill 

Multi Iran Meso 

2010 Anic-Vucinic et al. 
(2010) 

Greenhouse gases reduction through waste management in Croatia Single Croatia Macro 

2009 Batool and Chuadhry 
(2009) 

The impact of municipal solid waste treatment methods on greenhouse gas emissions in 
Lahore, Pakistan 

Single Pakistan Meso 

2011 Bernstad et al. (2011) Life Cycle Assessment of a household solid waste source separation programme: A 
Swedish case study 

Multi Sweden Meso 

2012 Blengini et al. (2012) Participatory approach, acceptability and transparency of waste management LCAs: Case 
studies of Torino and Cuneo 

Multi Italy Meso 

2006 Bovea and Powell (2006) Alternative scenarios to meet the demands of sustainable waste management Multi Spain Meso 
2010 Bovea et al. (2010) Environmental assessment of alternative municipal solid waste management strategies. A 

Spanish case study 
Multi Spain Meso 

2009 Browne et al. (2009) Use of carbon footprinting to explore alternative household waste policy scenarios in an 
Irish city-region 

Single Ireland Meso 

2007 Buttol et al. (2007) LCA of integrated MSW management systems: Case study of the Bologna District Multi Italy Meso 
2008 Chen and Lin (2008) Greenhouse gases emissions from waste management practices using Life Cycle Inventory 

model 
Single Taiwan Meso 

2008 Cherubini et al. (2008) Life Cycle Assessment of urban waste management: Energy performances and 
environmental impacts. The case of Rome, Italy 

Multi Italy Meso 

2009 Christensen et al. (2009b) Global warming factors modelled for 40 generic municipal waste management scenarios Single Europe Meso 
2012 Cifrian et al. (2012) Material flow indicators and carbon footprint for MSW management systems: Analysis and 

application at regional level, Cantabria, Spain 
Single Spain Meso 

2013 Cifrian et al. (2013) Estimating monitoring indicators and the carbon footprint of municipal solid waste 
management in the region of Cantabria, Northern Spain 

Single Spain Meso 
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Year Author(s) Title Impact 
coverage 

Geographic 
coverage 

Level of 
analysis 

2015 Cimpan et al. (2015b) Towards increased recycling of household waste: Documenting cascading effects and 
material efficiency of commingled recyclables and biowaste collection 

Multi Denmark Meso 

2005 Consonni et al. (2005b) Alternative strategies for energy recovery from municipal solid waste. Part B: Emission 
and cost estimates 

Multi Italy Meso 

2013 Corsten et al. (2013) The potential contribution of sustainable waste management to energy use and greenhouse 
gas emission reduction in the Netherlands 

Single The Netherlands Meso 

2005 Eriksson et al. (2005) Municipal solid waste management from a systems perspective Multi Sweden Meso 
2015 Erses Yay (2015) Application of life cycle assessment (LCA) for municipal solid waste management: a case 

study of Sakarya 
Multi Turkey Meso 

2009 Feo and Malvano (2009) The use of LCA in selecting the best MSW management system Multi Italy Meso 
2006 Fisher (2006) Impact of Energy from Waste and Recycling Policy on UK Greenhouse Gas Emissions Single UK Macro 
2013 Friedrich and Trois 

(2013a) 
GHG emission factors developed for the collection, transport and landfilling of municipal 
waste in South African municipalities 

Single South Africa Meso 

2013 Friedrich and Trois 
(2013b) 

GHG emission factors developed for the recycling and composting of municipal waste in 
South African municipalities 

Single South Africa Meso 

2011 Gentil et al. (2011) Environmental evaluation of municipal waste prevention Multi Hypothetical 
(Europe) 

Meso 

2011 Giugliano et al. (2011) Material and energy recovery in integrated waste management systems. An evaluation 
based on life cycle assessment 

Multi Hypothetical Meso 

2012 Gunamantha and Sarto 
(2012) 

Life cycle assessment of municipal solid waste treatment to energy options: Case study of 
KARTAMANTUL region, Yogyakarta 

Multi Indonesia Meso 

2010 Hanandeh and El-Zein 
(2010) 

Life-cycle assessment of municipal solid waste management alternatives with consideration 
of uncertainty: SIWMS development and application 

Multi Australia Meso 

2010 Inaba et al. (2010) Hybrid Life-Cycle Assessment (LCA) of CO2 emission with management alternatives for 
household food wastes in Japan 

Single Japan Meso 

2009 Iriarte et al. (2009) LCA of selective waste collection systems in dense urban areas Multi Europe Meso 
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Year Author(s) Title Impact 
coverage 

Geographic 
coverage 

Level of 
analysis 

2009 Kaplan et al. (2009a) Is It Better To Burn or Bury Waste for Clean Electricity Generation? Single USA Micro 
2009 Kaplan et al. (2009b) Use of Life-Cycle Analysis To Support Solid Waste Management Planning for Delaware Single USA Meso 
2009 Khoo (2009) Life cycle impact assessment of various waste conversion technologies Multi Singapore Meso 
2006 Kirkeby et al. (2006) Evaluation of environmental impacts from municipal solid waste management in the 

Municipality of Århus 
Multi Denmark Meso 

2012 Koroneos and Nanaki 
(2012) 

Integrated solid waste management and energy production - a life cycle assessment 
approach: the case study of the city of Thessaloniki 

Multi Greece Meso 

2014 Levis et al. (2014) Systematic exploration of efficient strategies to manage solid waste in U.S. municipalities: 
perspectives from the solid waste optimization life-cycle framework (SWOLF) 

Single USA Meso 

2008 Liamsanguan and 
Gheewala (2008a) 

The holistic impact of integrated solid waste management on greenhouse gas emissions in 
Phuket 

Single Thailand Meso 

2009 Lu et al. (2009) An inexact dynamic optimization model for municipal solid waste management in 
association with greenhouse gas emission control 

Single Hypothetical Meso 

2010 Miliute and Kazimieras 
Staniskis (2010) 

Application of life-cycle assessment in optimisation of municipal waste management 
systems: the case of Lithuania 

Multi Lithuania Meso 

2008 Mohareb et al. (2008) Modelling greenhouse gas emissions for municipal solid waste management strategies in 
Ottawa, Ontario, Canada 

Single Canada Meso 

2011 Patterson et al. (2011) Life cycle assessment of biogas infrastructure options on a regional scale Multi UK Meso 
2011 Pires et al. (2011) Reliability-based life cycle assessment for future solid waste management alternatives in 

Portugal 
Multi Portugal Meso 

2009 Pisoni et al. (2009) Accounting for transportation impacts in the environmental assessment of waste 
management plans 

Multi Italy Meso 

2009 Rigamonti et al. (2009a) Life Cycle Assessment for optimising the level of separated collection in integrated MSW 
management systems 

Multi Italy Meso  

2009 Rigamonti et al. (2009b) Influence of assumptions about selection and recycling efficiencies on the LCA of 
integrated waste management systems 

Multi Hypothetical Meso 
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Year Author(s) Title Impact 
coverage 

Geographic 
coverage 

Level of 
analysis 

2013 Rigamonti et al. (2013) Improvement actions in waste management systems at the provincial scale based on a life 
cycle assessment evaluation 

Multi Italy Meso 

2011 Tabata et al. (2011) Life cycle assessment of integrated municipal solid waste management systems, taking 
account of climate change and landfill shortage trade-off problems 

Single Japan Meso 

2014 Tan et al. (2014) Optimal process network for municipal solid waste management in Iskandar Malaysia Single Malaysia Meso 
2009 Tarantini et al. (2009) Life Cycle Assessment of waste management systems in Italian industrial areas: Case study 

of 1st Macrolotto of Prato 
Multi Italy Meso 

2009 Zhao et al. (2009a) Life Cycle Assessment of municipal solid waste management with regard to greenhouse 
gas emissions: Case study of Tianjin, China 

Single China Meso 

2009 Zhao et al. (2009b) Life-Cycle Assessment of the municipal solid waste management system in Hangzhou, 
China (EASEWASTE) 

Multi China Meso 

2011 Zhao et al. (2011a) Eco-efficiency for greenhouse gas emissions mitigation of municipal solid waste 
management: A case study of Tianjin, China. 

Multi China Meso 

2011 Zhao et al. (2011b) Environmental impact assessment of solid waste management in Beijing City, China Multi China Meso 
a Impact coverage: multi, LCA studies including multiple impact categories; single, studies focused on potential climate change impacts only (e.g. carbon footprint). 
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2.9 Chapter summary 

Atmospheric GHGs absorb and re-emit infrared radiation, leading to an increase in the 

Earth’s surface temperatures to within a range that supports life. Anthropogenic 

activities are causing an increase in the atmospheric concentrations of GHGs, resulting 

in an ‘enhanced’ greenhouse effect and an increase in global surface temperatures. 

Overall, SWM is a relatively minor contributor to global anthropogenic GHG 

emissions, although it is a significant source of CH4 emissions. However, SWM 

activities present an opportunity to reduce net GHG emissions, indirectly, through the 

recovery of secondary materials and energy.  

A broad, robust regulatory framework has been developed that aims to improve 

resources efficiency and environmental performance in SWM. Driven by the EU 

Landfill Directive, there has been a step-change in SWM strategy away from landfilling, 

the historic mainstay of SWM, towards the promotion of alternative SWM options that 

focus on recovery, recycling, and treatment. The selection of different SWM options has 

historically been founded in the waste hierarchy, a legally-binding priority order of 

waste. However, as the range of possible SWM options has become more diverse and 

SWM systems increase in complexity, the application of life cycle thinking, particularly 

LCA, to SWM has been encouraged to ensure that potential environmental impacts are 

considered in SWM decision-making.  

LCA is a standardised quantitative methodology for assessing the holistic potential 

environmental and human health impacts of a product or product system over its entire 

life cycle. The application of LCA has rapidly expanded in recent years due to its ability 

to capture and address the complexity and multifarious interdependencies of modern 

integrated SWM systems and a number of tools have been developed that aim to easier 

for decision makers to perform LCA. However, LCAs can be highly complex and time- 

and resource-intensive, whilst results can be difficult to handle by non-experts. 

Consequently,  there has recently been a rise in the use of simplified life cycle 

indicators, which follow the ISO standards for LCA but typically focus on a single 

environmental impact. One such indicator that has risen in prominence is the carbon 

footprint, which focuses on potential climate change impacts. The carbon footprint can 
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be used to communicate relevant, useful information to decision-makers about highly 

complex SWM systems in a simple, comprehensible format. 

In LCA, in either its full or ‘partial’ (e.g. carbon footprint) form, potential 

environmental impacts are evaluated based on a LCI, which includes data related to 

energy, material and elemental flows compiled for the system and processes under 

investigation. The methodological choices made by the LCA practitioner when 

compiling a LCI can have profound implications on the LCA results. Hence, 

methodological choices in LCI compilation must be carefully considered and well-

informed. 

Numerous previous studies have examined the potential climate impacts of SWM 

systems and processes from a life cycle perspective. In the UK, many of these studies 

have relied on the use of the waste-LCA tool, WRATE, which has been shown to be 

flawed in several aspects, or have focused on modelling specific waste streams or SWM 

technologies. Furthermore, very few LCA studies have been undertaken that have 

examined the potential climate impacts of complete, municipality-scale (meso-level) 

SWM systems, or have adopted a combined LCA and MFA approach, which has been 

shown to be potentially valuable from a decision support perspective.   
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3.2 Linkage of paper to research project 

This paper explores how carbon footprint (i.e. life cycle climate impacts) quantification 

and reporting has been approached by private waste management companies in the UK. 

This paper is principally focused on addressing first research aim of this thesis and 

presents a critical review of existing approaches within the UK SWM sector to quantify 

and communicate its carbon footprint information. Also provided is an overview of key 

methodological aspects concerning the quantification of life cycle climate impacts of 

SWM, which provides a foundation for the LCA studies presented in Paper II and Paper 

III (see Figure 3.1).  

 
Figure 3.1. Linkage of Paper I to overall research project. Note that black arrows represent linkages 
between phases of the research project, whilst dashed green arrows represent linkages to the overall 
purpose of the work, i.e. to support SWM decision making. 

3.3 Introduction 

The UK waste management sector is coming under increasing pressure from the public 

and central government to measure, report, and manage its greenhouse gas (GHG) 

emissions (ESA, 2008; DECC, 2009; Defra, 2011b). GHG emissions from the sector 

comprise approximately 3% of the UK’s total (DECC, 2011b), with around 89% of the 

sector’s contribution stemming from methane (CH4) emissions, a potent GHG 25 times 
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more powerful than carbon dioxide (CO2) (as measured by global warming potential 

with a 100 year time period [GWP100]) (IPCC, 2007b), principally arising from landfill 

gas (LFG). However, certain waste management activities have the potential to reduce 

the sector’s climatic impacts indirectly. Either by generating energy, which could 

substitute an equivalent quantity produced from fossil fuels, or through the recovery of 

materials. Thus, the challenge for the waste management sector is to maximise its 

resource efficiency whilst simultaneously reducing its GHG emissions.  

Carbon footprinting, a concept increasingly being recognised as a valuable indicator in 

the field of GHG emissions management, can help waste management companies better 

assess the link between GHG emissions and their activities. Key aspects of the carbon 

footprint definition debate are discussed in Wright et al. (2011b), whilst Finkbeiner 

(2009) outlines its numerous methodological challenges. We support the definition 

proposed by Wright et al. (2011) that a carbon footprint should be defined as “a 

measure of the total amount of CO2 and CH4 emissions of a defined population, system 

or activity, considering all relevant sources, sinks and storage within the spatial and 

temporal boundary of the population, system or activity of interest”. 

3.3.1 The waste management sector: scope 

The waste management sector comprises local authorities, a relatively small number of 

large private employers, and a large number of small to medium enterprises (SMEs). 

Waste management is defined by the European Union (EU) Waste Framework Directive 

(2008/98/EC) as “the collection, transport, recovery and disposal of waste, including the 

supervision of such operations and the after-care of disposal sites, and including actions 

taken as a dealer or broker” (EC, 2008a). Aulakah and Thorpe (2011), following a 

consultation programme with industry representatives, proposed a clarification of the 

directive’s description, whereby the waste management sector is defined as consisting 

of “local authorities and businesses engaged in one or more of the following activities:  

• Re-use of products to divert waste at source 

• Collection and transport 

• Brokerage of waste 

• Sorting and storing 

• Disposal through landfill 
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• Disposal through incineration 

• Treatment of waste 

• Recycling and processing of recyclate 

• Composting 

• Energy recovery” 

For the purposes of this study, we have adopted the definition of the waste management 

sector in accordance with the definition proposed by Aulakah and Thorpe (2011).  

The waste management sector is dominated by seven large, private, multi-national 

groups, namely: Biffa Group Ltd (‘Biffa’), Cory Environmental Ltd (‘Cory’), Shanks 

Group Plc (‘Shanks’), Sita UK Ltd (‘Sita’), Veolia Environmental Services (UK) Plc 

(‘Veolia’), Viridor Waste Management Ltd (‘Viridor’), and Waste Recycling Group Ltd 

(‘WRG’). These seven companies are estimated to account for over 50% of the waste 

management market in terms of revenue share (Key Note Ltd, 2010), and between them 

they were estimated by the Environmental Services Association (ESA) to have 

accounted for 8.8 Mt CO2e in 2008, approximately 49% of the waste management 

sector’s total GHG emissions (ESA, 2008). Thus, a good indication of how a significant 

proportion of GHG emissions associated with the waste management sector are being 

measured and reported can be obtained by evaluating the carbon footprinting 

approaches taken by these seven companies. 

The aim of this paper is to critically evaluate the current approaches taken within the 

UK waste management sector to measure, report, and verify its carbon footprint. We 

have critically analysed and evaluated carbon footprint information obtained from the 

most recently published (as of August 2011) corporate social responsibility and/or 

environmental performance reports (henceforth, carbon footprint reports) of the seven 

largest UK waste management companies. Current practice has been compared against 

the GHG Protocol Corporate Standard (Ranganathan et al., 2004). Finally, we have 

critically reviewed current attempts to develop a sector-specific GHG quantification and 

reporting standards and analysed how this protocol addresses key aspects relating to 

carbon footprinting in the waste management sector. 

We have selected the approach of using the most recently published material available 

for each individual company for two main reasons: firstly, due to the incipient, 

developing nature of carbon footprinting practice, the approaches taken by companies to 
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measure and report their carbon footprints are being updated and improved year-on-

year. As such,  it would contradict the purpose of this study if out-dated material were 

used – a direct consequence of comparing corporate carbon footprint information 

against a base year; and secondly, it was not possible to establish a base year from 

which carbon footprint information could be reviewed as Cory Environmental Ltd have 

not published any carbon footprint information since 2008, a year for which carbon 

footprint information is not available for one or more other companies under 

investigation. 

3.4 Current practice 

3.4.1 The CRC and the waste management sector 

All industrial sectors have been driven by international, European, and national 

government agreements and commitments to reduce their national GHG emissions. As a 

signatory to the Kyoto Protocol, the UK is obligated to reduce its emissions of GHGs by 

12.5% by 2008-2012 relative to 1990 emissions (UN, 1998). Furthermore, the Climate 

Change Act 2008, the legal framework for the UK’s response to climate change, sets a 

long-term target of reducing national GHG emissions by at least 80% by 2050 relative 

to 1990 emissions. In order that these targets are met, the government has introduced a 

number of initiatives aimed at reducing GHG emissions from industry. In the past, these 

initiatives (which include Climate Change Agreements, the Climate Change Levy, and 

the EU Emissions Trading Scheme) have focused solely on the most energy intensive 

sectors. However in April 2010, the first government initiative to target GHG emissions 

abatement in non-energy intensive sectors was brought into force, namely the CRC 

(Carbon Reduction Commitment) Energy Efficiency Scheme (henceforth, the CRC). 

The aim of the CRC is to drive energy efficiency improvements in the private and 

public sectors. The CRC is mandatory for organisations that consume more than or 

equal to 6,000 megawatt-hours of half-hourly metered electricity per year; most of the 

large UK waste management companies qualify. During the initial three year 

introductory period, registered companies are required to calculate their GHG emissions 

based on set guidelines and submit this to the regulatory body (the Environment 

Agency) in an annual report. The scope of reporting under the CRC extends only to 

direct CO2 emissions from combusted fuel used and indirect CO2 emissions from 
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purchased electricity used. Process emissions are not included, nor are any emissions 

which derive from transportation or passenger travel. The CRC is concerned solely with 

CO2 and excludes emissions of CH4 – the major contributor to the waste management 

sector’s GHG emissions.  

3.4.2 Voluntary reporting 

Over the past 20 years, corporate social responsibility has become a prominent item on 

the corporate agenda. With the ever-increasing power and influence of corporations and 

mounting legislative requirements, corporate social responsibility provides companies 

with an opportunity to express the societal benefits of their activities to increasingly 

environmentally-conscious stakeholders and consumers (Gentil et al., 2009; Tsahuridu, 

2010). In recent years, large waste management companies have begun to measure their 

operational GHG emissions and report this information in their annual carbon footprint 

reports as a means of demonstrating their commitment to GHG emissions abatement.  

A number of protocols and accounting methodologies have been developed which aim 

to assist organisations in the voluntary reporting of their GHG emissions. The most 

widely used is the GHG Protocol (revised edition), produced jointly by the World 

Resources Institute and the World Business Council for Sustainable Development 

(Ranganathan et al., 2004). The GHG Protocol aims to ensure consistency with 

international reporting schemes and has formed the basis of Defra’s (2009) 

Measurement and Reporting of GHG Emissions Guidance for UK Organisations, the 

Carbon Trust Standard (The Carbon Trust, 2010), and the ISO 14064 series (ISO, 

2006d, 2006e, 2006f). Other voluntary GHG accounting mechanisms available to UK 

waste management companies include PAS 2050 (BSI, 2011b) and life cycle 

assessment. A comparison of all the different GHG emissions accounting/reporting 

mechanisms available to UK waste management companies is shown in Table 3.1. 

3.4.3 The Entreprises pour l’Environnement Protocol 

An adaptation of the GHG Protocol has been developed specifically for the waste 

management sector; namely the Protocol for the Quantification of GHG Emissions from 

Waste Management Activities (henceforth, the EpE Protocol) (EpE, 2010). The EpE 
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Table 3.1. Comparison of different accounting/reporting mechanisms for UK waste management 
companies. 

 
GHG 
Protocola 

EpE 
Protocolb 

PAS 
2050c 

ISO 14064 
Seriesd 

Carbon 
Trust 
Standarde 

Defra 
Guidelinesf 

LCA 
(Easewaste)g 

GHGs 
included 

Six Kyoto 
gasesh 

CO2, CH4, 
N2O 

As 
listed 
in AR4i 
Table 
2.14 

Six Kyoto 
gasesh 

Six Kyoto 
gasesh 

Six Kyoto 
gasesh 

User defined 

CO2fossil Yes Yes Yes Yes Yes Yes Yes 

CO2biogenic  Reported 
separately 

Reported 
separately 

Yes Reported 
separately 

Reported 
separately 

Reported 
separately 

Yes 

GWP 
CO2biogenic 

0 0 1 0 0 0 0 

Carbon  
sequestration 

ND ND Yes ND ND ND Yes 

GWP 
reference 

SARj SARj AR4i SARj SARj SARj AR4i 

GWP100 CH4 21 21 25 21 21 21 25 

GWP time 
horizon (years) 

100 100 100 100 100 100 User defined 
(usually 100) 

Waste 
management 
sector specific 

No Yes No No No No Yes 

Time 
boundaries 

1 year 1 year 1 year 1 year 1 year 1 year User defined 
(usually 1 
year) 

Disclaimer: This table summarises key aspects and differences between the different procedures but it 
should be observed that it is by definition an oversimplification of each procedure.  
GHG, greenhouse gas; EpE, Enteprises pour l’Environnement; PAS, publically-available standard; ISO, 
International Organization for Standardization; Defra, Department for Environment, Food & Rural 
Affairs ; LCA, life cycle assessment; GWP, global warming potential; SAR, IPCC Second Assessment 
Report; AR4, IPCC Forth Assessment Report; ND, not defined. 
a Source: Ranganathan et al. (2004). 
b Source: EpE (2010). 
c Source: BSI (2011b). 
d Source: ISO (2006d); ISO (2006e); ISO (2006f). 
e Source: The Carbon Trust (2010). 
f Source: Defra (2009). 
g A variety of different LCA tools are available (for example, WRATE, ORWARE, WISARD) and most 
parameters are user defined meaning that there is no single way of undertaking LCA. For the purposes of 
this comparison, the LCA model EASEWASTE was used as it is an example of a waste specific tool.  
h Kyoto gases: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), 
perfluorocarbons (PFCs), and sulphur hexafluoride (SF6). 
i Source: IPCC (2007b). 
j Source: IPCC (1996). 
Adapted from: Gentil et al. (2009). 

119 



  Chapter 3 

Protocol was developed by Entreprises pour l’Environnement (EpE), a group 

comprising three French waste management companies; Séché Environnement, Suez 

Environnement and Veolia Environnemental Services. The EpE Protocol has been made 

readily accessible to waste management companies; it is free of charge and based in 

Microsoft Excel (a widely-used spreadsheet programme). Furthermore, the EpE 

Protocol complies with all international GHG accounting and reporting standards, 

including the GHG Protocol and the ISO 14064 series. In the UK, the ESA – a 

professional organisation which represents approximately 80% (by turnover) of the 

UK’s waste management and secondary resources industry – have contributed to the 

development of the EpE Protocol and are now seeking the endorsement of the European 

Federation of Waste Management and Environmental Services to have the protocol 

form the basis of an internationally-agreed reporting tool to cover all waste management 

activities.  

Despite the support of the ESA, adoption of the EpE Protocol by UK waste 

management companies has been relatively limited. Table 3.2 shows the methodologies 

used by each of the seven largest UK waste management companies to calculate their 

carbon footprints; it can be seen that only three companies (Veolia, Cory, and SITA) use 

the EpE Protocol to calculate and report their carbon footprints, although one company 

(WRG) uses a variation of the protocol. The other three companies (Biffa, Viridor, and 

Shanks) use their own in-house carbon footprinting methodologies. Thus, of these seven 

companies, there are as much as five different carbon footprint approaches being used. 

Table 3.2. The Carbon footprinting methodologies used by the seven largest UK waste management 
companies in their most recently published carbon footprint reports. 

Company Methodology Used Report Source Report Period 
Biffa Unknown (not reported) Biffa (2010) 2009/10 fiscal year  
Cory EpE Protocol; GasSim used to 

calculate emissions from landfill 
Cory (2008) 2008 calendar year  

Shanks Unknown (not reported) Shanks (2010) 2010/11 fiscal year 
Sita EpE Protocol Sita (2010) 2010 calendar year 
Veolia EpE Protocol  Veolia (2010a) 2010 calendar year 
Viridor Unknown (not reported) Viridor (2010) 2009/10 fiscal year 
WRG EpE Protocol (modified)  WRG (2009) 2009 calendar year 
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3.5 Carbon footprinting in the waste management sector: 

key aspects  

A consequence of the burgeoning advancement of carbon footprinting is that there is no 

consensus as to what should actually be included as part of a carbon footprint. Hence, 

before a carbon footprint can be calculated, a decision must be made as to what data 

should be included and how it should be reported. Key aspects regarding carbon 

footprinting in the waste management sector will be discussed within this section. 

3.5.1 Temporal boundary selection  

Carbon footprinting has a number of temporal elements that affect various aspects of the 

calculation. Four time-dependent variables must be taken into consideration by waste 

management companies, including the reporting time period; GWP time horizon; GHG 

residence time; and fugitive, time-lagged emissions associated with composting and 

landfill. Issues concerning the temporal aspects of carbon footprinting are discussed in 

Gentil et al. (2009), Shine (2009) and Shine et al. (2005). 

Temporal boundary selection must be considered when selecting which GWP reference 

to use. The calculation of GWP for a given GHG depends on, among other things, the 

lifetime of the gas in the atmosphere. The IPCC release GWP references for 20 

(GWP20), 100 (GWP100), and 500 (GWP500) year time horizons, although GWP100 

is employed almost universally by reporting methodologies and protocols (Forster et al., 

2007).  

Both the GHG Protocol and the EpE Protocol recommend that companies report their 

GHG emissions based on one year of emission data, a practice to which all seven of the 

waste management companies investigated in this study adhere. However, there is a 

lack of consistency between companies in their choice of report period. Whilst the 

majority of companies report their GHG emissions based on a calendar year (January – 

December), two companies (Biffa and Viridor) elect to report their GHG emissions over 

a fiscal year (April to March). To facilitate the drawing up of timely, annual inter-

company carbon footprint comparisons, it is important that there is consistency in the 

report periods used by waste management companies.   
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3.5.2 Greenhouse gas selection 

An area of great contention concerning the concept of carbon footprinting refers to the 

selection of greenhouse gases that should be included in a study. Under the Kyoto 

Protocol, emissions of six GHGs, CO2, CH4, nitrous oxide (N2O), hydrofluorocarbons 

(HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (SF6), must be reported. 

The EpE Protocol, although based on the GHG Protocol which covers all six of the 

GHGs included in the Kyoto Protocol, requires that only emissions of CO2, CH4 and 

N2O are reported, while the CRC covers only emissions of CO2. 

Table 3.3 shows a comparison of the selections of GHG, GWP reference, and emissions 

factors (EFs) by the waste management companies investigated; several different GHG 

selections are evident. There is consistency between the three companies who use the 

EpE Protocol to calculate their carbon footprint (Cory, Sita, and Veolia), with each 

including emissions from CO2, CH4, and N2O, while WRG have adapted the EpE 

Protocol to include emissions of chlorofluorocarbons (CFCs). The remaining companies 

(Biffa, Shanks and Viridor) do not make reference within their external publications as 

to their GHG selections. To ensure the consistency and comparability of carbon 

footprint reports, it is essential that all companies include the same selection of GHGs. 

Furthermore, any common reporting tool specific to the waste management sector must 

be both simple to use and accurate (ESA, 2008). As such, it would be impractical, 

resource-consumptive and overly complicated to include the full array of GHGs, 

Table 3.3. GHG selection, GWP reference and emissions factors selection of waste management 
companies investigated. 

Company GHGs included GWP reference Emissions factors  
Biffa Not reported; assume CO2, 

CH4, N2O 
Not reported Not reported 

Cory CO2, CH4, N2O IPCC SARa Not reported 
Shanks Not reported; assume CO2, 

CH4 
Not reported Not reported 

Sita CO2, CH4, N2O IPCC SARa Not reported 
Veolia CO2, CH4, N2O IPCC SARa Bespokeb 

Viridor Not reported Not reported Not reported 
WRG CO2, CH4, N2O, CFCs IPCC SARa Defra EFsc; 

default EpE Protocol EFsd 
GHG, greenhouse gas; GWP, global warming potential; IPCC, Intergovernmental Panel on Climate  
Change; SAR, second assessment report; CFC, chlorofluorocarbons.  
a Source: IPCC (1996). 
b Source: Veolia (2010b). 
c Source: Defra et al. (2010). 
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d Source: EpE (2010). 

although this approach has been suggested by Moss et al. (2008). It is argued by 

Wiedmann et al. (2008) that, to ensure practicality and clarity, a carbon footprint should 

“exclusively” quantify emissions of CO2. However, Wright et al. (2011) contend that 

by omitting CH4 around one fifth of global GHG emissions would be excluded. 

Furthermore, as CH4 accounts for approximately 89% of emissions arising from the 

waste management sector (Bogner et al., 2007), its exclusion would render a carbon 

footprint meaningless to waste management companies. An accurate carbon footprint 

that account for over 90% of the waste management sector’s total emissions can be 

attained using only CO2 and CH4 emissions data. Companies that wish to spend 

resources collecting more detailed data can report a climate footprint in addition to their 

carbon footprint (see Section 3.3.1) (Williams et al., 2012). 

3.5.3 Choice of GWP reference 

The GWP is a simple metric that allows for the climatic effects of different GHGs to be 

compared by representing each given GHG against a carbon dioxide equivalent (CO2e) 

(IPCC, 2007b; Scheutz et al., 2009b). The first GWP values were published in the IPCC 

Second Assessment Report (SAR) (IPCC, 1996), and were subsequently adopted for the 

Kyoto Protocol to allow for the inclusion of multiple GHGs in the reporting. Since SAR 

was published in 1995, GWP values have been updated by the IPCC in their Forth 

Assessment Report (AR4); a result of an improvement in the calculations and a reported 

increase in atmospheric concentrations of anthropogenic GHGs (Gentil et al., 2009). For 

the waste management sector, the most significant change concerns the GWP for CH4, 

which, by the AR4 (GWP CH4 = 25), has increased by 19% since the SAR (GWP CH4 

= 21).  

In order for there to be consistency and comparability between waste management 

companies, it is important that they each use the same GWP reference. Furthermore, to 

ensure accurate calculations are made, the GWP reference adopted should be that which 

is most recently published. The GWP reference values used by the seven waste 

management companies investigated are shown in Table 3.3. While several companies 

(Biffa, Shanks and Viridor) do not report what GWP reference they have used, there is 

consistency between the remaining four companies (Cory, Sita, Veolia, and WRG) in 
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using the GWP values published in SAR. The GWP values available in SAR are, since 

the publication of AR4, out-dated and inaccurate, with those companies who continue to 

use the SAR GWP values underestimating the climatic impact of their CH4 emissions 

by almost 20%. There is an argument that suggests companies should continue to use 

the SAR GWP values until the end of the Kyoto reporting period in 2012 (EpE, 2010). 

If this is the case, it is important that waste management companies are proactive in 

adopting the updated and accurate AR4 GWP values to ensure that the true climatic 

impact of their activities is quantified and reported. 

3.5.4 Emissions factors  

When direct measurements of GHG emissions associated with an activity cannot be 

obtained, companies may elect to apply generic EFs. EFs are used to estimate the 

amount of GHG emissions associated with a certain activity (e.g. the mass of CO2 

released through the combustion of 1 litre diesel fuel consumed in a motor vehicle 

engine), and are amalgamated data based on previous detailed studies of a particular 

activity (Moss et al., 2008; Wright et al., 2011b). The use of these generic EFs is in 

many instances the only feasible means available for companies to determine the GHG 

emissions associated with their activities.  

It is important for companies who use EFs to select those that are the most appropriate 

and specific to their organisation and pay particular attention to the technical, temporal 

and geographical validities of the EFs (Gentil et al., 2009). As such, it is important that 

companies understand the range of factors that influence the formulation of EFs. Factors 

that affect the technical validity of EFs include, amongst other things, the operating age 

of the emissions source, its operational efficiency, and its technological capacity. The 

geographic validity of an EF is affected most importantly by the waste composition 

used to generate the EF. Waste composition influences the amount of emissions 

associated with a waste disposal approach due to the different carbon contents of each 

unique waste type. Waste composition varies between regions due to different socio-

economic factors and specific local waste management policy (Mazzanti et al., 2008; 

Gentil et al., 2009). In order for an accurate carbon footprint to be calculated, it is 

important that companies apply EFs generated from studies conducted as locally as 

possible.  
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The EpE Protocol calculation tool allows waste management companies to calculate the 

GHG emissions associated with their activities through applying generic EFs. However, 

the majority of the calculator’s default EFs are based on French publications and, as 

such, their geographic validity to UK waste management companies is questionable. To 

ensure greater consistency and accuracy in UK waste management companies’ carbon 

footprint reports, it is essential that UK-specific EFs, namely those published by 

DEFRA or other appropriate organisations, are applied as extensively as possible. 

3.5.5 Biogenic carbon and carbon sequestration 

A further area of contention surrounding the carbon footprinting of waste management 

activities concerns carbon of biogenic origin and its inclusion in carbon footprint 

calculations. It can be generally assumed that the EU MSW stream contains around 25% 

carbon; approximately 50% of this is biogenic (Vehlow et al., 2007; Mohn et al., 2008; 

Gohlke, 2009). Biogenic carbon is bound in a variety of materials, including food waste, 

garden waste, paper, cardboard, textiles, and wood waste. 

It is currently recognised international practice that biogenic CO2 (CO2biogenic) should be 

treated differently to fossil CO2 (CO2fossil) (IPCC, 2006). The IPCC recommends that 

CO2fossil emissions are assigned a GWP of one (GWP100 = 1), whilst CO2biogenic 

emissions should be assigned a GWP of zero (GWP100 = 0) (Solomon et al., 2007). All 

GHG emissions measurement and reporting protocols and standards adhere to this 

principle. The reasoning behind CO2biogenic being assigned a GWP of zero is that the 

creation of biomass has removed an equal volume of atmospheric CO2 to that which is 

released when biomass is combusted (Christensen et al., 2009a). However, this has 

become an area of debate within the literature. Both Hogg (2006) and Friedland and 

Gillingham (2010) argue that the heat trapping potential of CO2biogenic is no different to 

that of CO2fossil; thus, the climate reacts no differently to emissions of CO2biogenic than to 

CO2fossil. Rabl (2007) furthers this point, reasoning that by assigning CO2biogenic a GWP 

of zero, one could burn down a tropical  forest and report no greater a carbon footprint 

than were one to preserve said forest.  

The accounting issue of biogenic carbon is further compounded in the context of carbon 

sequestration. Carbon is considered to be in long-term storage if it is bound to soil or 

has not degraded in a landfill at the end of the inventoried time period (typically 100 
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years) . If emissions of CO2biogenic are ascribed a neutral GWP, as is standard accounting 

practice, then this sequestered carbon should be seen as a net avoided emission 

(Christensen et al., 2009a), i.e. a GWP of -1 kg CO2e should be used. However, 

Favoino and Hogg (2008) argue that this approach represents an oversimplification of 

what is a highly complex process and assert that carbon will, in the long run, always be 

released into the atmosphere. The decision to include or exclude carbon sequestration in 

a carbon footprint study of a SWM process and system can have a significant influence 

on its outcomes (see Paper III). It is therefore important that the influence of the 

decision taken by the LCA practitioner to include or exclude carbon sequestration is 

carefully considered as part of a thorough sensitivity analysis.  

3.5.6 System boundary selection 

Before a company can undertake a carbon footprint of their activities, it is essential that 

they outline their system boundaries. A system boundary can be defined as a set of 

criteria that indicate and fix a limit or extent to the population, system or activity under 

consideration. Presently, the selection of system boundaries is highly subjective as there 

is no universally-accepted standard for system boundary definition. Consequently, the 

quality of system boundary definition, as well as its reporting in carbon footprint 

reports, is currently poor (Archel et al., 2008). Of the companies investigated, only 

WRG coherently outlined their system boundaries in their carbon footprint report. 

Without well-defined system boundaries, the results of a carbon footprint study are 

practically valueless as a tool to guide corporate GHG management strategy. 

Furthermore, this lack of consistency in boundary definition prevents companies, 

potential clients, regulators, shareholders, and the public comparing GHG emissions per 

capita. To enable the carbon footprint to be an effective tool for guiding corporate GHG 

management, it is essential that the waste management sector agree on a universally-

accepted approach to the defining and reporting of system boundaries. 

The GHG Protocol outlines two approaches an organisation can take in order to define 

their system boundaries: the ‘equity share’ and the ‘control’ approaches. Under the 

equity share approach, companies account for GHG emissions associated with an 

activity based on their percentage ownership of that operation. This approach aligns 

with international financial reporting standards. Under the control approach, companies 
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account for all GHG emissions associated with activities over which it has control, 

either financially or operationally (Ranganathan et al., 2004).  

The EpE Protocol requires that users adopt the control approach, whereby the user is 

deemed to have operational control of a source if they exert a dominant influence over 

that source. However, this approach faces a number of challenges. The level of 

influence and control exerted over a particular source will vary over time and from 

company to company (e.g. a source may be controlled by one company for one year, but 

then control may shift to a different company the following year) and, as a result, the 

validity of comparisons both between and within companies is compromised 

(Wiedmann and Lenzen, 2006; Wiedmann et al., 2007). Furthermore, by allocating 

GHG emissions to their immediate producers, control approaches fail to address the 

intuitive conviction that, in a complex system involving many independent actors, such 

as waste management, responsibility for emissions should be shared jointly between 

involved actors.  

‘Shared responsibility’ approaches have been presented by Gallego and Lenzen (2005) 

and Lenzen et al. (2007). However, the application of a shared responsibility approach 

in the waste management sector may be impractical at present as, in order to determine 

the appropriate responsibility of each independent actor, each company would require 

GHG emissions information for their supply chain, both upstream and downstream 

(Gallego and Lenzen, 2005). This level of GHG emissions information is unlikely to be 

achieved through voluntary carbon footprint reporting in its current state as companies 

largely consider the collection of supply chain (‘scope 3’) emissions data as an 

unnecessary financial burden, particularly given the dominant corporate focus on only 

quantifying emissions from operational sources. It is likely that complete system GHG 

information could only be obtained via mandatory disclosure of corporate carbon 

footprints, with quantification and reporting based on a comprehensive, sector-specific 

protocol. 

3.5.7 Scope 3 emissions 

The majority of quantification and reporting protocols and standards consider emissions 

in terms of several overarching ‘scopes’. Scope 1 emissions are those that arise as a 

direct result of processes or activities undertaken by a company (e.g. CH4 emissions 
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from a company-owned landfill site). Scope 2 accounts for upstream emissions 

associated with a company’s consumption of purchased electricity or heat. Scope 3 

emissions expand the system boundaries yet further to include indirect emissions arising 

both upstream and downstream as a consequence of a company’s activities 

(Ranganathan et al., 2004; Defra, 2009).  

Whilst both the GHG Protocol and the EpE Protocol regard the measurement and 

reporting of Scope 3 emissions as optional practice, the inclusion of Scope 3 emissions 

in a carbon footprint calculation can provide waste management companies with a more 

complete picture of their environmental impact (Lenzen et al., 2007; Fallaha et al., 

2009). Presently, only Biffa and Cory report any of their Scope 3 emissions; both report 

GHG emissions from corporate business travel.  

One possible reason why so few companies measure and report their Scope 3 emissions 

stems from the widespread adoption of the operational control approach to system 

boundary definition, through which supply chain emissions are, by definition, excluded. 

Cerin (2002) stated that if companies are undertaking carbon footprint assessments as an 

indicator for an effective GHG management system then “it is insufficient to merely 

report on the carbon dioxide emissions limited to the judicial borders of the company.” 

Furthermore, Peters (2010) explained how the adoption of the operational control 

approach and exclusion of Scope 3 emissions leads to “perverse” incentives for 

companies to outsource emissions-intensive activities (thereby transferring the 

emissions from Scope 1 to Scope 3).  

There appears to be a perception amongst waste management companies that the 

measurement and monitoring of Scope 3 emissions is a data-intensive, superfluous 

process. However, the inclusion of Scope 3 emissions has been shown to substantially 

improve the quality of information a carbon footprint can provide to a company. Huang 

et al. (2009a) reported that by providing sector-specific guidance for companies to 

identify and measure the GHG emissions of their most important upstream suppliers, 

companies that use this guidance can achieve a total carbon footprint capture rate of 50-

95%. Although the measurement and reporting of Scope 3 emissions may seem at first a 

daunting endeavour, in terms of fulfilling the overarching purpose of voluntary carbon 

footprint reporting (namely, to act as a tool to assist and inform corporate GHG 
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management), such practice may be invaluable to waste management companies 

(Huang et al., 2009b). 

3.5.8 Double Counting 

Another issue which occurs as a direct result of the subjectivity of system boundary 

definition in the waste management sector is that of ‘double counting’. Double counting 

occurs as a result of two scenarios: firstly, when two or more companies hold interests 

in the same joint operation and use different consolidation approaches (e.g. Company A 

follows the operational control approach while Company B uses the financial control 

approach. If Company B holds financial ownership of an emissions source, but 

Company A controls operations of said source, then said source’s emissions will be 

counted by both companies in their respective carbon footprints) (Ranganathan et al., 

2004); and secondly, if a company includes its supply chain (Scope 3) emissions and 

other companies in its supply chain do the same, then these emissions will be double 

counted (Peters, 2010). Consequently, if the carbon footprints of individual waste 

management companies are summed (which may be the case if, for example, the 

purpose is to evaluate the carbon footprint of groups of companies or the waste 

management sector as a whole), then the resulting carbon footprint will be greater than 

the actual overall carbon footprint of the sector (Lenzen et al., 2007). Hence, if 

individual carbon company footprint data are summed, then double counting may lead 

to an inaccurate depiction of the waste management sector’s climatic impact and 

infringe upon the sector’s ability to develop effective GHG management strategies. 

Hence, where double counting needs to be avoided (as in the exemplar case described 

above), it is important that every organisation involved in the waste management system 

adopts a consistent approach to their system boundary definition. However, if the 

carbon footprint is quantified for an individual organisation without the intention of 

being combined with those of other organisations (e.g. for the purpose of internal 

decision-support or benchmarking), then double counting does not pose a problem.  

3.5.9 Avoided emissions 

Certain waste management activities are recognised as having an indirect contribution to 

climate change mitigation through the generation of energy from waste or the 

reuse/recycling of materials or fuels (Söderman, 2003; Christensen et al., 2009b). These 
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activities prevent the need to use raw materials or energy from fossil sources, and as such 

their GHG emissions are considered as being avoided. However, there are several issues 

with regards to avoided emissions that the waste management sector must consider; what 

should be counted as an avoided emission, how avoided emissions should be calculated, 

and, finally, how avoided emissions should be reported. 

Avoided emissions sources as reported by the companies investigated are shown in 

Table 3.4. There is lack of consistency as to which avoided emissions sources are 

included. Cory do not report any avoided emissions, whereas Veolia include five 

different sources of avoided emissions (materials separated for re-use/recycling, 

renewable energy exports, renewable energy purchased, waste-derived fuels produced 

and sold, and CH4 emissions avoided by landfill gas combustion). Of the four 

companies who, to some degree, use the EpE Protocol methodology to calculate their 

carbon footprints, only one company (WRG) adheres to the EpE Protocol’s 

recommendations regarding what should be included as an avoided emission. Veolia, 

for instance, were part of the development team behind the EpE Protocol, yet they go 

against its recommendations and include CH4 emissions avoided by landfill gas 

combustion and renewable energy purchased as additional sources of avoided 

emissions.  

A further issue lies in the calculation of avoided emissions. The determination of 

avoided emissions associated with a given waste management activity is highly 

dependent upon the calculation methodology used (Merrild et al., 2008). Presently, 

there is a lack of consistency and accuracy in the methodologies used by large waste 

management companies. For example, Shanks include materials separated for  

Table 3.4. Avoided emissions sources included in the carbon footprinting calculation of the seven largest 
UK waste management companies.  

Company 

Materials 
separated for 
reuse/recycling 

Renewable 
energy exports 

Waste-derived 
fuels produced 
and sold 

Renewable 
energy 
purchased 

CH4 emissions 
avoided by 
landfill gas 
combustion 

Biffa  ✓    

Cory      

Shanks ✓ ✓ ✓   

Sita  ✓    

Veolia ✓ ✓ ✓ ✓ ✓ 
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Viridor  ✓    

WRG ✓ ✓    

 

reuse/recycling as an avoided emissions source. Shanks claim that through the reuse and 

recycling of recovered materials they have avoided the GHG emissions that would have 

arisen to produce an equivalent quantity of raw materials. However, Shanks do not 

include as a part of their carbon footprint the GHG emissions associated with the 

reprocessing of these recovered materials since this is carried out by a third party; 

thereby, this activity does not fall within their operational control. Thus, Shanks are 

claiming the ‘avoided emissions’ reward associated with materials recovery, but are not 

including the GHG emissions associated with this action.  

A further unresolved issue concerns avoided emissions associated with materials 

recovered for reuse/recycling, namely, how these avoided emissions ‘rewards’ should 

be distributed and shared if more than one actor is involved in the waste management 

chain, be it the waste producer, the collector, the materials recovery facility operator, 

the transporter, or the reprocessing facility operator (Gentil et al., 2009). The EpE 

Protocol’s current approach, whereby any involved actor may feasibly claim 100% of 

avoided emissions associated with materials recovery, could easily lead to these avoided 

emissions being double counted, resulting in an inaccurate portrayal of the waste 

management sector’s climate change mitigation contribution. 

In order to ensure transparency, it is important that waste management companies 

include as part of their carbon footprint report the methodology they have taken to 

calculate their avoided emissions. To ensure consistency and accuracy, a standardised 

approach to the calculation and reporting of avoided emissions that considers all of the 

aforementioned issues is required. 

3.5.10 Reporting  

In order for a company to produce a credible, accurate carbon footprint as a stand-alone 

figure or as part of an annual report, it is important that they present relevant 

information in a complete, consistent, accurate, and transparent manner (Ranganathan et 

al., 2004). To ensure that the voluntary reporting of GHG emissions by corporations 

is of a high quality, ISO issued the 14064 series (ISO, 2006d, 2006e, 2006f). The GHG 
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Protocol, which is compatible with ISO 14064, provides companies with guidance on 

what information should be included in a carbon footprint report. The protocol makes 

the distinction between ‘required’ and ‘optional’ GHG emissions information. For 

companies to adhere to the GHG Protocol Corporate Standard they must report, at a 

minimum, all information deemed ‘required’. Table 3.5 shows, for each of the seven 

waste management companies investigated, which ‘required’ information sources are 

reported. It is clear that the companies are not meeting the basic requirements for carbon 

footprint reporting. Aside from WRG, who include six of the seven pieces of required 

information, none of the investigated companies include anywhere close to the essential 

information required by the GHG Protocol. 

The most serious issue concerning carbon footprint reporting practice of the seven 

largest UK waste management companies concerns the inclusion of details pertaining to 

emissions sources included in the carbon footprint calculation. At a minimum, it is 

recommended by both the GHG and EpE Protocols that waste management companies 

include Scope 1 and 2 emissions in their carbon footprint. However, only three 

companies (Shanks, Veolia, and WRG) report their carbon footprint in a manner 

coherent enough to determine whether or not all Scope 1 and 2 emissions have been 

included (see Table 3.5). It is evident that, at present, the reporting of carbon footprints 

by large UK waste management companies is inadequate for the purpose of informing 

GHG management strategy and policy. 

3.5.11 Verification 

Waste management companies may seek verification of the accuracy and completeness 

of their reported carbon footprint as an assurance to stakeholders. The verification 

process entails an assessment of a company’s carbon footprint against a pre-established 

set of GHG accounting and reporting principles. Whilst verification can be undertaken 

by a company internally, far greater assurances can be provided if a company’s carbon 

footprint is verified by an external, independent entity (Ranganathan et al., 2004). The 

EpE Protocol considers external verification as being a highly recommended practice, 

but a non-essential one. The protocol provides waste management companies with 

minimal guidance on the verification process. Of the waste management companies 

investigated, none stated that they have their reported carbon footprint verified by an 

external party. It is possible that many of these companies do have their carbon 
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footprints verified (this would be a requirement if, for example, the company is ISO 

14000 certified), but simply do not declare this in their carbon footprint reports. There  
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Table 3.5. Required information according to the GHG Protocol Corporate Standard and, for each of the seven largest UK waste management companies, whether their 
carbon footprint reports include specified information.  

Company 

Total (gross) 
Scope 1 and 2 
emissions 

Emissions data  
independently for 
each scope 

Emissions data for 
each GHG included 
(metric tonnes and 
tonnes of CO2e) 

Selected base 
line year 
emissions data 

Explanation of 
any historic 
emission 
adjustments 

Emissions 
data for 
CO2biogenic 

Carbon footprint 
calculation  
methodology used 

Details of any 
exclusions from 
the calculation 

Biffa ✓   ✓     

Cory ✓   ✓   ✓  

Shanks ✓ ✓  ✓    ✓ 

Sita ✓   ✓     

Veolia ✓ ✓  ✓   ✓  

Viridor         

WRG ✓ ✓ ✓ ✓ ✓ ✓ ✓  
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is a need for an authoritative, transparent, and trusted verification process and for 

specific guidance tailored to the waste management sector. 

3.5.12 Small to medium enterprises 

Whilst the UK waste management sector is, as previously stated, dominated in terms of 

revenue by seven large multi-national companies, the sector is also characterised by a 

large number of SMEs. In 2009, there were 2,510 value-added tax- and/or pay-as-you-

earn-based UK enterprises engaged in the collection, treatment and disposal of waste. 

Of these, 1,660 (66%) reported a turnover of less than £500,000 (Key Note Ltd, 2010). 

SMEs are responsible for around 51% of total GHG emissions associated with the waste 

management sector and, given their dominance in the sector in terms of numbers, it is 

essential that any future sector-specific protocol takes into account the needs and 

capabilities of SMEs. Consequently, we recognise that the exclusion of SMEs from this 

review represents a limitation. These authors acknowledge that current practice and 

requirements for measuring, reporting, and verification of carbon footprints by SMEs 

may be different from those of large companies. 

3.6 Conclusions 

Whilst large waste management companies have a mandatory requirement to report 

their GHG emissions under the CRC, beyond this carbon footprints are predominantly 

reported voluntarily within the waste management sector. Although the EpE Protocol 

has been made freely available to waste management companies, its use has been 

limited. Of the seven companies investigated, three use the EpE methodology (Veolia, 

Sita, and Cory), one uses a variation on the protocol (WRG), and the remaining three 

companies (Shanks, Biffa, and Viridor) use their own in-house methodologies. Thus, of 

the seven waste management companies investigated, there are as many as five different 

methodologies being used to measure and report carbon footprint information.  

The GHG Protocol lists eight items of “required information” that any organisation 

should include as part of their carbon footprint report. We found that, apart from WRG, 

who have published the most comprehensive carbon footprint report (including seven of 

the eight items of required information), the other six companies investigated did not 

come close to meeting the minimum reporting requirements outlined in the GHG 
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Protocol. The implication of this is that, presently, large waste management companies 

are not reporting their GHG emissions in a transparent, complete, or consistent manner. 

Presently, as no commonly-agreed sector-specific GHG quantification and reporting 

standard exists, carbon footprinting has developed into a highly subjective practice in 

the waste management sector. This subjectivity has resulted in high levels of 

inconsistency between waste management companies’ carbon footprinting practice. Key 

aspects of carbon footprinting where inconsistency has been identified include 

companies’ selection of GHGs, system boundary definition, and avoided emissions 

sources. These issues have resulted in inconsistent, inaccurate, incomplete, and 

incommensurable carbon footprints being published by large waste management 

companies. Consequently, the carbon footprint information being generated by these 

companies is ineffective for the purposes it was intended, namely, to act as a tool to 

guide corporate GHG management. Thus, there is a need for a better quality, consistent, 

commonly-agreed, waste management sector-specific standard that facilitates accurate 

measurement, reporting and verification of corporate GHG emissions, and fulfils the 

ESA’s requirements of being robust, simple, and transparent.   

3.7 Future Perspective 

The next ten years will be a period of transition in the UK, as the nation moves towards 

a low-carbon economy. As outlined in The Government Review of Waste Policy in 

England 2011 (Defra, 2011b) and The UK’s Low Carbon Transition Plan (DECC, 

2009), the waste management sector is expected to contribute to the climate change 

mitigation effort. As such, there is a need for appropriate tools to assist waste 

management companies and decision-makers in developing effective and pragmatic 

GHG management strategies. These tools must be developed to be robust, accurate, and 

complete, whilst simultaneously retaining high levels of simplicity and usability. Until 

now, attempts to develop a standardised carbon footprinting tool for the waste 

management sector have been driven by large, predominantly French waste 

management companies. It is now time for waste management companies and the 

academic community to pool their knowledge and work together to overcome the 

numerous issues and research challenges concerning carbon footprinting in the waste 

management sector, many of which have been discussed in this article. Such 
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cooperation would be of enormous benefit to the waste management sector as it would 

go further towards the development of effective carbon footprinting tools. Such tools 

will, ultimately, enhance the sector’s ability to reduce its GHG emissions and contribute 

to the climate change mitigation effort. 
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4.2 Linkage of paper to research project 

This paper focuses on the role of GHG emissions factors in the quantification of carbon 

footprints (i.e. life cycle climate impacts) for the purpose of decision support (see 
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Figure 4.1), focusing specifically on GHG emissions factors for the recycling of source-

segregated materials. It presents a critical review of existing materials recycling GHG 

emissions factors and establishes the need for greater transparency in the documentation 

of GHG emissions factors. A collection of comprehensive, scientifically robust, fully 

transparent and clearly documented GHG emissions factors for the recycling of source-

segregated materials are presented, derived from a series of individual ‘partial’ LCAs, 

focused on potential climate change impacts. 

 
Figure 4.1. Linkage of Paper II to overall research project. Note that black arrows represent linkages 
between phases of the research project, whilst dashed green arrows represent linkages to the overall 
purpose of the work, i.e. to support SWM decision making. 

4.3 Introduction 

Solid waste management contributes less than 5% to global greenhouse gas (GHG) 

emissions (Bogner et al., 2007). In response to growing concerns about the threat of 

climate change, international action aimed at reducing GHG emissions is accelerating 

and the solid waste management sector is expected to contribute. Previous laggards such 

as the United States of America (USA) have recently committed to a reduction of GHG 

emissions of 26% to 28% below 2005 levels by 2025, whilst China aims to peak carbon 

emissions by 2030 and obtain 20% of its energy from zero-carbon sources (White 

House, 2014). The European Union (EU) is committed to reducing its GHG emissions 
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by at least 20% of 1990 levels by 2020 (EC, 2009a) and 40% by 2030 (EC, 2014a). This 

commitment has translated into Member States developing their own ambitious GHG 

emissions reduction targets. For example, the United Kingdom (UK) has committed to 

reducing their GHG emissions by 80% of 1990 levels by 2050 . A key challenge for the 

waste management sector is to maximize resource efficiency whilst simultaneously 

reducing its GHG emissions (Turner et al., 2011). Numerous international studies have 

shown that the recycling of waste materials can result in net savings of GHG emissions 

(Björklund and Finnveden, 2005; WRAP, 2006a, 2010b; Manfredi et al., 2011; 

Franchetti and Kilaru, 2012). This is because recycling materials into new (‘secondary’) 

products can displace production of ‘primary’ products that can require significant 

inputs of energy and raw materials. In order for stakeholders to better understand the 

GHG impacts of their waste management activities and identify GHG emissions 

reduction opportunities to help achieve national GHG emissions reduction targets, they 

need to be able to quantify the GHG emissions from material recycling.  

Typically, GHG emissions are estimated using emission factors (EFs) that relate the 

quantity of a pollutant emitted to a unit of activity (e.g. kg fossil CO2 per tonne of 

material reprocessed). EFs for different GHGs are usually aggregated and expressed as 

CO2 equivalent (CO2e) per activity unit. In the case of waste material recycling, EFs are 

often expressed per tonne of waste material collected and sent for recycling (kg CO2e/t). 

GHG EFs for waste material recycling are typically developed using life cycle 

assessment (LCA), applied either partially (focusing solely on the climate change 

potential impact indicator) or fully. LCA is a well-established and internationally 

standardised methodology (ISO, 2006b, 2006c) for quantifying emissions from 

specified products or systems over their entire life cycle. LCA accounts for both the 

environmental burdens (e.g. GHG emissions from residual waste disposed of in landfill) 

and benefits (e.g. the recovery of recycling of waste materials to produce secondary 

products that replace the production of primary products). However, choices regarding 

system boundaries definition, model parameterisation, and data selection can 

significantly affect the calculated results (Finnveden, 1999). Furthermore, GHG EFs are 

generally developed for specific geographical areas and technologies, and their 

appropriateness to other situations may be questionable. To ensure that appropriate and 

representative GHG EFs are applied, a thorough examination of background 

information relating to methodological choices taken and data sources is essential 
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(Brogaard et al., 2014). However, GHG EFs are rarely accompanied by such detailed 

documentation. 

A number of studies have presented GHG emissions factors for materials recycling that 

may be used to support decision makers. A Carbon Metric has been developed by 

WRAP (Waste and Resources Action Programme) for the purpose of assisting the 

Scottish government in evaluating the GHG impacts of its national solid waste 

management system and to identify areas for improvement (Pratt et al., 2013; Pratt, 

2014). The Carbon Metric is used to measure progress towards national waste reduction 

targets and evaluate the impacts of waste policies on Scotland’s GHG impacts. As part 

of the ongoing study, WRAP have produced a series of GHG emission factors for 

recycling, incineration, and landfilling of certain waste materials and waste streams 

based on secondary data from a range of published and unpublished sources. Whilst 

details of the data sources used are provided, specific documentation regarding the 

modelling approach and assumptions made to produce the EFs is absent. Furthermore, 

comprehensive EFs for materials recycling are lacking. 

An adaptation of the Carbon Metric was produced by WRAP for England (WRAP, 

2012a). The GHG EFs produced in the study were developed to be used by local 

authorities in conjunction with data from WasteDataFlow4 to evaluate waste 

management performance. No accompanying documentation regarding the development 

of the EFs is provided. Furthermore, EFs for a number of waste materials are not 

included due to lack of data.  

GHG EFs have also been produced by the Department for Environment, Food & Rural 

Affairs (Defra) in the UK for the purposes of organisational GHG emissions reporting 

(Defra et al., 2014). However, the EFs are only presented as gross results (i.e. only 

direct GHG impacts are counted) and ‘avoided impacts’ (i.e. emissions savings through 

the substitution of primary energy or material production due to the recovery and 

production of energy from waste or secondary products) are not included (Hill et al., 

2014). Two other studies prepared for Defra by Environmental Resources Management 

have reported GHG EFs for waste materials recycling in the UK. Fisher et al. (2006a) 

undertook a macro-level investigation of the flows of carbon and energy to evaluate the 

4 WasteDataFlow is a publically-available, web-based data repository system that was established in 2004 
to enable local authorities in the UK to report certain municipal waste information to the national 
government. 
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GHG impacts associated with alternative management options for key waste materials 

in the UK, whilst Fisher (2006) evaluated the GHG impacts of solid waste management 

policies in the context of the UK waste management system. Both studies provide 

sufficient documentation and are fully transparent in describing their approach and 

modelling assumptions. However, both studies are limited in terms of the materials for 

which GHG EFs are presented, with only the common recyclables covered in the 

assessments.  

The United States Environmental Protection Agency (US EPA) has developed a Waste 

Reduction Model (WARM) to assist solid waste managers and organisations to measure 

and report their GHG emissions from solid waste management (US EPA, 2015). For 

ease of use, the model exists as both a web-based calculator and as a Microsoft Excel 

spreadsheet. As part of the development of the model, GHG EFs were developed for the 

recycling of 39 different dry materials. Each EF is well documented, with the modelling 

approach and assumptions taken clearly reported. Despite the broad range of materials 

considered, the EFs developed for the US EPA’s WARM model do not cover the full 

range of waste materials reported on in WasteDataFlow. Furthermore, the EFs were 

developed based on the situation in the USA and lack relevance to European systems 

and technologies. 

Finally, a series of conceptual review papers were published in a special edition of 

Waste Management & Research that provide a transparent assessment of the GHG 

impacts associated with the recycling of key materials, including paper (Merrild et al., 

2009), metals (Damgaard et al., 2009), plastics (Astrup et al., 2009a), glass (Larsen et 

al., 2009a), and wood (Merrild and Christensen, 2009). Each paper provides a 

description of the relevant material reprocessing technologies involved and an overview 

of the range of GHG contributions associated with each technology. The GHG 

contributions were quantified in the geographic context of Northern Europe. Whilst the 

GHG impacts of materials recycling are transparently documented, the papers are 

limited in scope to covering only the key recyclable materials.  

Although a number of studies have been undertaken to produce GHG EFs for materials 

recycling (source-segregated or commingled), they are generally insufficient to support 

national policy makers and local decision makers due to a lack of transparency and 

clarity in documentation or comprehensiveness in terms of the range of waste materials 
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considered. In this paper we present for the first time a comprehensive series of GHG 

EFs for the recycling of a wide range of source-segregated materials based on the results 

of individual material-specific partial LCA studies. We have focused on source-

segregated (aka source-separated) materials as they comprise a large proportion of 

collected dry recyclables from the municipal solid waste stream in the UK (WYG, 

2013) and have been found to produce a higher quality recyclate with lower 

contamination rates compared to commingled materials collection systems (WRAP, 

2008c). The purpose of developing the GHG EFs is to assist UK and international 

decision makers at multiple scales (national/regional governments, local authorities, 

organisations, and entrepreneurs) in measuring environmental performance and 

identifying optimal solid waste management solutions with regards to GHG emissions.  

4.4 Methodology 

In this study, GHG EFs for recycling of source-segregated materials were derived from 

a series of partial LCAs undertaken for each recyclable material investigated. The focus 

of the LCA was on the potential climate change impacts of materials recycling. The 

LCAs were performed as far as possible in accordance with the ISO 14040 standard 

(ISO, 2006b); EC (2010c) and following the technical guidance of the International 

Reference Life Cycle Data System (ILCD) (EC, 2010c; JRC-IES, 2011b). The LCAs 

were carried out using EASETECH, a LCA model for the assessment of environmental 

technologies developed at the Technical University of Denmark (Clavreul et al., 2014). 

EASETECH was selected as the LCA model as it allows for detailed modelling of 

heterogonous material flows through complex systems and includes specialised 

functionality for solid waste management system LCA modelling. 

4.4.1 Goal definition 

The goal of this study was to quantitatively evaluate the GHG emissions from recycling 

of source-segregated waste materials. The assessment was intended to provide a 

comprehensive, transparent, and scientifically robust catalogue of GHG EFs to support 

waste managers involved with decision-making at a local authority level, as well as 

national policy-makers and organisations seeking to better understand the GHG impacts 

of their recycling activities. The secondary purpose was to provide a foundation for the 

144 



   Chapter 4 

development of holistic material recycling LCA studies and to identify areas where high 

quality data are presently lacking.  

The quantitative evaluation followed an ‘attributional’ approach, with average data used 

and allocation issues resolved through system expansion (EC, 2010c). To account for 

multi-functional processes that produce secondary materials and energy, system 

expansion was performed. This approach incorporates both the direct environmental 

impacts from waste management processes and the indirect ‘avoided’ impacts 

associated with the production of secondary products and energy from waste that 

substitute for primary material and energy production (Giugliano et al., 2011).  

Each recycled waste material type was evaluated individually. Each waste material 

recycling system comprised both (1) a foreground system, which includes waste 

management processes directly engaged in the management of waste materials, and (2) 

a background system, which comprises processes that interact with the foreground 

system, typically by supplying or receiving energy or material, including avoided 

primary materials production (through recycling) and avoided energy generation 

(through the generation and provision of energy derived from waste) (Clift et al., 2000).  

Background data were taken from a range of sources, including the ecoinvent v2.2 and 

the European Life Cycle Database (ELCD) life cycle inventory (LCI) databases 

(Frischknecht et al., 2005; EC, 2008b), the UK GHG conversion factor repository 

(Defra et al., 2013), and the literature. Foreground system data were taken from a range 

of literature sources and are described in detail in Appendix B. Details of background 

system data (excluding avoided primary production data – see Section 4.4.3.1) used are 

outlined in Appendix C. 

It was assumed that secondary products produced from waste materials would replace 

the production of primary products (i.e. i.e. products produced from virgin resources). 

For each recycled material product, an appropriate substituted primary product was 

identified and production process data sourced. A substitution ratio (i.e. the amount of 

primary material production that is avoided as a result of the recycling of an amount of 

waste material) was then calculated as the product of three parameters: (1) recyclability, 

which refers to the amount of a waste material that ends up as a recycled product and 

accounts for all material losses during the recycling process; (2) material quality loss, 

which relates to changes in the inherent technical properties of a waste material (e.g. the 
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shortening of fibres during paper recycling); and (3) the market substitution ratio, which 

reflects market elasticity and defines the actual amount of a primary product that is 

substituted at the market as a consequence of the production of a secondary product. 

Based on a common approach in the literature (e.g. Briffaerts et al., 2009; Rigamonti et 

al., 2009a; Merrild et al., 2012), the use of recycled materials in the production of new 

products was assumed not to affect the market situation. Hence, market substation ratios 

of 1:1 were set by default for all recycling systems evaluated. 

4.4.2 Scope definition 

The function of the systems under investigation is to recycle collected source-

segregated waste materials. Hence, the functional unit used in this study was the 

recycling of 1 t (wet weight) of source-segregated waste material collected and sent for 

recycling. This study evaluated the life cycle GHG emissions from recycling of waste 

materials listed in the WasteDataFlow (WasteDataFlow, 2014). In total, 66 material 

types, categorised into 20 material groups are listed in WasteDataFlow. Of those 

material types, 52 were included in the evaluation (see Table 4.1), whilst 14 were 

omitted. An overview of material types omitted from the investigation is presented in 

Table 4.2 along with a justification for their omission. Note that, due to a lack of 

available data related to the recycling of certain material types, emission factors for 

some material types were derived using proxy data from similar materials (as indicated 

in Table 4.1). 

 System boundaries 

The environmental burdens associated with the upstream life cycle stages prior to the 

arrival of waste materials at the primary treatment facility were not included within the 

life cycle system, nor were those associated with capital goods. This assumption, known 

as the ‘zero burden approach’, is considered standard practice in solid waste 

management LCAs (Ekvall et al., 2007). The systems boundaries vary between the 

waste material recycling systems investigated and are defined for each waste material 

individually (see Appendix B). Generally, system boundaries include the sorting, 

disassembly/dismantlement, treatment, and reprocessing of waste materials and the 

disposal of rejects.  
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Table 4.1. Waste material types included in this study. 
Material 
group Material type  

Material 
group Material type 

Glass Green glass*  WEEE LCAs 
 Brown glass*   SDAs 
 Clear glass* 

  CRTs 

 Mixed glass 
  Fluorescent tubes & other light bulbs 

Paper & 
card 

Paper   Fridges & freezers 
Card  Batteries Automotive batteries 
Books*   Post-consumer, non-automotive 

batteries 
Mixed paper & card 

 Tyres Car tyres 

Yellow pages* 
  Van tyres* 

Metal Steel cans   Large vehicle tyres 
 Aluminium cans   Mixed tyres 
 Mixed cans 

 Furniture Furniture* 

 Other scrap metal 
 Rubble Rubble 

 Aluminium foil* 
 Soil Soil 

 Aerosols* 
 Plasterboard Plasterboard 

 Fire extinguishers* 
 Oil Vegetable oil 

 Gas bottles 
  Mineral oil* 

 Bicycles 
 Composite Composite food & beverage cartons 

Plastic Mixed plastics 
  Mattresses 

 Mixed plastic bottles 
 Paint Paint 

 PET 
 Textiles Textiles & footwear 

 HDPE 
  Textiles only 

 PVC* 
  Footwear only* 

 LDPE 
  Carpets 

 PP* 
 Other AHPs 

Wood Wood 
   

 Chipboard & MDF* 
   

 Composite wood materials 
   

* Indicates where emission factors were derived from proxy data for the recycling of similar material 
types (see Appendix B for further details). 
PET, polyethylene terephthalate; HDPE, high-density polyethylene; PVC, polyvinyl chloride; LDPE, 
low-density polyethylene; PP, polypropylene; MDF, medium-density fibreboard; LDA, large domestic 
appliance; SDA, small domestic appliance; CRT, cathode-ray tube; AHP, absorbent hygiene product. 

 Impact coverage 

The focus of this study was on potential climate change impact. Hence, climate impact 

was the only potential impact category included in this study. Emissions of four GHGs, 

fossil CO2, biogenic CO2, CH4, and N2O, were included; combined, emissions of these 

three gases represent more than 90% of GHG emissions from solid waste management 

(Bogner et al., 2007). 
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Table 4.2. Waste material types omitted from this study. 
Material 
group Material type Justification 
Organic Green garden waste only Not collected for dry recycling 

Waste food only Not collected for dry recycling 
Mixed garden & food waste Not collected for dry recycling 
Other compostable waste Not collected for dry recycling 

Wood Wood for composting Not collected for dry recycling 
Commingled Commingled materials Considered beyond the scope of this study, which 

focused on source-segregated materials 
IBA IBA In the context of this study, IBA was considered as 

residual waste and not dry recyclate. However,  given 
that IBA is commonly recycled into secondary 
aggregate for use in road construction and maintenance, 
the GHG EF presented here for rubble (or an adaptation 
thereof) could be considered an appropriate proxy 

Metal Metals from IBA Metal types recovered are highly dependent on 
incinerated material composition (i.e. Al, Cu, and Fe 
content), hence the use of a generic GHG EF for IBA 
metals was considered inappropriate for users  

Plastic PS Lack of available data 
Other plastics Not commonly recycled; lack of available data 

Composite Ink & toner cartridges Lack of specific data or appropriate proxy material 
Video tapes, DVDs, & CDs Lack of specific data or appropriate proxy material 

Other Other materials Ambiguity of material type 
Bric-a-brac Lack of specific data or appropriate proxy material 

IBA, incinerator bottom ash; GHG, greenhouse gas; EF, emission factor; PS, polystyrene. 

4.4.3 Life cycle inventory 

 Recycling 

Due to the large number of waste material recycling systems and processes under 

investigation and space limitations, detailed information about the data used and 

assumptions made to model the treatment and reprocessing (including system expansion 

and market substitution) of each waste material investigated are not presented here, but 

are presented in detail in Appendix B. 

The quality of foreground system process data and avoided primary production data 

used in this study were qualitatively assessed in conjunction with a pedigree matrix. 

Data were assessed on a five point scale (1, best quality; 5, worst quality) against five 

data quality indicators (reliability, completeness, temporal correlation, geographical 

correlation, and further technological correlation) (see Weidema and Wesnæs, 1996; 
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Weidema, 1998). An overall data quality rating (DQR) for each data set was then 

calculated based on the ICLD data quality assessment methodology (EC, 2010c), as: 

 𝐷𝐷𝐷𝐷𝐷𝐷 =
𝐷𝐷 + 𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝐶𝐶 + 𝐺𝐺𝐶𝐶 + 𝐹𝐹𝑇𝑇𝐶𝐶 + 𝑊𝑊𝑖𝑖 ∙ 4

𝑖𝑖 + 4
 (1) 

where R, Co, TeC, GC, and FTC are the data set data quality indicator scores for 

reliability, completeness, geographical correlation, temporal correlation, and further 

technological correlation, respectively, Wi is the weakest data quality indicator score 

obtained among i number of data quality indicators. Qualitative descriptions of overall 

data set quality were then outlined according to the calculated DQR (DQR ≤ 1.6, ‘high 

quality’; DQR > 1.6 to ≤ 3,  ‘fair quality’; and DQR > 3, ‘poor quality’). A 

comprehensive overview of all data sources used to model the foreground system 

processes and avoided primary production processes and their calculated data quality 

ratings is presented in Appendix D. 

 Transport 

The transport of waste materials from the primary recycling facility to secondary 

recycling facilities was included in this study. Distances of 250 km for inter-facility 

transport of waste materials for recycling and 25 km for the transport of process rejects 

to a landfill site were assumed and were applied consistently. These distances represent 

the distance between the start location (primary facility) and the end location 

(receiving/secondary facility). All transport was assumed to be completed by freight 

lorry. A lorry diesel consumption of 0.21 kg per vehicle km (Spielmann et al., 2007) 

and a vehicle payload of 17.6 t (EA, 2010) was assumed, with the EF for diesel fuel 

consumption taken from Defra et al. (2013). Fuel consumption from vehicle travel post-

unloading was not included. 

 Disposal of rejects 

Waste material rejected from unit processes was assumed to be disposed of in a landfill 

site. The process for disposal of rejects to landfill was modelled based on an average 

UK medium sized (20 m depth; 25 ha area) conventional non-hazardous landfill with 

landfill gas (LFG) utilisation. Emissions were modelled for a 100 year time horizon. 

Decay rates for waste material fractions were taken from IPCC (2006). Ancillary 
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material and energy inputs are detailed in Table 4.3, whilst technical measures of the 

modelled LFG management system and its performance over time are detailed in 

Table 4.4. LFG recovery efficiencies reported in Table 4 were temporally averaged to 

reflect an average tonne of waste deposited, rather than the first mass of waste deposited 

(See Table 4.5). Electricity produced through the utilisation of recovered landfill gas in 

an internal combustion engine (ICE) was assumed to be exported to the National Grid. 

The ICE electricity generation efficiency was set to 32% (Patterson et al., 2011), with a 

Grid transmission efficiency of 98% assumed (National Grid, 2008). Fugitive emissions 

of methane during ICE and enclosed flaring operations were set to 1% (US EPA, 2011). 

Due to the high degree of uncertainty, biogenic carbon storage (i.e. non-degraded 

biogenic carbon remaining within the landfill after the 100 year time horizon) was not 

included in the evaluation. This assumption was included as part of a sensitivity 

analysis.  

Table 4.3. LCI data for the non-hazardous landfill process. Note that data are presented per tonne 
throughput. 

Inputs Unit Quantity Reference 
Diesel kg 1.8 Hall et al. (2005) 
Electricity kWh 8 Manfredi et al. (2009b) 
Water kg 0.00038 Hall et al. (2005) 
HDPE (liner) kg 1 Hall et al. (2005) 
Gravel kg 100 Manfredi et al. (2009b) 
Steel kg 0.12 Hall et al. (2005) 
Synthetic rubber kg 0.0011 Hall et al. (2005) 
Lubricant kg 0.0089 Hall et al. (2005) 

HDPE, high-density polyethylene. 

 

Table 4.4. Technical measures and performance associated with landfill gas recovery, utilisation, and 
oxidation for different time periods. 

 Period 1 Period 2 Period 3 Period 4 Period 5 
Duration (years) 1 4 15 30 50 
CH4 oxidation (%) 10a 10a 20a 36b 36b 

Gas collected (%) 0a 50a 75a 85a 0c 

Gas management None Flare ICE ICE None 
ICE, internal combustion engine 
a Source: US EPA (2011). 
b Source: Chanton et al. (2009). 
c Source: Spokas et al. (2006). 
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Table 4.5. Temporally-averaged landfill gas collection efficiencies. 
Time period 
duration 
(years) 

Percentage 
landfill gas 
collected 

Percentage 
landfill gas 
not collected 

1 0 100 
1 35 65 
1 50 50 
1 65 35 
1 70 30 
11 75 25 
1 77 23 
1 79 21 
1 81 19 
1 83 17 
30 85 15 
50 0 100 

Source: adapted from US EPA (2011). 

4.4.4 Life cycle impact assessment 

Results were characterised according to their global warming potential (GWP) using a 

100 year time horizon (GWP100; expressed as kg CO2-equivalents per functional unit). 

The GWP characterisation factors published by the Intergovernmental Panel on Climate 

Change (IPCC) in its Fourth Assessment Report were used (Forster et al., 2007). Whilst 

emissions of biogenic CO2 were included in the study (GWP100 = 0), the emissions 

‘savings’ resulting from the permanent storage of biogenic carbon in landfills or soils 

(i.e. the mass of non-degraded biogenic carbon after the 100 year timeframe considered) 

were excluded from the study but were quantified and compared with the results as part 

of the sensitivity analysis (see Section 4.5.3.2). 

4.5 Results and discussion 

4.5.1 GHG emission factors for recycling 

The GHG EFs for source-segregated materials recycling developed in this study are 

presented in Table 4.6. The results are broken down into a gross and a net value, where 

the gross value is the total GHG emissions before accounting for avoided primary 

material or energy production and the net value is the total GHG emissions including 

avoided primary production. Note that a negative value represents a GHG emissions 

saving. Of the recycled materials investigated, 50 were found to result in net GHG  
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Table 4.6. Comparison of calculated emission factors (gross and net) with emission factors (net) reported 
in the literature. Qualitative data quality rating descriptors for each emission factor are also presented. For 
literature data, average and standard deviation (st.dev.) is provided where more than two reference studies 
were identified. Note that whilst only a summary of literature data is presented here, detailed emission 
factor data for each material type by literature source are presented in Appendix E. 

Waste material type 

Calculated emission 
factor 

DQR 

Literature emission factors 

No. 
studies 

Range 
Average ± 
st.dev. Gross Net 

kg  
CO2e/t 

kg  
CO2e/t kg CO2e/t kg CO2e/t 

Green glass 395 -314 Poor 6 -762 to -201 -417 ± 176 
Brown glass 395 -314 Poor 6 -762 to -201 -417 ± 176 
Clear glass 395 -314 Poor 6 -762 to -201 -417 ± 176 

Mixed glass 395 -314 Fair 6 -762 to -201 -417 ± 176 

Paper 1576 -459 Fair 7 -3891 to 390 -1195 ± 1303 
Card 559 -120 Fair 5 -3439 to -280 -1010 ± 1095 
Books 562 -117 Fair 3 -3428 to -811 -1709 ± 1489 
Mixed paper & card 559 -120 Fair 4 -888 to -280 -601 ± 242 

Yellow pages 562 -117 Fair 2 -2910 to -888 -1899 ± 1430 

Steel cans 529 -862 Poor 7 -2360 to -496 -1337 ± 674 
Aluminium cans 1113 -8143 Fair 7 -19340 to -5040 -11334 ± 3512 
Mixed cans 883 -3577 Poor 3 -4828 to -2573 -3789 ± 1138 

Other scrap metal 883 -3577 Poor 3 -4828 to -2573 -3789 ± 1138 

Aluminium foil 1113 -8143 Poor 1 - -9267 

Aerosols 883 -3577 Poor - - - 

Fire extinguishers 651 -673 Poor - - - 

Gas bottles 651 -673 Poor - - - 

Bicycles 883 -3577 Poor - - - 

Mixed plastics 339 -1024 Poor 6 -2324 to 1470 -788 ± 1007 

Mixed plastic bottles 336 -1084 Poor 5 -2324 to 1470 -922 ± 1321 

PET 155 -2192 Fair 6 -2324 to -566 -1570 ± 600 

HDPE 379 -1149 Poor 5 -2324 to -253 -1055 ± 792 

PVC 379 -1549 Poor 3 -2324 to -566 -1259 ± 936 

LDPE 29 -972 Poor 4 -1586 to – 850 -744 ± 981 

PP 379 -1184 Poor 3 -2324 to -566  -1279 ± 925 

Wood 502 -444 Poor 5 -2712 to 1 -619 ± 882 

Chipboard & MDF 502 -444 Poor 5 -2723 to 1 -620 ± 886 

Composite wood materials 502 -444 Poor 3 -1266 to 1 -357 ± 431 

LDAs 428 -866 Poor 2 -1266 to -181 -626 ± 431 

SDAs  463 -1349 Poor 1 - -1482 

CRTs  272 -228 Fair 1 - -2767 

Fluorescent tubes & other 
light bulbs 

518 -779 Fair - - - 

Fridges & freezers 469 -853 Poor 3 -1042 to -181 -626 ± 431 

Automotive batteries 938 -435 Fair 2 -563 to -487 -525 ± 54 

Post-consumer, non-
automotive batteries 

1129 -205 Fair 2 -563 to -487 -525 ± 54 

Car tyres 206 -636 Poor 2 -1910 to -430 -1170 ± 1047 

Van tyres 197 -671 Poor 2 -1910 to -430 -1170 ± 1047 

Large vehicle tyres 197 -671 Poor 2 -1910 to -430 -1170 ± 1047 

Mixed tyres 206 -636 Poor 2 -1910 to -430 -1170 ± 1047 

Furniture 502 -444 Poor 1 - -921 
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Table 4.6 (continued).  

Waste material type 

Calculated emission 
factor 

DQR Literature emission factors 

No. 
studies 

Range 
Average ± 
st.dev. Gross Net 

kg 
CO2e/t 

kg 
CO2e/t kg CO2e/t kg CO2e/t 

Rubble 16 -2 Poor 4 -9 to 2 -2 ± 5 
Soil 41 27 Poor 2 -2 to 2 0 ± 2 

Plasterboard 59 4 Fair 2 -139 to 33 -53 ± 122 

Vegetable oil 647 -2759 Fair 1 - -725 

Mineral oil 647 -2759 Poor 2 -725 to -725 -725 ± 0 

Composite food & 
beverage cartons 

629 -452 Poor 1 - -1730 

Mattresses 478 -1241 Fair - - - 

Paint 364 86 Poor 1 - -2840 

Textiles & footwear 401 -3376 Fair 5 -7869 to -930 -3606 ± 2709 

Textiles only 401 -3376 Fair 5 -7869 to -930 -3606 ± 2709 

Footwear only 401 -3376 Poor 2 -5891 to -4385 -5138 ± 1065 

Carpets 181 -10 Poor 1 - -2601 

AHPs 53 0 Poor - - - 

DQR, data quality rating; PET, polyethylene terephthalate; HDPE, high-density polyethylene; PVC, 
polyvinyl chloride; LDPE, low-density polyethylene; PP, polypropylene; MDF, medium-density 
fibreboard; LDA, large domestic appliance; SDA, small domestic appliance; CRT, cathode-ray tube; 
AHP, absorbent hygiene product. 

savings. The extent of these savings varied considerably between different materials, 

with the highest savings found for recycling of aluminium and aluminium foil (both -

8143 kg CO2e/t), mixed cans, other scrap metal, aerosols, and bicycles (all -3577 kg 

CO2e/t), and textile materials (all -3376 kg CO2e/t). The lowest GHG emission savings 

were found for recycling of rubble (-2 kg CO2e/t) and carpets (-9 kg CO2e/t). Recycling 

of three materials, plasterboard (3.6 kg CO2e/t), soil (27 kg CO2e/t), and paint (86 kg 

CO2e/t), was found to result in net GHG emissions. In the case of plasterboard and 

paint, this is likely the result of the large amount of residual waste produced during 

processing and subsequently disposed of to landfill (plasterboard) or treated by energy-

intensive processes (paint), which produce negative GHG impacts. The positive result 

found for soil recycling was likely due to the low nutrient quality of the waste material, 

which would limit its mineral fertiliser substitution potential when applied to 

agricultural land, and the exclusion of carbon sequestration/binding from the 

calculations; a decision considered as part of the sensitivity analysis (see 

Section 4.5.3.2).  

The lowest gross GHG emissions were associated with recycling of rubble (16 kg 

CO2e/t), low density polyethylene (LDPE) (29 kg CO2e/t), and soil (41 kg CO2e/t). The 
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results for rubble and soil reflect the low energy and material input requirements for 

secondary aggregate production (Huang, 2007) and agricultural landspreading (Boldrin 

et al., 2009b). Recycling of paper (1576 kg CO2e/t), post-consumer, non-automotive 

batteries (1129 kg CO2e/t), and aluminium cans (1113 kg CO2e/t) were found to result 

in the highest gross GHG emissions. Despite the high gross GHG emissions for 

recycling of these materials, their recycling was found to result in considerable net GHG 

savings, particularly in the case of aluminium cans where the significant advantage of 

recycling over primary production is highlighted. 

 Contribution analysis 

The contributions of different processing stages to the total net GHG EFs developed for 

the recycled materials evaluated are presented in Figure 4.2. GHG emissions from 

avoided primary production were found to be the major contributor for the majority of 

recycled material, accounting for between 25% and 97% (average = 70%) of net GHG 

emissions from material recycling. This highlights the importance of appropriate 

avoided primary production data selection in LCA studies of materials recycling 

(Söderman, 2003; Merrild et al., 2008; JRC-IES, 2011b; see for example  Brogaard et 

al., 2014). The contributions to total net GHG emissions from avoided primary 

production relative to reprocessing were found to be particularly important in recycling 

of LDPE, PET, textiles, and aluminium cans and foil, where significant differences 

between gross and net GHG emissions were identified (see Table 4.6). 

Emissions from transport were found to be of limited significance to the calculated net 

GHG EFs, contributing, on average, just 1% of net emissions. This correlates with the 

findings of Merrild et al. (2012) and Salhofer et al. (2007). Similarly, disposal of 

process rejects was found to contribute, on average, just 2% to total net GHG emissions. 

Its contribution was, however, significant for recycling of certain complex, composite 

materials (i.e. ‘materials’ that are made up of two or more principal material parts), 

principally carpets (28%), AHPs (23%), and plasterboard (23%). This is likely the 

consequence of high material loss rates associated with the separation of material 

components from complex, composite materials (see Ward, 2004; WRAP, no date-a, no 

date-d) that results in a portion of biodegradable material being sent to landfill, where is 

degrades to produce emissions of CH4. 
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Figure 4.2. Contribution analysis of the net GHG emissions from recycling of source-segregated 
materials. 
PET, polyethylene terephthalate; HDPE, high-density polyethylene; PVC, polyvinyl chloride; LDPE, 
low-density polyethylene; PP, polypropylene; MDF, medium-density fibreboard; LDA, large domestic 
appliance; SDA, small domestic appliance; CRT, cathode-ray tube; AHP, absorbent hygiene product. 

4.5.2 Comparison with literature GHG EFs for recycling 

Also presented in Table 4.6 is an overview of relevant material recycling GHG EFs 

from the literature, including the calculated range, average, and standard deviation of 

values. Note that literature data included in the overview are from studies reporting 

GHG EFs – see Appendix E for further details. Data from LCA studies and LCI 

databases were not included (see Brogaard et al., 2014 for a review of these data sets). 

GHG EFs were identified from the literature for 46 of the 53 recycled materials 

investigated. Of those, a sufficient number of studies (≥2 per recycled material) were 

available to form EF ranges for 39 materials. The majority of calculated material 
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recycling GHG EFs fell within the range of literature values, whilst the calculated factor 

for automotive batteries was marginally higher than the maximum literature value. The 

calculated EFs for card, books, mixed paper & card, and yellow pages (-120, -117, -120, 

and -117 kg CO2e/t, respectively) were notably higher (i.e. lower net GHG savings) 

than the maximum literature values (-280, -811, -280, and -888 kg CO2e/t, 

respectively). Factors for these materials were calculated using the same recycling 

system, which was based on secondary corrugated board base paper production and 

substitution of primary corrugated board base papers (Hischier, 2007). Based on a 

review of LCI data sets, Brogaard et al. (2014) shows that GHG emissions from primary 

corrugated cardboard production are, on average, notably lower than those for primary 

non-corrugated cardboard production. Hence, our assumption that only corrugated 

cardboard base papers would be substituted rather than non-corrugated may explain the 

higher calculated net GHG EFs compared to literature values. 

In general, the material recycling GHG EFs calculated in this study were lower (i.e. they 

produced lower net GHG savings) than the average literature values. A notable 

exception concerns the EFs for plastics recycling, where the calculated factors for seven 

of the eight plastic types investigated were markedly higher than the average of the 

literature data. This may be a consequence of the default 1:1 market substation ratio 

applied in this study, which does not consider material-specific market situations. In the 

case of plastics, for example, there are generally a number of differences between the 

primary and secondary polymers in terms of their market value, mechanical properties, 

colour, and other side characteristics, such as smell. To reflect these differences, 

Rigamonti et al. (2009b) recommends that a market substitution ratio of 1:0.81 be 

applied in the case of plastics recycling. The influence of the market substitution ratio 

parameter on the calculated EFs was further considered as part of a sensitivity analysis 

(see Section 4.5.3.1). 

4.5.3 Sensitivity analysis 

 Perturbation analysis 

We applied a market substitution ratio of 1:1 in all primary material production 

substitution calculations, based on the assumption that the market situation would be 

unaffected by the supply of secondary products. To test the sensitivity of the results to 
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this assumption, market substitution ratio parameter values were varied by -10% and 

sensitivity ratios (SR) were calculated for each material recycling system. A SR is the 

ratio between the percentage change in the model result and the percentage change in 

the parameter value (Clavreul et al., 2012). Where more than two primary products are 

substituted in a material recycling system, market substitution rate SRs were calculated 

for each market substitution individually and then summed to produce an overall market 

SR for that material recycling system. Figure 4.3 presents the SR results (as absolute 

value) for the material recycling systems evaluated (SR results are presented in greater 

detail in Appendix F). This analysis highlights the large influence of the market 

substitution ratio parameter value on material recycling net GHG emissions. Market 

substitution ratio SR values greater than 1 were calculated for all but one of the material 

recycling systems investigated, meaning that a variation in parameter value causes a 

larger relative variation in the result (Clavreul et al., 2012). Soil was the only material 

found to have a market substitution ratio parameter SR value less than 1 (SR = 0.5). 

This is likely due to the low contribution of avoided primary production to total net 

GHG emissions (25%) in the soil recycling system (see Figure 4.2). Recycled material 

systems that showed particular sensitivity to the market substitution ratio parameter 

include carpets (SR = 17.2), plasterboard (SR = 14.2), and rubble (SR = 10.5).  

 Scenario analysis 

The GHG emissions impact of excluding carbon sequestration from the material 

recycling systems evaluated was investigated through scenario analysis. Carbon 

contained in organic materials that do not degrade during the 100 year time period 

considered is assumed stored within the landfill indefinitely, effectively removing it 

from the global carbon cycle. As this process would not occur naturally, landfills 

constitute as an anthropogenic carbon ‘sink’. Based on a simple carbon mass balance 

model, Christensen et al. (2009a) asserts that where the IPCC GWP characterisation 

factors are used, which count biogenic carbon emissions to air (as CO2) as neutral, 

biogenic carbon sequestered in landfill should be ascribed a GWP of -1. As GHG 

emissions from carbon sequestration were not included in the calculated EFs for 

recycling, a scenario (S2) that included carbon sequestration was modelled to test the 

sensitivity of baseline results (S1) to this choice.  Results where variation between S1 

and S2 was greater than 1% are presented in Table 4.7. 
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Figure 4.3. Market substitution ratio parameter sensitivity ratios (SR) of each source segregated waste 
material type recycling system. Note that SRs are presented for each waste material type in more detail in 
Appendix F. 
AHP, absorbent hygiene product; WEEE, waste electrical and electronic equipment; CRT, cathode-ray 
tube; MDF, medium-density fibreboard; PP, polypropylene; LDPE, low-density polyethylene; PVC, 
polyvinyl chloride; HDPE, high-density polyethylene; PET, polyethylene terephthalate 
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Table 4.7. Comparison of net greenhouse gas emission factors for selected recycled waste materials 
where carbon sequestration is excluded (S1) or included (S2). Variation is presented in absolute terms. 
Only results where variation (%) is greater than 1% are presented. 

Waste material type 
S1 S2 Variation 
kg CO2e/t kg CO2e/t kg CO2e/t kg CO2e/t 

Paper -459 -491 32 7 
Card -120 -128 8 6 
Books; yellow pages -117 -124 7 6 
Mixed paper & card -123 -132 9 7 
Composite wood materials; furniture -177 -244 68 38 
Car tyres -636 -760 124 19 
Van tyres; large vehicle tyres -671 -904 232 35 
Mixed tyres -640 -777 137 21 
Rubble -2 -43 41 2595 
Soil 27 -55 82 301 
Plasterboard 4 -12 15 435 
Composite food & beverage cartons -242 -260 18 8 
Mattresses -1241 -1353 112 9 
Carpets -9 -139 130 1469 
AHPs 14 -27 41 300 

AHP, absorbent hygiene product 

The choice of including carbon sequestration had little influence on the calculated net 

GHG EFs for the majority of materials (36 of 53, variation <1%). However, the choice 

had a significant impact on the calculated EFs for a number of materials, particularly 

rubble (variation = 2595%, 41 kg CO2e/t), carpets (variation = 1469%, 130 kg CO2e/t), 

plasterboard (variation = 435%, 15 kg CO2e/t), soil (variation = 301%, 82 kg CO2e/t), 

and AHPs (variation = 300%, 41 kg CO2e/t). The benefits of including carbon 

sequestration were most significant for soil – where a portion of biogenic carbon (here 

assumed to be 14% based on Bruun et al. 2006) remains bound to the in situ soil after 

the 100 year time period (Boldrin et al., 2009b) – and for composite and aggregate 

materials that contain a high proportion of biodegradable material (e.g. carpets, 

composite wood materials, and AHPs). As noted previously, composite materials 

recycling systems are characterised by high material losses and, consequently, a large 

amount of this biodegradable material is landfilled. Of the composite materials 

identified above, most contain a high proportion of paper/fibre or, in the case of carpets, 

natural textiles, which have high non-biodegradable carbon contents and do not degrade 

readily in a landfill (Barlaz, 1998). Hence, their disposal in landfill results in net GHG 

savings when carbon sequestration is included. Overall, the choice of including carbon 

sequestration resulted in net GHG savings being calculated for all recycled materials 

investigated. 
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4.5.4 Limitations 

The calculated EFs presented in this paper were based on numerous subjective 

modelling choices and methodological assumptions. Furthermore, this study was 

fundamentally limited by the availability of data (predominantly from secondary 

sources) and the quality of these data. These assumptions and limitations are each 

sources of uncertainty and may have influenced the results (Cellura et al., 2011). In the 

following sections, the influence of key methodological aspects on the results of the 

study are identified and discussed. 

A significant source of uncertainty in this study relates to the availability and use of 

secondary data, upon which the study was entirely reliant. A number of materials were 

not included in the evaluation due to a lack of specific data (e.g. ‘ink & toner cartridges’ 

and ‘video tapes, DVDs, and CDs’), whilst the EFs for a number of materials were 

estimated by using the modelled recycling systems of related materials as proxies due to 

a lack of more specific data. Such EFs should be treated with a high degree of 

uncertainty. 

Where secondary data sources were identified, choices related to secondary data 

selection were ultimately made subjectively. Furthermore, the quality of selected 

secondary data may also affect the LCA results. Foreground system processes and 

avoided primary production processes were assessed in relation to established data 

quality requirements. None of the foreground system process data sets used in this study 

were rated ‘high quality’, whilst the majority (51%; 48 of 94) were rated ‘poor quality’ 

(the remainder were rated ‘fair quality’; 46 of 94). Similarly, only 7% (2 of 29) of 

included avoided primary production process data sets were ‘high quality’, 59% (17 of 

29) were ‘fair quality’, and the remainder were identified as ‘poor quality’ (34%; 10 of 

29). This highlights the dearth of high quality LCI process data sets for materials 

recycling currently available and represents a significant source of uncertainty.  

For a number of the materials, the complex and varied recycling routes encountered in 

the real world are not adequately reflected in the calculated EFs. For example, glass was 

assumed to be recycled in a 100% closed loop system where it is remelted and used in 

secondary container glass production. In reality, waste glass recycling applications are 

multifarious and include (non-exclusively) the production of secondary aggregates, 

bricks, insulation glass fibre, and filtration media (see Enviros Consulting Ltd, 2003). 
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Similarly, waste paper was assumed to be used exclusively in the production of 

secondary newsprint. Real-world utilisation pathways of recovered paper are numerous 

and depend on the paper grade and market situation (Frees et al., 2005; WRAP, 2010c). 

Large variations in energy use and, consequently, life-cycle GHG emissions exist 

between different paper grade production processes (Laurijssen et al., 2010). 

Furthermore, Wang et al. (2012) showed that, in the context of paper recycling, the 

choice of reprocessing technology and substituted virgin production process 

significantly affect the LCA results. Hence, the simplified recycling systems used in the 

calculation of EFs may limit their representativeness of the real-world situation.  

A further limitation concerns the validity of results in the context of the global, 

interconnected waste market. The quantity of recyclate collected in the UK has 

increased markedly over the past 10 years and, whilst the domestic reprocessing sector 

continues to expand, there is insufficient capacity to absorb these materials. 

Furthermore, whilst domestic markets for a number of recyclable materials remain 

under-developed, many recovered materials are in high demand globally and represent 

valuable commodities when traded on foreign markets (APSRG, 2013). Consequently, 

export rates of recyclable materials have increased, with the UK currently exporting 

around 15 million tonnes of recyclate per year (Defra, 2013e). The relationship between 

globalisation and increased complexity and geographical dispersal of secondary product 

manufacturing and application makes it difficult for the LCA practitioner to identify 

appropriate reprocessing and substituted production data sets and material recycling 

model parameter values – i.e. material loss, material quality loss, and market 

substitution ratio – without an intimate knowledge of recyclate export destinations and 

foreign waste markets. Due to the inherent complexity of globalised waste trade and a 

lack of knowledge about foreign reprocessing and secondary product markets, the EFs 

calculated in this study were based on the assumption that all waste materials and 

components are reprocessed in the UK and secondary products substitute for domestic 

primary production.  

The choice to exclude exportation of recyclable materials from the EF calculations may 

affect the results of the study as the geographical situation in which materials are 

recycled can be an important factor in LCA studies due largely to variations in regional 

energy mix. The energy used in secondary and, more importantly, primary materials 

production, particularly electricity, is commonly a key contributor to net GHG 
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emissions from materials recycling (Friedrich and Trois, 2013b; Brogaard et al., 2014). 

The GHG emissions intensity of energy systems varies considerably between countries 

due to differences in grid energy source mixes. A substantial portion of recyclable 

materials recovered in the UK are exported to destinations in Asia and Eastern Europe 

that are connected to highly GHG-intensive energy systems. Consequently, the GHG 

savings due to the indirect effects of recycling may be higher where the displaced 

alternative material is assumed to be produced in a country with a GHG-intensive 

energy system (Sevigné-Itoiz et al., 2014a). For example, Friedrich and Trois (2013b) 

found that recycling of glass, metals, plastics, and paper in South Africa resulted in 

much higher GHG savings when compared to other countries due to the high GHG 

emissions intensity of the South African grid electricity system, whilst McMillan and 

Keoleian (2009) showed that GHG emissions from aluminium production were 

significantly higher in Asian and Oceanian countries compared to European countries.  

In this section we have described the major limitations that contribute towards 

uncertainty in the calculated results. Whilst the number of limitations to which the 

present paper is affected by are numerous, it should be noted that these limitations are 

not unique to this study, but are ubiquitous in solid waste management LCA studies 

involving material recycling systems (Reap et al., 2008a; Reap et al., 2008b; Lazarevic 

et al., 2010). In this study, we have attempted to minimise, quantify, or explain these 

limitations as far as possible. However, additional work is required to better address 

these limitations and, thereby, enhance the robustness of the derived GHG EFs and 

enable more informed and less uncertain decision making. 

4.6 Conclusions 

In this study, we performed a series of partial LCAs, following an attributional 

approach, to quantitatively evaluate the GHG emissions from recycling of source-

segregated waste materials. The results of these assessments were used to derive the 

first set of comprehensive GHG EFs that can be used to contextualise the contribution 

of source-segregated recycling to carbon management at a national and/or local level. 

The results showed that, with the exceptions of soil, plasterboard, and paint, the 

recycling of source-segregated waste materials resulted in net GHG emissions savings. 

Calculated GHG EFs ranged from 86 kg CO2e (paint) to -8143 kg CO2e (aluminium 
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cans) per tonne of material collected for recycling. The avoided GHG emissions from 

the recovery of high frequency materials such as LDPE, PET, textiles, steel cans, and 

aluminium cans were found to be notable, highlighting the importance of effective 

source-segregated recycling of key waste materials in reducing the GHG impacts of 

waste management. 

Where sufficient literature data were identified to enable comparison, it was found that 

the majority of the GHG EFs calculated in this study are within the range of data 

presented in the literature. Notable exceptions include card, books, mixed paper & card, 

and yellow pages, for which calculated EFs were notably higher (i.e. lower net GHG 

savings) than the maximum values reported in the literature. This was likely due to our 

conservative assumption that primary corrugated cardboard base papers would be 

substituted rather than non-corrugated cardboard base papers, the production of which 

has been shown to generally result in lower GHG emissions (Brogaard et al., 2014). 

In general, GHG emissions contributions from transport and disposal of rejects were 

found to be negligible, with the calculated EFs dominated by negative (i.e. GHG 

burdens) and positive (i.e. GHG benefits) GHG contributions from material 

reprocessing and avoided primary production, respectively. The results of the sensitivity 

analysis showed that the calculated EFs were found to be highly sensitive to the 

assumed market substitution ratio, with the results for recycling of plasterboard, carpets, 

and rubble found to be particularly sensitive to the parameter value. Given the 

dominance in terms of GHG contribution of avoided primary production and the high 

sensitivity of results to the market substitution ratio, it is essential that practitioners 

undertaking LCA studies that include materials recycling ensure that their models are 

parameterised appropriately and representatively. The sensitivity analysis also showed 

that the choice of including carbon sequestration in the calculations was largely 

inconsequential. 

All foreground system processes and avoided primary production processes used were 

assessed in relation to their data quality. Of the data sources used to model materials 

reprocessing, none were assessed as being of high quality, whilst 51% were considered 

poor quality. Generally, the quality of data used to model avoided primary production 

was found to be marginally better, with 7% of data sources assessed as being of high 

quality and 59% considered fair quality. Overall, these findings highlight the dearth of 
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high quality LCI data on materials reprocessing and primary production available to 

LCA practitioners in the UK. To reduce uncertainty and enable waste managers to make 

better informed, environmentally-sound decisions, there is an urgent need for more 

representative, more appropriate, and higher quality LCI data related to materials 

recycling. The EFs presented in this paper were developed to support decision makers at 

multiple scales (national/regional governments, local authorities, companies, and 

entrepreneurs). These EFs are intended to be used to enable the appraisal of 

environmental performance with regards to GHG impacts, and to evaluate potential 

waste policies and decisions in order to identify optimal solid waste management 

solutions. The secondary purpose was to provide a foundation for the development of 

material recycling EFs for different geographic areas and the undertaking of holistic 

LCA studies incorporating solid waste materials recycling.  

The focus of this paper was to evaluate the environmental performance of source-

segregated material recycling systems. In order to contribute towards the growing 

debate amongst policy-makers and waste managers in the UK and abroad concerning 

the relative merits of different dry recycling collection systems (particularly with 

regards to household kerbside collection) (see for example Eunomia et al., 2011; 

Fitzgerald et al., 2012; Punkkinen et al., 2012; Cimpan et al., 2015a), there is a need for 

further research that compares the environmental performance of source-segregated 

waste collection systems with that of alternative systems, namely single- or dual-stream 

commingled collection. Such research would also serve as a means of developing 

additional GHG EFs for recycling of materials collected from single- or duel-stream 

commingled collection systems, which could be of considerable benefit to decision 

makers.  
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5.2 Linkage of paper to research project 

This paper focuses on the quantification of life cycle climate impacts associated with 

municipal-scale SWM systems for the purpose of supporting local decision making and 

national policy making. It presents an approach (‘framework’) that combines the MFA 

and LCA methodologies to evaluate large and complex SWM systems from an 

environmental perspective. The approach is applied to evaluate the environmental 

performance, focusing on GHG emissions, of a local authority SWM system. To 

demonstrate the potential utility of the framework from a SWM decision support 

perspective, this paper presents a comparison of different scenarios to assess the 

effectiveness of different national waste policies in the context of a whole, complex 

SWM system. This paper builds on the work presented in Paper I and Paper II and 

addresses aspects of all three of the primary research aims of this thesis (see Figure 5.1). 

 
Figure 5.1. Linkage of Paper III to overall research project. Note that black arrows represent linkages 
between phases of the research project, whilst dashed green arrows represent linkages to the overall 
purpose of the work, i.e. to support SWM decision making. 

5.3 Introduction 

Currently, around 1.3 billion tonnes of municipal solid waste are generated annually 

worldwide and generation levels are projected to almost double by 2025, driven by 
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rapid population growth, urbanisation, and socio-economic development in developing 

countries (Hoornweg and Bhada-Tata, 2012). A substantial proportion of this waste 

material can be viewed as a resource. As demand for natural resources continues to rise, 

there is increasing pressure on the world’s natural resource base, which is having severe 

environmental consequences (Hertwich et al., 2010). At a global scale, climate change 

is a serious international concern and the extraction, processing, and use of natural 

resources contributes directly to climate change through the burning of fossil fuels, 

whilst the disposal of materials in landfills contributes through emissions of greenhouse 

gases (GHG). Improving solid waste management (SWM) by recovering value in the 

form of material and energy resources can contribute towards enhanced resource 

efficiency and GHG mitigation efforts (UNEP, 2010). 

The waste management sector is under increasing pressure to improve its environmental 

performance. In the European Union (EU), Member States are legally obligated to 

formulate and implement regional policy instruments to meet the environmental SWM 

objectives and targets outlined in a broad international legal framework. Article 4(1) of 

the EU Waste Framework Directive establishes the ‘waste hierarchy’, a five step 

priority order of waste management comprising, in descending order of priority, 

prevention, preparation for reuse, recycling, other recovery (e.g. energy from waste), 

and disposal (EC, 2008a). Under the terms of Article 21(1) of the EU Waste Framework 

Directive, all waste management decisions must be undertaken in line with the waste 

hierarchy. The Landfill Directive sets a target for member states to reduce the amount of 

biodegradable municipal solid waste going to landfill to 35% of 1995 levels by 2016 

(EC, 1999). A target of achieving 50% recycling of key household waste materials 

(paper, glass, metals, and plastics) is established in the Packaging and Packaging Waste 

Directive (EC, 1994). Moreover, at a broader level the EU is committed to reducing its 

GHG emissions by at least 20% and 40% of 1990 levels by 2020 (EC, 2009a) and 2030 

(EC, 2014a), respectively. Managing resources to maximise environmental 

sustainability and contribute towards the achievement of national targets set by the EU 

entails important strategic and investment decisions by local waste managers, who are 

simultaneously tasked with maintaining a reliable and economical waste removal 

service to residents under increasing budgetary pressures. To reduce the burden on local 

waste managers and promote environmental sustainable practices, there is a need for 

strong waste policies that guide and enable effective local decisions and actions. 
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Analytical tools are required to assist local and national governments in evaluating the 

environmental performance of potential policy measures and local decisions. Such tools 

must be capable of handling the increasing complexity of modern ‘integrated  solid 

waste management’ systems. Modern SWM encompasses a large number of waste 

treatment technologies, such as incineration, composting, and anaerobic digestion (AD) 

that are each designed to manage specific waste streams. Many of these technologies 

provide additional functions, such as secondary materials production and energy 

production, that necessitate interaction with other sectors, such as manufacturing, 

agriculture, and energy production (Giugliano et al., 2011). Furthermore, modern SWM 

systems comprise a global network of facilities, each with distinct technological facets 

and different levels of operational performance. It is necessary that analytical tools used 

to support decision making in complex, interdependent systems, such as SWM, adopt a 

whole system approach that reflects this complexity (Blengini et al., 2012). 

In this paper we apply an approach that combines two systems based methodologies, 

material flow analysis (MFA) and life cycle assessment (LCA), to quantitatively 

evaluate a complex, municipality-scale SWM system and use scenario analysis to assess 

the potential effectiveness of different national waste policy measures. The novel 

contribution of this paper can be summarised as follows: 

• Application of a combined MFA and LCA approach to evaluate a complex, multi-

waste stream SWM system at the meso-level. 

• Novel use of publically available waste data to comprehensively model waste flows 

through the system. 

• Provision of information to national government regarding the potential 

effectiveness of waste policy measures. 

• Assistance to local government in identifying optimal SWM solutions. 

5.3.1 Case study 

Wales is a constituent country of the UK that covers an area of 20,779 km2 with an 

estimated  population of 3.1 million in 2014 (Office for National Statistics [ONS], 

2015). Wales comprises 22 unitary authorities that are individually responsible for 

arranging waste collection and disposal. The Welsh Government (WG) has introduced a 

broad and ambitious sustainable development strategy that aims to make sustainable 
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development the core principle of all national and sub-national policy and decision 

making (WAG, 2009; Well-being of Future Generations (Wales) Act, 2015). Two key 

national targets for 2050 have been set: 1) achieving “zero waste” (i.e. eliminating 

landfilling as far as possible) and 2) reducing national GHG emissions by at least 80% 

below 1990 levels (Climate Change Act, 2008; WAG, 2010a, 2010b, 2011). 

Furthermore, the WG have also set a target of a 3% reduction in national GHG 

emissions per year until 2050, to which waste management is required to contribute 

(WAG, 2010a). 

The city of Cardiff is the capital of Wales and is located in the south of the country. The 

city covers an area of 140.3 km2, of which around 76 km2 is considered urban, and has a 

population of approximately 341,100 and a dwelling stock of 135,796. The city has a 

reported recycling rate of 52.2% , marginally below the national average of 52.3% 

(StatsWales, 2015b). 

The Council operates an alternate weekly kerbside collection service for household 

residual waste and dry recyclables. Waste materials collected for recycling include 

paper, card, aluminium cans, steel cans, mixed plastics, and mixed glass. Garden and 

food waste are each collected separately on a weekly basis from households, whilst an 

optional absorbent hygiene products collection service operates fortnightly. A bespoke 

bulky waste collection service is also offered. There are four household waste recycling 

centres (HWRC) and 14 bring sites (recycling banks) located across the city. The 

Council also runs services for the collection of wastes from: commercial organisations, 

street cleaning, fly-tipping, and municipal parks/grounds. 

5.4 Methodology 

A combination of methodologies was applied in this study to quantitatively evaluate the 

environmental performance of Cardiff’s local authority collected waste (LACW) 

management system and those of alternative systems. LACW comprises all solid waste 

collected by a local authority. A static MFA approach was applied to assess the mass 

flows and stocks of LACW into, within, and from the defined systems. MFA is 

descriptive, systematic approach to assess the metabolism of a defined system and is 

based on the principle of mass conservation (Brunner and Rechberger, 2004). The 

freeware STAN v2.5, developed at the Vienna University of Technology, was used to 

169 



  Chapter 5 

conduct the MFA (Cencic and Rechberger, 2008). STAN allows for visualisation of 

complex MFA systems, performance of data reconciliation, and consideration of data 

uncertainties. Mass flow quantities are expressed in terms of mean value and standard 

deviation, defined as normal distributions. Data reconciliation, based on the method of 

least squares regression (see Fellner et al., 2011), is performed to enforce mass balance 

constrains on uncertain, conflicting input data. The extent to which data are reconciled 

is determined by the initial data uncertainty, which is used as the weighting factor. 

STAN has been used in many previous MFA studies of SWM systems (e.g. Mastellone 

et al., 2009; Boldrin et al., 2011a; Arena and Di Gregorio, 2014; Allegrini et al., 2015). 

The environmental impacts of the system described by the MFA were assessed using 

LCA. LCA has been applied extensively to evaluate SWM systems (see Laurent et al. 

2014a). The focus of the LCA undertaken in this study was to evaluate the potential 

climate change impacts of LACW management and to identify the waste streams and 

waste treatment processes that contribute most significantly to these impacts. The LCA 

followed the ISO 14040 and 14044 standards for LCA (ISO, 2006b, 2006c) as far as 

possible. The LCA was performed using the EASETECH software. EASETECH, 

developed at the Technical University of Denmark, is a LCA model for the assessment 

of environmental technologies that allows for detailed modelling of complex systems 

and provides specialist functionality for modelling waste management systems 

(Clavreul et al., 2014). EASETECH has been used in previous LCA studies of SWM 

systems (e.g. Yang et al., 2014; Butera et al., 2015; Turner et al., in press). 

5.4.1 Goal definition 

The goal of this study was threefold: 1) to quantify the mass balance of waste through 

the existing LACW management system; 2) to evaluate the environmental performance 

of the existing LACW management system with regards to GHG emissions; and 3) to 

compare the environmental performance of the existing LACW management system 

with that of alternative systems designed to represent the implementation of national 

waste policy measures. The purpose was to support regional policy and decision 

making, i.e. ILCD (International Reference Life Cycle Data System) decision-context 

situation B, meso-level decision support (EC, 2010c). The study was carried out in 

cooperation with the WG and Natural Resources Wales (NRW), the regulator and 

principal advisor to the WG, who, along with Cardiff County Council, were the key 
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audience. Additionally, aspects of the study will be of value to other national policy 

makers and local governments, as well as the wider SWM MFA and LCA communities. 

The quantitative assessment of the systems under investigation was carried out using 

LCA. The LCA followed an ‘attributional’ approach (EC, 2010c), with allocation 

avoided by means of system expansion. The assessment included the potential 

environmental impacts from SWM activities as well as impacts on processes in other 

systems that are affected by SWM activities, principally the recovery of materials and 

energy production (Giugliano et al., 2011). The system comprised two subsystems: (1) a 

foreground system that includes processes directly engaged in the management of the 

reference flow (here, LACW); and (2) a background system that interacts with the 

foreground system by supplying or receiving resources, including avoided primary 

material and energy production (Clift et al., 2000). 

Background data were taken from international life cycle inventory (LCI) databases 

(ecoinvent v.2.2 and ELCD v.2), the UK GHG conversion factors repository (Defra et 

al., 2013), and literature (see Appendix G). Foreground system data were derived from 

various secondary sources and are described in detail in Section 5.4.3. Following an 

attributional approach, average data were generally used to model foreground and 

background system processes. However, based on the recommendations of the ILCD 

(EC, 2010c) and Laurent et al. (2014b) for LCA studies aiming to provide meso-level 

decision support, long-term marginal process data were used to reflect the large-scale 

consequences on the energy system from avoided material and energy production. This 

approach, which is similar to that taken by Rigamonti et al. (2010) and Finnveden et al. 

(2005), was adopted rather than a ‘pure’ attributional approach as it more accurately 

reflects the large-scale implications of SWM activities on other systems. Specifically, 

the following assumptions were made concerning material and energy substution: 

• Electricity produced from SWM activities displaced an equivalent amount of 

electricity generated from an alternative source. Information on the long-term 

marginal electricity supply mix for the UK is not currently available. Therefore, we 

followed the recommendation of the UK government and assumed that the long-

term marginal electricity source was from combined-cycle gas turbines (CCGT; 

DECC, 2014a). Generated electricity is transmitted to the National Grid at an 

efficiency of 98% (National Grid, 2008). 
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• Heat produced at facilities fitted with combined heat and power (CHP) units would 

be used internally due to a lack of established district heating networks in the UK 

(Hawkey, 2012). Hence, no avoided energy production was associated with heat 

energy production. 

• Secondary products produced from recovered waste materials replace the production 

of alternative products, including those produced from primary resources. Avoided 

materials production was modelled based on the average UK market situation using 

the LCIs for materials recycling presented in Turner et al. (2015). It is, however, 

acknowledged that recycled materials are traded on global markets and the use of 

national LCI data to model avoided materials production is unrepresentative of the 

global situation. Furthermore, the potential climate impacts of avoided material 

production processes have been shown to vary depending on the region within 

which the materials are produced due to the variable GHG intensities of regional 

energy systems (see, for example, McMillan and Keoleian, 2009; Friedrich and 

Trois, 2013b; Sevigné-Itoiz et al., 2014a). 

To reflect large-scale consequences on the energy system, avoided material 

production process electricity use was modelled using the long-term marginal 

electricity source for the UK, i.e. CCGT. The extent of the displacement was 

calculated based a substitution ratio, which was calculated as the product of three 

parameters: (1) recyclability (the amount of a waste material in a recycled product, 

considering all process material losses); (2) material quality loss (reflects any 

diminishment in the inherent technical properties of a waste material incurred 

through reprocessing); and (3) market substitution rate (the actual amount of an 

alternative product that is replaced at the market). Material losses and material 

quality losses are defined for each recycled or reused material. Market substitution 

rates of 1 were used for all product substitution calculations based on the 

supposition that production of secondary products would not affect the market 

situation (Briffaerts et al., 2009; Rigamonti et al., 2009a; Merrild et al., 2012). 

5.4.2 Scope definition 

The function of the system under investigation is to manage LACW from Cardiff. 

Hence, the functional unit was defined as the management of the total amount of 

collected LACW in Cardiff between April 2012 and March 2013. The amount is 
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168,526 tonnes. LACW is categorised into five primary waste streams (commingled 

materials, source-segregated food waste, source-segregated garden waste, source-

segregated dry recyclables, and residual waste) that are derived from nine waste 

collection sources (household kerbside collection, bulky waste collection, HWRCs, 

bring sites, street cleaning, fly-tipped materials, non-household collections, voluntary 

sector/community collection, and municipal parks/grounds waste collection). All 

activities required to manage the LACW from the point of collection to its ultimate 

disposal, reprocessing, or reuse were considered. Hence, the processes of collection, 

transportation, intermediate processing (sorting and handling), thermal treatment, 

biological treatment, material reprocessing and reuse, and landfill were individually 

quantitatively analysed in terms of their resource consumption and emissions. 

 System boundaries 

The spatial boundary of the system was defined by the administrative boundary of 

Cardiff County Council, i.e. only waste generated within this defined spatial boundary 

was considered in the analysis. The temporal boundary was the April 2012 to March 

2013 fiscal year. In this study, the ‘zero burden assumption’ was adopted, whereby the 

environmental impacts from upstream life cycle stages prior to the collection of LACW 

were not included (Ekvall et al., 2007). Environmental impacts from capital goods were 

also excluded, an approach consistent with other LCA studies of waste management 

systems (Cleary, 2009). Due to difficulties in data collection, environmental burdens 

from operation of HWRCs were also excluded.  

Processes included in the assessed system comprise collection and transport of LACW, 

waste management facilities (including those for the treatment of residuals, such as 

incinerator bottom ash or fly ash), and utilisation of secondary products (e.g. digestate 

or compost). Waste management facilities included in the assessed system were 

identified from Cardiff’s WasteDataFlow5 Question 1006 returns for the four quarters of 

the fiscal year 2012-2013 (WasteDataFlow, 2014), which include details of facilities 

that handled collected LACW. The Cardiff LACW management system comprised 158 

individual facilities located across nine different countries. 139 facilities are located in 

5 WasteDataFlow is a publically-available, web-based system established in 2004 to enable local 
authorities in the UK to report certain municipal solid waste data to the national government. 
6 Question 100 is a question in WasteDataFlow that asks local authorities to record the physical flows of 
collected wastes through all treatment facilities until those wastes reach their end destination. 
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the UK (41 in Wales and 98 in England), five were located in Europe, and 13 were 

located in Asia. Facilities was categorised into one of 11 different waste treatment 

technology types (e.g. AD, incineration, material reprocessing, etc.), based on their 

description in WasteDataFlow, and were allocated individual identification codes that 

reflected the facility type and location (domestic or foreign). In addition, 15 generic 

processes were included to manage collected waste where no waste treatment facility 

was specified in WasteDataFlow. Details of the facilities (unit processes) included in 

the assessed system are provided in Appendix H. Facilities were modelled in the MFA 

and LCA as unit processes. 

  Impact coverage 

The quantitative potential environmental impact assessment of this study focused on 

GHG emissions. Hence, climate change was the only potential impact category included 

in the life cycle impact assessment. This decision was made for two principal reasons: 

• Climate change is recognised as being a significant global environmental problem of 

foremost importance (WAG, 2010a; IPCC, 2014; ISWA, 2015); and 

• Climate change impact has been identified as being a good proxy for the overall 

environmental impacts of SWM (Defra, 2011b). 

The GHGs considered in the assessment were carbon dioxide (CO2) (fossil and 

biogenic), methane (CH4), and nitrous oxide (N2O). Emissions of these GHG represent 

more than 90% of total GHG emissions from SWM (Bogner et al., 2007). 

 Scenarios 

Four scenarios are compared in this study. The first scenario represents the existing 

LACW management system, whilst the other scenarios reflect different systems based 

on national waste policies. Scenarios are compared on the basis of functional 

equivalence, i.e. it was assumed that waste generation was not influenced by the 

different scenario assumptions. 

S1 Baseline scenario Baseline scenario representing the existing LACW management 

system for Cardiff in April 2012 to March 2013. 

S2 Enhanced food waste capture Wales’ Municipal sector plan (WAG, 2011) states that 

in order for Wales’ 70% recycling target for 2025 to be met, it is likely that local 
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authorities will need to separately collect for biological treatment at least 80% of 

biodegradable waste. To evaluate the potential GHG impacts of enhanced biodegradable 

waste capture, in this scenario an 80% capture rate of food waste via household kerbside 

food waste collection is assumed, with food waste diverted from the household residual 

waste stream. All food waste that is collected is sent to AD, the priority destination for 

food waste in Wales (WAG, 2010b). 

S3 Enhanced incineration The Towards Zero Waste (WAG, 2010b) waste strategy for 

Wales sets a target for a maximum level of incineration (with energy recovery) of MSW 

of 30% by 2025. This scenario was constructed to evaluate the impact of enhanced 

incineration of LACW. Based on the total quantity of collected LACW for Cardiff in 

2012-2013 (168,426 t), the 30% limit set by WG allows for up to 50,530 t of LACW to 

be incinerated. In this scenario, 50,000 t of residual waste originally collected and sent 

to landfill is instead sent for incineration. 

S4 Enhanced dry recycling A target for a minimum level of recycling and biological 

treatment of municipal solid waste of 70% by 2025 was set by the WG in Towards Zero 

Waste (WAG, 2010b). To evaluate the impact of an enhanced dry recycling strategy, in 

this scenario optimum household kerbside collection recycling rates (taken from 

Eunomia et al., 2011), are achieved for key recyclable waste materials (glass, paper, 

cardboard, steel cans, aluminium cans, and plastics), with materials diverted from the 

household kerbside collected residual waste stream. 

5.4.3 Life cycle inventory 

 Reference flow characterisation 

A static MFA approach was applied to characterise the mass flows and stocks of LACW 

into, within, and from the defined system. Due to its complexity and size, the system 

was divided into four subsystems, representing the management of primary waste 

streams (residual waste, commingled materials, source-segregated dry recyclables, and 

source-segregated food and garden wastes). The import flows into each system were the 

collected LACW primary waste streams, and the export flows comprised secondary 

products and emissions. To account for flow multidimensionality, secondary waste 

types (e.g. paper, glass, food waste) were characterised as fractions of the primary waste 

stream.  
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Due to the functional complexity of many processes and the profusion of functionally-

equivalent processes in the system (i.e. SWM facilities engaged in the same activity), it 

was necessary to divide many processes into subsystems that contain subprocesses and, 

in some cases, further subsystems. The four defined systems for the baseline scenario 

(S1) are, collectively, composed of 548 processes and 1042 flows.  

Mass flows of waste into the LACW management system and to and between processes 

were estimated by aggregating Cardiff’s WasteDataFlow Question 100 returns for the 

four quarters of the fiscal year 2012-2013.Where data were not available from 

WasteDataFlow (e.g. mass flows of wastes and secondary products from treatment 

facilities and reprocessing), process transfer coefficients were derived from the LCI 

process inventory models (detailed below). All data used in this study were single value 

and were inputted into the MFA as mean values and an associated uncertainty, 

expressed as a percentage. Details of the data reconciliation approach are provided in 

Appendix I.  

 Waste composition 

The overall waste composition for the investigated system is presented in Figure 5.2. 

Further details are provided in Appendix J. 

 
Figure 5.2. Composition of LACW collected in Cardiff in 2012-2013 by primary material category. 
LACW, local authority collected waste; WEEE, waste electrical and electronic equipment; HHW, 
household hazardous waste. 
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 Collection and transport 

Details of the modelling approach for collection and transport are presented in 

Appendix K. 

 Transfer station 

Transfer station process electricity and diesel consumptions of 4 kWh/t and 1 l/t, 

respectively, were assumed, based on measured data from UK based transfer stations 

reported by Eunomia et al. (2011). 

  Anaerobic digestion (food waste only) 

The AD process was modelled based on dry, mesophilic (one stage, one phase) 

technology, as described by Møller et al. (2009). Details of process inputs and 

parameter values are presented in Table 5.1. During waste reception, reject rates of 8%, 

50%, and 95% were applied for food waste and fine material, other biodegradable 

waste, and non-biodegradable waste, respectively (Bernstad and la Cour Jansen, 2011). 

Biogas was assumed to be utilised on site in a CHP engine; the most common biogas 

utilisation technology in the UK (Horne et al., 2013), with gross electrical and heat 

energy generation efficiencies of 31% and 49%, respectively (DECC, 2014b). Heat 

energy was assumed to be used internally. CHP unit process emissions, produced 

through incomplete combustion, of 434 mg CH4/MJbiogas and 1.6 mg N2O/MJbiogas were  

Table 5.1. LCI data for the AD process. Note that data are presented per tonne throughput. 
 Unit Value 
Waste reception   
Inputs   
Diesel l 0.12a 

Electricity kWh 1.1a 

   
Anaerobic digestion   
Inputs   
Diesel kg 1.3b 

Electricity kWh 20.6b 

   
Process parameters   
Degradation ratio %C_bio_and 70c 

CH4 content of biogas %biogas 63d 

a Source: primary data from industrial source. 
b Source: Fisher (2006). 
c Source: Gallert and Winter (1997); Davidsson et al. (2007); Yoshida et al. (2012). 
d Source: Smith et al. (2001); Møller et al. (2009); Banks et al. (2011); EASETECH database. 
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assumed (Nielsen et al., 2010). Digestate application was modelled based on the 

average situation in the UK in 2012, with 91% applied to agricultural land, 6% used in 

horticulture/gardening, and 3% used as alternative landfill daily cover (Horne et al., 

2013). See Section 5.4.3.8 for details. 

 Composting 

Two composting processes were modelled: in-vessel composting (IVC) and open 

windrow composting (OWC). During waste reception, reject rates of 8% and 95% were 

applied for biodegradable waste and non-biodegradable waste, respectively (Bernstad 

and la Cour Jansen, 2011). Details of process inputs and parameter values are presented 

in Table 5.2. The IVC process was assumed to be equipped with a biofilter. Biofilter 

CH4 oxidation efficiency was modelled based on the mean of reported values in the 

literature, whilst the biofilter was assumed to have no effect on N2O emissions due to a 

lack of consensus in the literature. A biofilter was not included in the OWC process as it 

is an open technology. Application of compost produced through IVC and OWC was 

modelled based on the average situation in the UK in 2012 as follows: for IVC-derived 

compost, 68% to agricultural landspreading, 29% in horticulture/gardening, 2% as 

alternative landfill daily cover, and 1% for incineration; and for OWC-derived compost, 

73% to agricultural landspreading, 21% in horticulture/gardening, 5% as alternative 

landfill daily cover, and 1% for incineration (Horne et al., 2013; see Section 5.4.3.8). 

 Mechanical biological treatment 

Mechanical biological treatment (MBT) involves a combination of mechanical 

separation and biological treatment (either bio-stabilisation/bio-drying, IVC, or AD) 

(Defra, 2013d). The MBT facility in the investigated system comprised integrated IVC 

technology. Based on primary data from a UK based MBT facility, process diesel and 

electricity consumption was assumed to be 0.32 l/t and 7.1 kWh/t, respectively. During 

mechanical separation, waste is sorted and classified to separate a fine, compostable 

fraction and two coarse fractions: one for refuse-derived fuel (RDF) preparation and the 

other for disposal in landfill. Ferrous and non-ferrous metals are recovered by overband 

magnets and eddy current separators, respectively, whilst plastics are recovered by near 

infra-red optical separation. Waste transfer coefficients for the mechanical separation 

stage were derived from facility-specific data from WasteDataFlow. For biodegradable   
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Table 5.2. LCI data for the IVC and OWC processes. Note that data are presented per tonne throughput. 
 Unit Value  
  IVC OWC 
Waste reception    
Inputs    
Diesel l 0.12a 0.12a 
Electricity kWh 1.1a 1.1a 
    
Aerobic composting    
Inputs    
Diesel kg 0.26a 3b,c,d 
Electricity kWh 42.4a 0.51b 
Lubricating oil l - 0.023c 
    
Process parameters  

  
C degradation rates  

  
       Paper and card & wood %C bio 35d 35e 
       Food waste & fine material %C bio 75d 75e 
       Garden waste %C bio 50d 50e 
N degradation rates  

  
       Food waste & fine material %N 70e 70f 
       Garden waste %N 10e 10f 
       Other biodegradable waste %N 25e 25f 
Biofilter CH4 oxidation efficiency %CH4  75g - 
  

  
Outputs  

  
Emissions to air  

  
CH4 g/kgDegraded C 2.4h 2.1d 
N2O g/kgN 1.8h,i 1.5h 

a Source: Primary data from industrial source. 
b Source: Fisher (2006). 
c Source: Boldrin et al. (2009a). 
d Source: Andersen et al. (2010). 
e Source: Smith et al. (2001). 
f Source: EASETECH database. 
g Source: Dalemo et al. (1997); du Plessis et al. (2003); Streese and Stegmann (2005); Brown et al. 
(2008); Boldrin et al. (2009b); Boldrin et al. (2011b); Qiang et al. (2011); Yazdani et al. (2012). 
h Source: Boldrin et al. (2009b). 
i Source: Amlinger et al. (2008). 

waste, 28% is sent for composting, 64% is used as RDF, and 8% is sent for disposal in 

landfill. 100% of metals and plastics are recovered for recycling. 5% of non-

biodegradable waste is sent for composting and 95% is sent for disposal in landfill 

(Bernstad and la Cour Jansen, 2011). The biological treatment stage was modelled 

based the IVC process model described in Section 5.4.3.6. The MBT process produces a 

solid, residue called compost-like output. Compost-like output application was 

modelled based on the average situation in the UK in 2012, with 3% applied to 
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agricultural land, 80% used as alternative landfill daily cover, and 17% disposed of in 

landfill (Horne et al., 2013). See Section 5.4.3.8 for details. 

 Application to land 

Application to agricultural land was assumed to require use of a manure spreader, 

consuming 0.3 l/t and 0.45 l/t of diesel for compost/compost-like output and digestate, 

respectively (Boldrin et al., 2009b; Bernstad and la Cour Jansen, 2011). The 

degradation and fate of carbon and nitrogen in solid residues after they have been 

applied to land was modelled using proxy data from Denmark (Bruun et al., 2006; 

Hansen, 2006b) and Europe (Smith et al., 2001), presented in Table 3. Solid residues 

applied to agricultural land were assumed to partially substitute for commercial 

fertilisers, with the amounts substituted calculated based on the solid residue nutrient 

content and a substitution rate. Solid residues used in gardening/horticulture were 

assumed to substitute for peat (Smith et al., 2001). Details of fertiliser and peat 

substitution rates applied are presented in Table 5.3. 

 Material recovery facility 

Two material recovery facility (MRF) processes were modelled: single-stream 

commingled materials MRF and residual waste MRF. The single-stream commingled 

materials MRF process comprises a series of mechanical separation activities designed 

to recover the following product streams: mixed container glass, paper, card, high 

density polyethylene bottles, polyethylene terephthalate bottles, mixed plastics, plastic 

film, steel cans, and aluminium cans. A residual waste stream is also produced and sent 

for landfilling. Electricity and diesel consumption of 35 kWh/t and 2 kg/t, respectively, 

was assumed for the single-stream commingled materials MRF process, based on 

measured data from UK-based MRFs reported by Eunomia et al. (2011). Details of 

product stream material composition are provided in Appendix J. Due to a lack of 

specific data, electricity consumption for the residual waste MRF process was assumed, 

based on Pressley et al. (2015), to be approximately 25% more than that of a single-

stream commingled materials MRF. Hence, an electricity consumption of 44 kWh/t was 

assumed. Diesel consumption was based on the single-stream commingled materials 

MRF process. The mass of materials recovered at residual waste MRFs was modelled 

using facility-specific data from WasteDataFlow.  
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Table 5.3. LCI data for the application to land process. Note that data are presented per tonne throughput. 
  Value 
 Unit Compost/CLO  Digestate 
Process parameters    
Carbon bound in soila    
Food waste-derived output %C bio 8.2b 8.2b,c 

Garden waste-derived output %C bio 14d - 
Mixed organic waste-derived outputd %C bio 12b,d 12b,c,d 

Fertiliser substitution rates    
Nitrogen fertiliser t/tN applied 0.2f 0.48g 

Phosphorous fertiliser t/tP applied 0.5g 0.5g 

Potassium fertiliser t/tK applied 0.8g 0.8g 

Peat substitution rate m3 1.47h 1.47h 

    
Outputs    
Emissions to air    
N2O g/kgN 1.4d 1.4d 

CO2 biogenic    
Food waste-derived output g/kgC bio 91.8b 91.8b,c 

Garden waste-derived output g/kgC bio 86d - 
Mixed organic waste-derived outputa g/kgC bio 88b,d 88b,c,d 

a Relevant for the sensitivity analysis only. 
b Source: Smith et al. (2001). 
c Source : Møller et al. (2009). 
d Source: Bruun et al. (2006). 
e Based on an assumed composition of 1/3 food waste and 2/3 garden waste.  
f Source: Hansen (2006a). 
g Source: Evangelisti et al. (2014). 
h Based on assumed bulk densities of peat and compost/CLO/digestate of 0.3 t m-3 and 0.68 t m-3, 
respectively (Smith et al., 2001), and an assumed substitution rate of 1 m3

peat m-3
compost/CLO/digestate (Boldrin 

et al., 2010). 

 Refuse-derived fuel production 

The RDF production process was modelled based on a theoretical facility with a gas 

fired drying stage. Electricity consumption of 40 kWh/t of RDF produced was assumed 

(Burnley et al., 2011). Process RDF yield was based on facility specific data from 

WasteDataFlow. 

 Merchant/exporter 

The merchant and exporter processes were modelled using the transfer station process 

as a proxy. 
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 Incineration 

The incineration process was modelled based on an average grate furnace incinerator – 

the most common incinerator type worldwide (Defra, 2013c) – with dry flue gas 

scrubbing and de-NOx technology, as described by Boesch et al. (2014). Details of 

energy and material inputs and waste characteristic transfer coefficients for the 

incineration process are presented in Table 5.4 and Table 5.5, respectively. Thermal 

energy released during the incineration process is recovered via a boiler and a fully 

condensing turbine and transformed into electrical energy by a generator at an assumed 

gross generation efficiency of 22% (EC, 2006; Defra, 2013c). A 2% electrical energy 

loss was included to account for part load operation and heat transfer losses (Consonni 

and Viganò, 2011).  

Non-combustible solid residues (i.e. bottom ash and fly ash) are discharged from the 

base of the furnace and cooled. Fly ash was assumed to be utilised as a backfilling 

material, with electricity and diesel consumption of 29 kWh/t and 1.5 l/t, respectively, 

assumed for the process (Fruergaard et al., 2010). Bottom ash is sent for de-scrapping to 

Table 5.4. Energy and material inputs for the incineration process. Note that data are presented per tonne 
throughput. 

 Unit Value Reference 
Inputs    
Water m3 1 Astrup et al. (2009b); Boesch et al. (2014) 
Electricity kWh 142 EC (2006); Boesch et al. (2014) 
Heat, heavy fuel oil MJ 240 Boesch et al. (2014) 
Ammonia kg 0.5 Astrup et al. (2009b); EA (2010) 
Lime kg 10 EA (2010) 
Sodium hydroxide kg 0.19 Astrup et al. (2009b); EA (2010) 
Activated carbon kg 0.25 EA (2010) 

Table 5.5. Material characteristic transfer coefficients (%) for the incineration process.  
 Bottom 

ash (%) 
Fly ash 
(%) 

Emissions 
to air (%) Reference 

Ash  87  13   -    EASETECH database 
Volatile solids  1  -     -    EASETECH database 
Energy  1   -     -    - 
Fossil C  -   -    100 EASETECH database 
Biogenic C  1   -   99  Boesch et al. (2014) 
N  1   -   99  Boesch et al. (2014) 
Fe  99    1   -  Koehler et al. (2011); Boesch et al. (2014) 
Al  82  18  - Koehler et al. (2011); Boesch et al. (2014) 
Cu  95   5   -  Koehler et al. (2011); Boesch et al. (2014) 
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recover metals for recycling. The de-scrapping process was modelled using data from 

Boesch et al. (2014). 97% of incinerator bottom ash is sent for de-scrapping, with the 

remaining 3% sent to landfill. Recovery rates of 30%, 80%, and 30% were assumed for 

aluminium, steel, and copper, respectively, with non-recovered material sent to landfill. 

3 kWh/t of electricity is required for de-scrapping process. 

 Landfill 

The non-hazardous landfill process (also used as a proxy for inert landfill) was modelled based on an 
average UK medium-sized conventional landfill with gas utilisation. Emissions were modelled over a 100 
year time period. Waste material decay rates were taken from IPCC (2006). Energy and material inputs 
are presented in  
Table 5.6. Details of the gas management system and its performance over time are 

presented in Table 5.7. Landfill gas recovery efficiencies were averaged over the 100 

year time period to better reflect an average tonne of waste deposited, rather than the 

first mass of waste deposited (see Table 5.8). Collected landfill gas is utilised in an 

internal combustion engine to generate electricity, with a gross efficiency of 32% 

assumed (Patterson et al., 2011). A 1% fugitive CH4 emissions rate was specified for 

gas utilisation processes (US EPA, 2011). 

 Material reprocessing 

Reprocessing of different dry recyclables was modelled using the process models and 

LCI data presented in Turner et al. (in press). 

 

Table 5.6. LCI data for the non-hazardous landfill process. Note that data are presented per tonne 
throughput. 

Inputs Unit Quantity Reference 
Diesel kg 1.8 Hall et al. (2005) 
Electricity kWh 8 Manfredi et al. (2009b) 
Water kg 0.00038 Hall et al. (2005) 
HDPE (liner) kg 1 Hall et al. (2005) 
Gravel kg 100 Manfredi et al. (2009b) 
Steel kg 0.12 Hall et al. (2005) 
Synthetic rubber kg 0.0011 Hall et al. (2005) 
Lubricant kg 0.0089 Hall et al. (2005) 

HDPE, high-density polyethylene. 
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Table 5.7. Technical measures and performance associated with landfill gas recovery, utilisation, and 
oxidation for different time periods. 

 Period 1 Period 2 Period 3 Period 4 Period 5 
Duration (years) 1 4 15 30 50 
CH4 oxidation (%) 10a 10a 20a 36b 36b 

Gas collected (%) 0a 50a 75a 85a 0c 

Gas management None Flare ICE ICE None 
ICE, internal combustion engine 
a Source: US EPA (2011). 
b Source: Chanton et al. (2009). 
c Source: Spokas et al. (2006). 

Table 5.8. Temporally-averaged landfill gas collection efficiencies. 
Time period 
duration 
(years) 

Percentage 
landfill gas 
collected 

Percentage 
landfill gas 
not collected 

1 0 100 
1 35 65 
1 50 50 
1 65 35 
1 70 30 
11 75 25 
1 77 23 
1 79 21 
1 81 19 
1 83 17 
30 85 15 
50 0 100 

Source: adapted from US EPA (2011). 

 Reuse 

5.4.3.15.1 Books and bric-a-brac 

Books and bric-a-brac were each assumed to be resold in charity shops. An electricity 

input at the charity shop of 357 kWh/t was assumed (James et al., 2011). No material 

loss or avoided production was assumed. 

5.4.3.15.2 Paint 

No energy or material inputs were included for the reuse of waste paint process. Post 

reuse, the steel container (200 kg/t) was assumed to be sent for reprocessing. Reused 

waste paint was assumed to substitute for primary paint production. No material quality 

loss was assumed. Data for the production of primary paints were adapted for the UK 

situation from a study undertaken in Abu Dhabi (Nayak and Kumar, 2008). Assuming a 
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paint density of 1 kg/litre, inputs of 33 kWh/t of electricity and 200 kg/t of steel (Saft, 

2007) were assumed for the primary paint production process.  

5.4.3.15.3 Textiles and footwear 

The reuse of textiles and footwear process comprises three stages: 1) sorting, 2) 

transport to end markets, and 3) reuse. Data for the sorting process were taken from the 

a UK-based textiles recovery plant (EA, 2010). Based on Bartlett et al. (2013), it was 

assumed that 37% of sorted textiles and footwear are reused domestically, whilst 63% 

are exported for reuse abroad. Based on the market situation in the year 2008, we 

assumed that 50% of textiles and footwear exported for reuse abroad are sent to Eastern 

Europe, 17% to South Asia, and 33% to Sub-Saharan Africa (McGill, 2009). Textiles 

and footwear sent for reuse domestically were assumed to be resold in charity shops 

(see Section 5.4.3.15.1). No energy or material inputs were included where textiles and 

footwear are exported. Reused textiles and footwear were assumed to substitute for the 

production of textiles from virgin fibres (for details, see Appendix G). Due to their 

comparatively shorter lifetimes and older fashions, market substitution rates of 60%, 

75%, and 85% were assumed for textiles and footwear reused in the UK, Eastern 

Europe, and South Asia and Sub-Saharan Africa, respectively (McGill, 2009; Farrant et 

al., 2010). 

5.4.3.15.4 Large domestic appliances 

Waste electrical and electronic equipment large domestic appliances (LDA) were 

assumed to be reused domestically. However, based on James et al. (2011), it was 

assumed that 35% of LDA send for reuse are actually recycled, due to insufficient 

quality. No energy or material inputs were included for the LDA reuse process. Reused 

LDA were assumed to substitute for the production of primary LDA (for details, see 

Appendix G). Due to the comparatively shorter lifetimes of reused LDA compared to 

new LCA, a market substitution rate of 50% was assumed (James et al., 2011).  

5.4.4 Life cycle impact assessment 

GHG emissions were characterised by Global Warming Potential (GWP) using a 100 

year time period (expressed as t CO2e), with characterisation factors taken from the 

Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (Forster 
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et al., 2007). The emissions ‘savings’ from biogenic carbon sequestration in landfills or 

soils (see Christensen et al., 2009a) were excluded. This assumption was investigated as 

part of the sensitivity analysis. 

5.5 Results and discussion 

5.5.1 Material flow analysis 

Comprehensive material flow diagrams for the LAWC management systems of each 

scenario are provided in Appendix I. For illustrative purposes, the results of the mass 

balance for the existing (i.e. S1) residual waste stream management system are shown in 

Figure 5.3. For S1, the baseline scenario, the dominant primary waste stream was 

residual waste (82,079 t), followed by commingled materials (42,055 t). 63,517 t of 

waste from the residual waste stream was sent directly to landfill. Of the remaining 

waste, 18,562 t was sent to one of three residual waste MRFs, with 9,970 t sorted and 

sent for reprocessing (the remainder was sent to landfill), of which 8,068 t was 

reprocessed into a secondary product, representing an overall residual waste MRF 

recovery rate of  43.5% (note that recovery rates varied between facilities). By 

comparison, all commingled materials were sent to single-stream commingled MRFs, 

with 35,915 t recovered and sent for reprocessing and 31,969 t ultimately reprocessed 

into a secondary product. This represents an overall single-stream commingled MRF 

recovery rate of 76.0% (note, again, that recovery rates varied between facilities). These 

results support those of Pressley et al. (2015), who found that recovery rates at single-

stream commingled MRFs were higher than those at residual waste MRFs. This suggest 

that policies should focus on improving sorting efficiencies at the waste producer level 

(e.g. households), rather than on recovering materials from the residual waste stream. 

Table 5.9 displays a selection of key indicator results from the MFAs for each scenario. 

For S1, a reuse/recycling/composting/AD (henceforth, recycling rate) of 49.8% was 

calculated for the baseline scenario, lower than the 52.2% value reported for Cardiff by 

the WG (StatsWales, 2015b). The recycling rate was highest for S2 (enhanced food 

waste capture), where high rates of food waste diversion were achieved, whilst the 

recycling was also higher for S4 (enhanced dry recycling) compared to S1 due to the 

increased recovery of dry recyclables. For S1, over half of LACW was ultimately 

landfilled, with 37.7% of LACW sent directly to landfill and 15.4% rejected
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Figure 5.3. Material flow diagram for the existing residual waste stream management system (Scenario 1). Note that i) processes highlighted in grey represent subsystems 
containing subprocesses (see Appendix I for subsystem material flow diagrams), and ii) processes that represent a specific facility are classified using an identification code 
that corresponds to an individual facility provided in Appendix H.  
MRF, material recovery facility; PVC, polyvinyl chloride; WEEE, waste electrical and electronic equipment; AHP, absorbent hygiene product; RDF, refuse-derived fuel. 
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Table 5.9. Comparison of MFA indicator results for the four scenarios. Note that S1, S2, S3, and S4 refer 
to Scenarios 1-4, respectively. 

 
Description Scenario 

S1 S2 S3 S4 

LACW diversion 
rate (%) 

Tonnage of LACW sent for 
reuse/recycling/composting/AD, divided by total tonnage of 
LACW 

56.6 62.7 56.6 58.7 

Reuse/recycling 
rate (%) 

Tonnage of LACW sent for reuse/recycling/composting/AD 
minus tonnage rejected, divided by total tonnage of LACW 

49.8 54.4 49.8 52.0 

Incineration rate 
(%) 

Tonnage of LACW sent for incineration (with energy 
recovery), divided by total tonnage of LACW 

1.4 1.4 31.1 1.4 

Direct landfill rate 
(%) 

Tonnage of LACW sent directly to landfill, divided by total 
tonnage of LACW 

37.7 31.7 8.0 35.2 

Total landfill rate 
(%) 

Tonnage of LACW sent to landfill directly plus tonnage 
rejected from other facilities, divided by total tonnage of 
LACW 

53.1 47.6 32.6 51.4 

MFA, material flow analysis; LACW, local authority collected waste; AD, anaerobic digestion. 

downstream (Table 5.9). S3 (enhanced incineration) was found to result in the highest 

incineration rate, whilst it was the most successful scenario in terms of minimising both 

direct and total landfill rates.  

The results of the MFA suggest that it will not be possible for Wales to achieve its 

recycling rate target of 70% by 2025 given current waste arisings, even if optimum dry 

recycling and food waste diversion rates are achieved. Rather, it is likely that significant 

reductions in residual waste generation will be required, as well as improvements in 

recycling rates (Timlett and Williams, 2011). Wales have already made progress in this 

respect, with a steady rise in the national LACW recycling rate from 37.5% in 2008-

2009 to 52.3% in 2012-2013 accompanied by a 9.9% reduction in LACW arisings over 

the same period (StatsWales, 2015a). However, reductions in waste arisings have 

stagnated in recent years. In order for Wales to continue progressing towards its 

recycling targets, further reductions in waste arisings are likely to be required. 

5.5.2 Life cycle interpretation 

 Evaluation of the existing LACW management system 

Figure 5.4 shows the total GHG emissions per scenario and the contribution by primary 

waste stream. S1, the baseline scenario, was found to result in a net GHG burden (8,009 
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t CO2e). Note that positive values represent an environmental load (i.e. GHG burden), 

benefits were observed for the management of commingled materials (-9,410 t CO2e), 

source-segregated dry recyclables (-3,212 t CO2e), and source-segregated food waste (-

2,596 t CO2e). However these benefits were heavily outweighed by the GHG burdens 

from residual waste management (21,778 t CO2e). 

Contribution to total primary waste stream GHG impacts by process type for each 

scenario is shown in Figure 5.5. For S1, the dominant contribution in terms of GHG 

burdens was landfilling of residual waste (25,866 t CO2e). Material reprocessing & 

reuse was the only process type that consistently resulted in GHG benefits. For S1, the 

most significant source of GHG benefits was from reprocessing of commingled 

materials (-19,219 t CO2e). The contribution of biological treatment to total GHG 

impacts was found to be negative for the source-segregated food waste stream (i.e. 

GHG benefit) but positive for the source-segregated garden waste stream (i.e. GHG 

burden). This is due to the different types of biological treatment used to manage each 

waste stream (see Appendix I). Food waste was treated predominately by AD, a process 

 
Figure 5.4. LCA results (GHG emissions, t CO2e/FU) of different scenarios and the contribution by 
primary waste stream. Note that S1, S2, S3, and S4 refer to Scenarios 1-4, respectively.  
LCA, life cycle assessment; GHG, greenhouse gas; FU, functional unit. 
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Figure 5.5. LCA results (GHG emissions, t CO2e/FU) of different scenarios per primary waste stream and 
the contribution process type. Note that S1, S2, S3, and S4 refer to Scenarios 1-4, respectively. 
RW, residual waste; CM, commingled materials; SSDR, source-segregated dry recyclables; SSFW, 
source-segregated food waste; SSGW, source-segregated garden waste; LCA, life Cycle Assessment; 
GHG, greenhouse gas; FU, functional unit 

that utilises produced biogas to generate electricity that is exported to the National Grid 

and substitutes for electricity generated from CCGT, resulting in GHG benefits. By 

comparison, garden waste was largely treated by composting (either IVC or OWC), 

through which energy cannot be recovered. This finding correlates with those of 

Yoshida et al. (2012) and Bernstad and la Cour Jansen (2011) who each found that AD 

of organic waste resulted in a greater GHG benefit compared to composting.  

Overall, transport was identified as the third largest contributor to the total GHG 

impacts for S1 (Figure 5.5; 7,296 t CO2e; 10% contribution). However, its relative 

contribution to the GHG impacts of each primary waste stream management system was 

highly variable. Whilst the contribution of transport to the GHG impacts from the 
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residual waste (1,492 t CO2e; 4% contribution) and source-segregated dry recyclables 

(160 t CO2e; 3% contribution) management systems was minor, transport contributed 

substantially to the GHG impacts from source-segregated garden waste management 

(565 t CO2e; 24% contribution). This is likely due to the considerable distances that 

garden waste was transported for treatment. For example, 16,780 t of collected garden 

waste was transported between 78 and 181 km to an IVC facility, resulting in 

substantial GHG burdens. The contribution of transport to the total GHG impacts of 

commingled materials management was also found to be large (4,543 t CO2e; 16% 

contribution). This is likely due to the large quantity of recyclate that was exported 

overseas for reprocessing. Of the 42,055 t of commingled materials collected, 11,334 t 

(predominately paper) was exported to reprocessing facilities in Asia (see Appendix I). 

These results suggests that the calculated GHG impacts from materials recycling in this 

situation are more greatly affected by transport distance compared to results from 

previous studies (Salhofer et al., 2007; Larsen et al., 2009b; Merrild et al., 2012). The 

formulation and implementation of policy measures that promote domestic reprocessing 

of waste materials may help to reduce the GHG impacts of transport and, consequently, 

enhance the overall GHG benefits from materials recycling.  

Table 5.10 presents the contributions of wastes from different collection sources to the 

total GHG impacts for each scenario. For S1, the largest contribution to the total GHG 

impacts was from household kerbside collected waste, particularly residual waste, 

which was the most significant source of GHG burdens,  and commingled materials, the 

largest source of GHG benefits. Overall GHG impacts from bulky waste collection, fly-

tipped materials, the voluntary sector, and municipal parks/grounds waste collection 

were found to be minor, with each contributing less than 1% to the total GHG impacts. 

An interesting result from a policy perspective concerns the contribution of street 

cleaning waste management to the total GHG impacts. Street cleaning waste 

management was found to contribute 8.8% (751 t CO2e) of total GHG impacts for S1. 

Waste from street cleaning comprised both residual waste, the management of which 

incurred a GHG burden of 2,269 t CO2e, and commingled materials, the management of 

which resulted in a GHG saving of -1,518 t CO2e. Diversion of street cleaning waste 

from the residual waste stream by promoting recycling is an area not commonly 

targeted by policy makers, but could be an effective source of potential GHG benefits. 
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Table 5.10. LCA results (GHG emissions, t CO2e) and contribution analysis (%t CO2e/FU) of different 
scenarios per collection source and primary waste stream. Note that S1, S2, S3, and S4 refer to Scenarios 
1-4, respectively. 

 Scenario 
 S1  S2  S3  S4 

 t CO2e %  t CO2e %  
t 
CO2e %  

t 
CO2e % 

Household kerbside collection            
        Residual waste 17,457 40.3  9,874 25.9  11,645 32.7  16,738 37.8 
        Commingled materials -7,545 17.4  -7,545 19.8  -7,545 21.2  -9,287 21.0 
        Source-segregated garden waste 1,573 3.6  1,573 4.1  1,573 4.4  1,573 3.6 
        Source-segregated food waste -2,596 6.0  -4,954 13.0  -2,596 7.3  -2,596 5.9 
        Source-segregated dry recyclables 15 0.0  15 0.0  15 0.0  15 0.0 
        Total 8,904 67.4  -

1,0367 
63.0  3,092 65.7  6,443 68.2 

Bulky waste collection            
        Source-segregated garden waste 2 0.0  2 0.0  2 0.0  2 0.0 
        Source-segregated dry recyclables -72 0.2  -72 0.2  -72 0.2  -72 0.2 
        Total -70 0.2  -70 0.2  -70 0.2  -70 0.2 
HWRCs            
        Residual waste -2,084 4.8  -2,084 5.5  -1,709 4.8  -2,084 4.7 
        Commingled materials -319 0.7  -319 0.8  -319 0.9  -319 0.7 
        Source-segregated garden waste 192 0.4  192 0.5  192 0.5  192 0.4 
        Source-segregated dry recyclables -2,560 5.9  -2,560 6.7  -2,560 7.2  -2,560 5.8 
        Total -4,771 11.9  -4,771 13.5  -4,396 13.4  -4,771 11.6 
Bring sites            
        Commingled materials -28 0.1  -28 0.1  -28 0.1  -28 0.1 
        Source-segregated dry recyclables -595 1.4  -595 1.6  -595 1.7  -595 1.3 
        Total -623 1.4  -623 1.6  -623 1.8  -623 1.4 
Street cleaning            
        Residual waste 2,270 5.2  2,270 6.0  2,017 5.7  2,270 5.1 
        Commingled materials -1,518 3.5  -1,518 4.0  -1,518 4.3  -1,518 3.4 
        Total 752 8.8  752 10.0  499 9.9  752 8.6 
Fly-tipped materials            
        Residual waste 208 0.5  208 0.5  237 0.7  208 0.5 
        Total 208 0.5  208 0.5  237 0.7  208 0.5 
Non-household collection            
        Residual waste 3,926 9.1  3,926 10.3  2,624 7.4  3,926 8.9 
        Total 3,926 9.1  3,926 10.3  2,624 7.4  3,926 8.9 
Voluntary sector/community collection            
        Source-segregated dry recyclables 0 0.0  0 0.0  0 0.0  0 0.0 
        Total 0 0.0  0 0.0  0 0.0  0 0.0 
Municipal parks/grounds waste 
collection 

           

        Source-segregated garden waste -317 0.7  -317 0.8  -317 0.9  -317 0.7 
        Total -317 0.7  -317 0.8  -317 0.9  -317 0.7 
Total 8,008 100.0  -1,930 100.0  1,046 100.0  5,548 100.0 

GHG, greenhouse gas; FU, functional unit; LCA, Life Cycle Assessment; HWRC, household waste 
recycling centre; LACW, local authority collected waste. 

 Comparison of scenarios 

Compared to S1, each of the three alternative scenarios were found to result in lower 

overall GHG burdens (Figure 5.4). S2 was found to be the best performer with an 

overall GHG impact of -1,930 t CO2e, the only scenario for which a net GHG benefit 

was found. The contribution of household kerbside collection residual waste to total 

GHG impacts was substantially reduced in S2 compared to S1 (Table 5.10), with a large 
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portion of the GHG burdens of residual waste management replaced by GHG benefits 

from the management of source-separated food waste. This highlights the considerable 

influence of the organic content of residual waste on total GHG burdens (see 

Section 5.5.2.3.2). 

After S2, S3 was the next best performer (1,046 t CO2e; Figure 5.4). S3 showed the 

greatest reduction in GHG burdens from landfill compared to S1 (Figure 5.5). For S3, 

the substantial GHG burdens from landfill were replaced by comparatively lower GHG 

burdens from incineration (Figure 5.5), suggesting that incineration represents a better 

option with regards to GHG impacts compared to landfill. This compares favourably 

with the findings of previous studies (e.g. Arena et al., 2003; Massarutto et al., 2011; 

Fernández-Nava et al., 2014). The GHG benefits of S3 would likely be further enhanced 

if district heating networks were more widely established in the UK. This would create 

markets for thermal energy recovered through incineration, leading to further GHG 

benefits through avoided thermal energy production (Giugliano et al., 2011; Turconi et 

al., 2011). 

Of the three alternative scenarios, S4 was found to result in the improvement on the 

results of the baseline scenario, with a total GHG impact of 5,548 t CO2e (Figure 5.4). 

This is likely due to the relatively high dry recyclables sorting efficiencies that are 

already achieved in Cardiff, particularly for mixed glass, paper, and dense plastics. 

Considering the results for S2, this finding also suggests that waste policies that target 

residual waste prevention may be more effective in achieving GHG emissions 

reductions compared to those that target greater recovery of dry recyclables. 

 Scenario analysis 

5.5.2.3.1 Carbon sequestration 

A sensitivity analysis was performed to investigate the impact of including carbon 

sequestration on the LCA results through scenario analysis. For each scenario, the 

amount of carbon sequestered was calculated as the amount of biogenic carbon that, 

after 100 years, remains in a landfill or, in the case landspreading of organic solid 

residues from biological treatment, is bound to soil. Figure 5.6 shows the total GHG 

impact for each scenario and the contribution by process type. The inclusion of carbon 
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sequestration had a substantial impact on the calculated results. Overall, net GHG 

benefits were observed for each of the four scenarios. Landfilling was found to result in  

 
Figure 5.6. Sensitivity analysis (SA1) results (GHG emissions, t CO2e/FU) of different scenarios and the 
contribution by process type – the inclusion of carbon sequestration. Note that SA1.1, SA1.2, SA1.3, and 
SA1.4 refer to Scenarios 1-4, respectively. 
GHG, greenhouse gas; FU, functional unit. 

overall GHG benefits, effectively rendering landfills a carbon ‘sink’. This contradicts 

the findings of the UK’s national GHG inventory return for GHG emissions from SWM 

(Salisbury et al., 2015), despite the fact that carbon sequestration is also considered in 

the national inventory analysis (Hogg et al., 2011). 

The ranking of scenarios in terms of their environmental performance was affected by 

the choice of including carbon sequestration. Whilst S2 remained the best option and S4 

was still found to result in additional GHG benefits compared to S1, the overall GHG 

burdens for S3 were found to be considerably higher than S1 (Figure 5.6). This suggests 

that when carbon sequestration is included in the calculations, landfilling is generally a 

better option compared to incineration in terms of GHG impact, which contradicts the 

results of previous studies (e.g. Arena et al., 2003; Massarutto et al., 2011; Fernández-

Nava et al., 2014). Given the significant effects of including carbon sequestration in the 

LCA on the calculated results, these authors suggest that further research into carbon 

degradation rates for waste materials in UK landfills is needed. 

194 



  Chapter 5 

5.5.2.3.2 Residual waste composition 

A sensitivity analysis using scenario analysis was performed to test the influence of the 

modelled organic content of the residual waste stream on the overall LCA results. In 

this study, residual waste composition data were taken from a national waste 

composition study (WRAP, 2010a) that predates the introduction of separate household 

food waste collection in Cardiff. The use of these data may, therefore, result in an 

overestimation of GHG burdens as the toal organic content of the input waste may be 

overestimated. Two scenarios were analysed, with the proportion of organic material in 

residual waste increased and decresed by 10% compared to the baseline values for each 

scenario. Compared to the total GHG impact of S1 (8,008 t CO2e), The 10% increase in 

organic content resulted in a +15.5% variation (result: 9,254 t CO2e), whilst the 10% 

decrease resulted in a -9.4% variation (result: 6,826 t CO2e). The sensitivity analysis 

shows that the overall LCA results are highly sensitive to the organic content of residual 

waste. 

5.6 Conclusions and recommendations 

In this paper we have presented an approach that combines the systematic 

methodologies of MFA and LCA to quantitatively evaluate the environmental 

performance of large and complex SWM systems. The approach was applied to evaluate 

the GHG emissions performance of a local authority SWM system and compare its 

performance with those of alternative systems to assess the potential effectiveness of 

different waste policy measures. The results of the MFA show that S2 (enhanced food 

waste capture) resulted in the highest recycling rate of the investigated scenarios, whilst 

S3 (enhanced incineration) resulted in the highest rate of waste diversion from landfill. 

Overall, our results suggest that, in this case, the national government is unlikely to 

achieve its recycling targets, even if each of the assessed policy measures are 

implemented optimally. It is likely that in order for the recycling targets to be achieved, 

these policy measures need to be combined with further policies focused on waste 

prevention. 

The GHG impacts of the existing SWM system were evaluated through LCA, focusing 

on potential climate change impacts. The results showed that the dominant source of 

GHG burdens was from residual waste management, principally through landfilling, 
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which was the most significant source of GHG burdens. Material reprocessing and AD 

were found to be the greatest sources of GHG benefits. GHG burdens from transport 

were found to be generally minor, except with regards to the management of source-

segregated garden waste and commingled materials.  

Compared to the baseline scenario, each of the three alternative scenarios were found to 

perform better in terms of GHG impact. Overall, the best performing scenario was S2 

(enhanced food waste capture), which was the only scenario that resulted in an overall 

GHG saving. However, the results of the LCA were found to be highly sensitive to the 

choice of excluding GHG benefits from carbon sequestration. When carbon 

sequestration was included, all four scenarios were found to result in net GHG benefits. 

The order of the four scenarios in terms of overall performance was also found to be 

affected by the choice, with the GHG burdens for S3 (enhanced incineration) found to 

be greater than those of the baseline scenario. The results were also found to be 

sensitive to the organic content of the residual waste stream. 

Overall, this paper has demonstrated that the complementary methodologies of MFA 

and LCA can be used in combination to provide valuable information about the 

environmental performance of a SWM system. The approach can be applied to assist 

national governments in appraising existing and possible waste policies and to support 

local waste managers in identifying environmentally optimal SWM strategies. 
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Chapter 6:  Discussion and conclusions 

6.1 General discussion 

6.1.1 Summary 

Climate change is internationally accepted and recognised as being a serious threat to 

the health of the biosphere and a concerted, robust response by governments, industry, 

and society to mitigate emissions of GHGs is required (HM Government, 2011; IPCC, 

2014). The SWM sector is recognised as occupying a unique position as a potential net 

reducer of GHG emissions, an opportunity that is yet to be fully exploited (ISWA, 

2010; UNEP, 2010; ISWA, 2015). In order for the SWM sector to contribute to the 

global GHG emissions mitigation effort, national and local governments and private 

waste management companies require analytical tools and information to assist them in 

evaluating the GHG emissions performance of their SWM systems, identifying potential 

GHG mitigation opportunities, monitoring performance over time, communicating 

information to the public; and facilitating the formulation and implementation of  

optimal SWM solutions (JRC-IES, 2011b). 

This thesis addressed the quantitative evaluation of climate impacts of SWM systems 

and processes from a life cycle perspective for the purpose of decision support. The 

thesis comprised of three core papers, which each contribute towards the fulfilment of 

the primary research aims (see Figure 6.1). Existing approaches used to quantitatively 

evaluate and communicate the life cycle climate impacts of SWM systems and activities 

have been critically reviewed (fulfilment of research aim 1). In Chapter 2 (Sections 2.6 

to 2.8), previous studies into the life cycle climate impacts of SWM systems and 

activities were reviewed. The chapter highlights the lack of high quality LCA studies of 

UK SWM systems where a whole systems approach has been applied and discusses 

critical issues concerning the use of the waste-LCA tool, WRATE, commonly used in 

the UK, to evaluate SWM systems and activities. In Chapter 3 (Paper I), a critical 

review of corporate carbon footprint quantification and communication practice in the 

UK was presented. The paper highlighted the lack of consistency in the applied 

methodologies and identified and discussed a number of key methodological aspects 

regarding the quantification of life cycle climate impacts from SWM systems and 
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activities. Finally, existing sources of GHG EFs were critically reviewed in Chapter 4 

(Paper II) and were found to be generally inadequate to support SWM decision making 

due to a lack of transparency and overall comprehensiveness.  

A comprehensive LCI was compiled, comprising SWM process inventories established 

using best available, up-to-date secondary data (note that a small amount of primary 

data collected from an industry source were also used), which were selected based on 

their quality and appropriateness and representativeness in respect to the UK situation. 

In Chapter 4 (Paper II), the LCI was used to derive a comprehensive series of fully 

transparent, and clearly documented GHG EFs for the recycling of a wide-range of 

source-segregated waste materials that can be used by SWM actors, including waste 

management companies and local and national governments, to appraise the GHG 

emissions performance of their recycling activities (partial fulfilment of research aim 2).  

In Chapter 5 (Paper III), the LCI was used to support the development of a practical, 

scientifically robust systematic framework, comprising the combination of MFA and 

LCA methodologies, for quantitatively evaluating the life cycle climate impacts of 

complex SWM systems (fulfilment of research aim 2). The approach utilises data on 

waste mass flows collected by local authorities and sourced from WasteDataFlow in a 

completely novel way by combining it with process LCI data and, through data 

reconciliation, using it as MFA input data to establish a mass balance of waste for the 

defined SWM system. Once the system mass balance is defined, the environmental 

performance of the system can be quantitatively evaluated using MFA performance 

indicators and, to specifically evaluate the GHG emissions performance, ‘partial’ LCA. 

The potential capabilities and utility, from a decision-support perspective, of the 

systematic framework that has been developed in this thesis have been demonstrated in 

Chapter 5 (Paper III), where it was applied to quantitatively evaluate the life cycle 

climate impacts of Cardiff’s LACW management system (fulfilment of research aim 3). 

The original contribution and significance of this research can be summarised as 

follows: 

• The first critical review of current practice and standards within the UK waste 

management sector regarding the quantification and reporting of the ‘carbon 

footprint’ of their SWM activities (Paper I). 
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• The compilation of a scientifically robust, transparent, and fully documented LCI 

database of SWM processes for the UK situation (Papers II and III). 

• The development of an original, comprehensive series of GHG EFs for the recycling 

of a wide-range of source-segregated waste materials (Paper II). 

• One of the first applications of the EASETECH waste-LCA modelling software to a 

real world SWM system and the first application of the model to a UK case study. 

• The first application of the combined MFA and LCA approach to evaluate a whole, 

multi-waste stream SWM system at the meso level (Paper III). 

• The novel use of publically-available waste data to model the flows of solid waste 

into and from all management facilities in the SWM system (Paper III). 

• The research presented in Paper III was undertaken in partnership with the Welsh 

Government and Natural Resources Wales, with outcomes expected to be directly 

applicable in both a policy- and strategic decision-making context at the national 

and sub-national scale. 

 
Figure 6.1. Linkage of papers to the overall research project. Note that black arrows represent linkages 
between phases of the research project, whilst dashed green arrows represent linkages to the overall 
purpose of the work, i.e. to support SWM decision making. 
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6.1.2 Potential benefits of the developed framework 

The framework developed in this thesis enables local authorities to better understand the 

flows of waste materials from their point of collection until their end destinations and 

the environmental performance of their SWM systems. The combined MFA and LCA 

approach enables the modelling of highly complex SWM systems to provide local 

authorities with valuable information about their SWM systems that can assist in 

decision making, information that is currently not available to them. Furthermore, by 

focusing the LCA on potential climate change impacts and integrating performance 

indicator results from the MFA, the information that is provided by the application of 

the framework to local authorities is highly relevant, useful, and comprehensible. The 

framework also provides a standardised approach for the UK national government to 

benchmark local authorities against key performance indicators, such as GHG 

emissions, recycling rate, and landfill rate, and appraise existing and potential waste 

policies in the context of complex, real-world SWM systems.  

The framework has been developed to support the UK and its devolved authorities in 

achieving their ambitious targets concerning improving SWM practice and reducing 

GHG emissions. Whilst the framework has been developed and applied in a UK 

context, it could also be adapted for application to other countries to support SWM 

decision making. However, for the outputs of the framework’s application to be of most 

value to decision makers, accurate and detailed data on waste flows are required. In the 

UK, such data are only available at present for Welsh and Scottish local authorities, who 

are obligated to record the physical flows of wastes from collection until end destination 

(known as Question 100) and report this information to government via the publically-

available WasteDataFlow system. It was for this reason, as well as for several others, 

that Cardiff County Council was selected as a case study. Hence, at present the 

framework is only applicable in its foremost capacity to evaluate the SWM systems of 

Welsh and Scottish local authorities. However, it was announced in early 2015 that 

England would be adding Question 100 to their WasteDataFlow system (Defra, 2015b), 

which will enable the application of the framework to English local authorities. Given 

the potential value of the information provided by Question 100 to local and national 

governments from a decision support perspective, its introduction in other European or 

international countries may be highly advantageous and would enable wider application 

of the analytical framework presented in this thesis.  
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6.1.3 The use of EASETECH to model solid waste management systems 

The literature review presented in Section 2.8.1 highlights the extensive use of the 

waste-LCA tool, WRATE, by previous LCA studies of SWM systems and processes in 

the UK. Section 2.6.3.1 identifies and discusses a number of significant flaws in the use 

of WRATE to evaluate SWM systems and processes: its inflexibility; the poor quality 

of the default, unmodifiable material characteristic and elemental composition data 

(Parfitt and Flowerdew, 1997; Hogg, 2001); and its use of allocation rather than system 

expansion, the preferred approach according to the ISO 14040 standard (ISO, 2006c), to 

resolve issues of multi-functionality. These flaws can have an impact on the outcomes 

of LCA studies of SWM  by contributing to the overall level of uncertainty and 

reducing the level of confidence in outcomes (Clavreul et al., 2012).  

For these reasons, an alternative waste-LCA tool was used in this study, EASETECH. 

Due to its high level of flexibility, it was possible to use best available material 

characteristic and elemental composition data to model the investigated systems (see 

Appendix J). Furthermore, the modular approach to modelling SWM systems and 

processes incorporated by EASETECH made it possible to adopt a system expansion 

approach to resolve process multi-functionality. The research presented in this thesis 

demonstrates the effectiveness of EASETECH for evaluating complex SWM systems, 

particularly compared to WRATE.  

6.1.4 Research limitations  

In this study, a ‘partial’ LCA methodology following an attributional approach and 

focusing on potential climate change impacts was used as a quantitative evaluative 

measure to support SWM decision making. In Paper II, this methodology was used to 

derive a series of GHG EFs, whilst in Paper III, the LCA methodology was combined 

with MFA to evaluate a real-world, complex SWM system. LCA has been shown to be 

a useful tool in the evaluation of potential environmental impacts, including climate 

impacts, related to SWM systems and activities (e.g. JRC-IES, 2011b; Rigamonti et al., 

2014; Erses Yay, 2015; Hupponen et al., 2015). However, a number of limitations have 

been identified in the research methodology. Some of these aspects are discussed below.  
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 Impact coverage 

The LCAs described in Paper II, to develop a series of GHG EFs for source-segregated 

materials recycling, and in Paper III, in combination with MFA to evaluate the life cycle 

climate impacts of a sub-regional SWM system, focused solely on GHG emissions. 

Hence, climate change was the only potential impact category included in the LCIAs. 

Whilst it is recognised that this approach is not compliant with the ISO 14044 

requirements concerning impact coverage (ISO, 2006c), this approach was taken for 

two reasons: 1) to reflect the prominence of climate change mitigation on the political 

and public agenda (WAG, 2010a; Committee on Climate Change, 2014; White House, 

2014); and 2) to reduce the data and time required to perform the environmental 

assessment. These reasons are fundamentally linked to the underlying purpose of the 

research, which was to provide relevant, a useful systematic life cycle-based framework 

and supporting information to governments and waste management companies to 

support effective SWM decision making with regards to GHG emissions.  

By focusing exclusively on GHG emissions, the outputs from this research do not 

adequately reflect the multi-faceted nature of potential environmental (and human 

health) impacts from SWM (Christensen et al., 2011c; Herva et al., 2011). Laurent et al. 

(2010) undertook a comparative analysis of carbon footprint and non-carcinogenic 

human toxicity impacts from the production of a range of materials and identified a poor 

correlation between the results of the respective impact categories. The authors 

conclude by asserting that the “carbon footprint cannot be taken to represent the overall 

environmental impact [of manufacturing processes]”. This conclusion was shared by 

Merrild (2009), whose research showed that LCA results based solely on GWP impacts 

would most likely not reflect the overall environmental impacts of an assessed SWM 

system. Finally, in their paper summarising perspectives SWM systems, Laurent et al. 

(2014a) state, in relation to the limited impact coverage of the carbon footprint, that 

“such a limited scope [is] narrow-sighted, bringing the risk to bias the conclusions and 

recommendations [of the study].” This concern is also shared by Turconi et al. (2013), 

who, in relation to electricity generation, assert that by optimising system performance 

exclusively on GHG emissions, new environmental burdens may potentially be 

introduced.  
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Whilst the limitations of conducting LCAs of SWM systems that focus exclusively on 

GHG emissions are well documented and widely acknowledged, the application of this 

this approach in the field is far from uncommon and, as emphasised throughout this 

thesis, an extensive body of literature has accrued concerning the life cycle climate 

impacts of SWM (see Table 2.13). The carbon footprint has also been recognised as 

being a potential catalyst for the performance of full LCA (Weidema et al., 2008) and 

the LCA methodology used in Papers II and III has been developed such that it can be 

upscaled to full LCA if required and if sufficient data and time are available.  

Finally, it is important to recognise that the aim of partial LCA, or carbon footprint, is to 

inform and support decision-making and it is never the intention of such assessment to 

provide a singular result upon which a SWM decision is to be made. It should also be 

noted that SWM decisions cannot be (and are not) made based solely on the outcomes 

of LCAs, regardless of the breadth of the LCIA. Rather, decisions must be made based 

on a multi-dimensional set of criteria, encompassing technical, economic, social/ethical, 

environmental, and institutional aspects (JRC-IES, 2011b; Čuček et al., 2012).  

 Carbon sequestration 

As described in Paper I, non-degraded biogenic (non-fossil) carbon that remains in a 

landfill or, in the case of agricultural landspreading of organic material (e.g. compost or 

digestate), that is bound to soil at the end of the inventory time horizon (typically taken 

to be 100 years) can be considered to be in long term storage. Such carbon is effectively 

removed from the global carbon cycle in a process that would not have occurred 

naturally (Barlaz, 1998; De la Cruz et al., 2013). Based on a simple carbon mass 

balance model, Christensen et al. (2009a) asserts that where the IPCC GWP 

characterisation factors are used, which count biogenic carbon emissions to air (as CO2) 

as neutral, biogenic carbon that is sequestered in landfill or that is bound to soil should 

be ascribed a GWP of -1 kg CO2e. The approach taken in this research (described in 

Papers II and III) was to exclude GHG benefits from carbon sequestration from the 

overall LCA results, an approach that contradicts common practice in the field (Moberg 

et al., 2005; JRC-IES, 2011b; Laurent et al., 2014b). This decision was made for two 

reasons: firstly, because of the high level of uncertainty concerning the long-term fate of 

biogenic carbon in landfills and in soil (Favoino and Hogg, 2008; De la Cruz et al., 

2013), which necessitates the need for a precautionary approach (EC, 2008a); and 
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secondly, the inclusion of carbon sequestration in the LCAs described in Papers II and 

III resulted in the generation of illogical, erroneous results, whereby landfills represent 

carbon ‘sinks’ and generally performed better than alternative technologies (see Paper 

III). An attempt to address this issue has been made by investigating the impact of the 

choice concerning the inclusion of carbon sequestration on the overall LCA results 

through sensitivity (scenario) analyses presented in Papers II and III. 

 Data availability and quality 

A significant limitation in the research presented in this thesis, and in the application of 

LCA in general, concerns the availability and quality of data required to construct the 

LCI, including inventory data on the processes in the foreground system and process-

oriented parameter information, particularly waste composition (i.e. material 

characteristic and elemental composition). For the outcomes of an LCA to be credible 

and appropriate for the purpose of decision support, it is crucial that there is sufficient 

confidence in the quality, representativeness, appropriateness of those data used in the 

analysis (Weidema and Wesnæs, 1996; van den Berg et al., 1999).  

Issue concerning data availability and quality have been discussed throughout this 

thesis. In Paper I, it was found that, where sources were identified (not often the case), 

many of the EFs used by large UK waste management companies were derived from 

French studies, potentially limiting their geographic and technical validity. In Paper II, 

data used to model foreground system processes and avoided production processes in 

the background system were assessed in relation to their quality, with results 

highlighting the lack of high (or fair) quality LCI available to LCA practitioners. In 

Paper III, the quality of waste material characteristic and elemental composition data 

sources was assessed (see Appendix J) and, akin to the results of the data quality 

assessment presented in Paper II, a general lack of high quality data was identified. 

These findings highlight one of the major barriers in the application of LCA to SWM 

systems, i.e. access to high quality, representative, and appropriate data to construct a 

LCI that matches with the scope of the system under investigation (Laurent et al., 

2014b). The absence of high quality LCI data represents a significant source of 

uncertainty in the LCA results presented in this thesis.  
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 Market mechanisms and marginal process data 

The LCAs performed as part of the work presented in this thesis followed an 

attributional approach. This approach was taken as the LCAs were intended to describe 

the climate impacts of existing (or possible future) systems. It is as approach that is 

consistent with adopted by numerous previous LCA studies of meso-level SWM 

systems (e.g. Pires et al., 2011; Blengini et al., 2012; Parkes et al., 2015). However, the 

use of attributional LCA for decision support has been challenged by some authors due 

to its lack of consideration of market dynamics and information. Rather, these authors 

advocate the application of a consequential approach where LCAs are intended for 

decision-making (Tillman, 2000; Weidema, 2003; Lundie et al., 2007). Consequential 

LCA focuses on the potential impacts of decisions made concerning foreground system 

processes on process in the background system and other exogenous systems (Weidema, 

2003). In this sense, consequential LCA attempts to integrate market mechanisms into 

the LCA framework, an approach that adds ‘realism’ (i.e. accuracy) to the analysis, 

which is the fundamental goal of any model (Zamagni et al., 2012).  

Although the merits of using a consequential LCA approach in a decision-support 

context are widely acknowledged and accepted, its application to material recycling 

systems and complex meso-level SWM systems presents two significant challenges. 

Firstly, the ‘marginal’ process, or processes, must be identified, which typically requires 

use of economic modelling and a degree of knowledge of market dynamics and trends. 

This adds to the, already high, level of complexity of the analysis and adds to the overall 

level of uncertainty in the model. Secondly, the collection of identified marginal data is 

generally problematic due to the lack of availability of such information (Earles and 

Halog, 2011) – although it should be noted that the recently updated Ecoinvent version 

3 database includes an extensive database of ‘marginal’ LCI datasets, but requires a 

substantial licence fee be paid for access. Due to a lack of knowledge of market 

mechanisms, the inaccessibility of marginal process inventory data, the need for as 

parsimonious a model as possible, and the goal of evaluating existing (or future) SWM 

systems, it was decided that consequential LCA was not suitable in the context of this 

thesis. Rather, an attributional approach was deemed more suitable. It is acknowledged, 

however, that, from a decision-support perspective, this may represent a limitation in 

the research methodology due to the lack of inclusion of market mechanisms. 
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6.2 Conclusions and recommendations 

This thesis concerned the quantitative evaluation of life cycle climate impacts from 

SWM systems, focusing on the UK situation, for the purpose of decision support. The 

main findings of the research can be summarised as follows: 

• There is an evident lack of consistency and transparency in the reporting of carbon 

footprinting information by large private waste management companies in the UK. 

In particular, the attempt at forging a common, waste management sector-specific 

GHG accounting standard, the EpE Protocol (EpE, 2010), has failed, evidenced by 

the limited adoption of the protocol within the sector. Consequently, the carbon 

footprint information produced and reported by the sector lacks effectiveness as a 

means of guiding corporate GHG management strategy and communicating 

environmental information to key stakeholders, including the general public. 

• In general, the recycling of source-segregated waste materials was found to result in 

GHG emissions savings due to the avoidance of alternative (typically primary) 

materials production. In particular, the avoided GHG emissions from the recovery of 

high frequency materials, such as LDPE, PET, textiles, steel cans, and, most 

significantly, aluminium cans were found to result in substantial GHG benefits, 

highlighting the importance of effective source-segregated recycling of key waste 

materials in reducing the GHG impacts of SWM. The extent of these GHG benefits 

was, however, found to be highly sensitive to the assumed market substitution ratio, 

emphasising the importance of sensible, considered LCA model parameterisation.  

• In general, GHG emissions contributions from transport were found to be negligible 

in the context of both waste material-specific recycling systems and SWM systems 

as a whole, a result that supports the findings of several previous studies (Salhofer et 

al., 2007; Larsen et al., 2009b; Merrild et al., 2012). Landfilling of residual waste 

was found to incur the most significant GHG burdens, whilst material reprocessing 

(recycling) was, generally, found to be offer the greatest source of GHG benefits. 

Incineration with energy recovery was found to perform better, in terms of GHG 

impacts, than landfilling, a result that compares favourably with previous studies 

(e.g. Arena et al., 2003; Massarutto et al., 2011; Fernández-Nava et al., 2014) and 

conforms to the established principles of the waste hierarchy (EC, 2008a). 
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• There is a dearth of high quality SWM process inventory data that is reflective of 

the UK situation. This represents a significant source of uncertainty in the studies 

presented in this thesis, which were almost entirely reliant on the use of secondary 

process inventory data. Given that data selection often has a considerable influence 

on the overall results of an LCA (Brogaard et al., 2014), this apparent lack of high 

quality SWM process inventory data represents a significant limitation on the 

effectiveness of LCA as a tool to support SWM decision making in the UK.   

• Based on the application of the systematic framework presented in this thesis to the 

case study area of Cardiff, it was found that the enhanced capture of food waste (i.e. 

source-segregation and diversion from the residual waste stream) and its treatment 

via AD was the best of the assessed options in terms of reducing the overall GHG 

impacts of the SWM. Enhanced incineration of mixed waste was identified as being 

the second most effective approach at reducing GHG emissions from the system, 

with enhanced source-segregation of dry recyclables and their subsequent 

reprocessing found to be the least effective of the assessed SWM options.  

• The extent of the potential GHG emissions savings that could be realised through 

the incineration or anaerobic digestion of waste is curtailed by the lack of 

established district heating schemes in the UK. District heating is a key market for 

thermal energy and, in the absence of established local networks, the energy 

produced through CHP systems, a common technology of modern incineration and 

AD installations, cannot be utilised optimally due to the lack of market demand for 

generated thermal energy.  

• Whilst it has been found that substantial GHG savings can be realised at the national 

and local level through increased levels of incineration of mixed waste, enhanced 

source-segregation and subsequent recycling of dry recyclables, and/or enhanced 

food waste diversion from the mixed waste stream through source-segregation and 

subsequent anaerobic digestion, the results presented in this thesis indicate that, in 

order for national recycling targets to be achieved, there is a need for national 

policies and local actions to encourage the prevention of residual, non-valuable 

waste. 

• It has been demonstrated that the systematic framework, comprising the integrated 

use of the complementary methodologies of MFA and LCA, can be applied to 

quantitatively evaluate the life cycle climate impacts of complex, multi-waste 
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stream SWM systems and can provide valuable information to SWM decision 

makers about the environmental performance of their SWM systems, particularly 

with regards to potential climate impacts.  

Based on these conclusions, the following recommendations for SWM policy and 

practice and waste-LCA practice are made: 

• Consistency in corporate practice. The outcomes of Paper I highlight the lack of 

consistency between private waste management companies in the UK in the 

quantification and communication of their carbon footprint information. This lack of 

consistency makes it difficult to compare the GHG emissions performance of 

different companies and limits the effectiveness of carbon footprint information as a 

tool to guide corporate GHG management. It is, therefore, recommended that a 

standardised approach to carbon footprint quantification, reporting, and verification 

is agreed and adopted by private waste management companies in UK. 

• Transparency. Issues concerning transparency are discussed in both Paper I in 

relation to reporting of corporate carbon footprint information, for which data 

sources and methodological assumptions were found to be poorly documented, and 

in Paper II regarding the lack of adequate documentation detailing the derivation of 

GHG EFs for materials recycling developed and presented in previous studies. 

Furthermore, a general lack of transparency was identified by Laurent et al. (2014b) 

in their review of published waste-LCA studies. It is strongly urged that LCA 

practitioners and private waste management companies provide transparent 

documentation and justification of data selected and the modelling approach taken, 

including details of key assumptions, when presenting results of LCA or carbon 

footprint studies.  

• Food waste diversion and anaerobic digestion. In Paper III, three alternative 

waste policy measures were evaluated in the context of the environmental 

performance of a real-world, complex municipal SWM system, specifically that of 

the Welsh capital city, Cardiff. Whilst each of the three policies were found to 

perform better with regards to GHG impacts compared to the existing, baseline 

SWM system, the diversion of food waste from the mixed waste stream via 

enhanced source-segregation and subsequent AD was found to result in the greatest 

GHG benefits. This highlights the importance of CH4 emissions from the 

decomposition of organic waste in landfills and the potential GHG benefits of food 
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waste AD due to the utilisation of produced biogas to generate electricity. It is 

therefore recommended that UK policy makers prioritise the diversion of organic 

waste from landfill, a key of the EU Landfill Directive (EC, 1999), and promote the 

source-segregation of food waste and its subsequent AD.  

• District heating schemes. The results of Paper III show that substantial GHG 

benefits can be obtained by recovering energy through the incineration and 

anaerobic digestion of waste and utilising that energy to generate electricity and 

exporting it to the national grid. However, previous studies have shown that these 

GHG benefits can be even greater where recovered energy is utilised in a CHP unit 

to co-produce electrical and thermal energy. For the full extent of these GHG 

benefits to be realised, established markets must be available for the generated 

electrical and thermal energy (Fruergaard and Astrup, 2011). Due to the lack of 

district heating networks currently established in the UK (Hawkey, 2012), a key 

market for generated thermal energy, it is generally not possible to export thermal 

energy generated at waste treatment facilities in the UK. Hence, the full extent of the 

GHG benefits associated with CHP systems and from generating and exporting 

thermal energy cannot currently be realised in the UK. It is, therefore, recommended 

that the UK government make further efforts to promote the widespread installation 

of district heating networks in the UK. This would enable the GHG benefits of CHP 

systems to be realised to their full extent, representing a potentially significant GHG 

mitigation opportunity that is not currently being exploited. 

• LCA model parameterisation. The results of Paper II were shown to be highly 

sensitive to the market substitution ratios applied in the material recycling models. 

Furthermore, past studies have found that LCA results can be particularly sensitivity 

to model parameter selection (e.g. Beylot et al., 2013; Evangelisti et al., 2014). It is 

recommended that, to reduce uncertainty, practitioners undertaking LCA studies that 

include materials recycling ensure that their models are parametrised appropriately 

and representatively. 

• The use of the waste-LCA tool EASETECH. It has been shown in this thesis that 

WRATE has been the waste-LCA tool most commonly used in previous studies to 

model SWM systems in the UK. However, several significant flaws have been 

identified in the WRATE software that limit its effectiveness as a decision support 

tool (see Section 2.6.3.1). The LCA studies presented in this thesis were undertaken 

using an alternative waste-LCA tool, EASETECH. EASETECH offers a 
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sophisticated platform upon which LCA studies of SWM systems may be 

undertaken and provides users with a high level of flexibility in modelling practice 

and in data selection. In particular, given the importance of waste composition data 

in waste-LCA studies (Slagstad and Brattebø, 2013; Edjabou et al., 2015), whereas 

WRATE constrains by requiring the use of static material characteristic and 

elemental composition data that have been found to be out-dated and generally 

unsound, EASETECH enables users to apply their own material characteristic and 

elemental composition data, which can be selected based on their representativeness 

and appropriateness for the system under investigation. Hence, it recommended that 

the waste-LCA tool, EASETECH, is used in future LCA studies of UK SWM 

systems and processes. 

6.3 Further research 

The outcomes of this thesis provide the basis for further investigations into a variety of 

research topics, which are discussed below. 

6.3.1 Extension of geographic application 

The systematic framework developed as part of this research, which combines the MFA 

and LCA methodologies to quantitatively evaluating the potential climate impacts of 

SWM systems, was applied to a case study area of Cardiff. The successful application 

of the framework in this case demonstrates the potential usefulness and utility of the 

framework from a decision-support perspective. Further research is required to 

investigate the broader potential utility of the framework through application to other 

local authorities in the UK and abroad.  

6.3.2 Application of full life cycle assessment 

The impact coverage of the LCA studies presented in this thesis was limited to potential 

climate change impacts, i.e. GHG emissions. This approach was taken as the outcomes 

from such an approach can provide decision makers with practical, relevant, and 

comprehensible information about the environmental performance of their SWM 

systems that can be used to support decision making. It is, however, recognised that 

single life cycle indicator results, considered in isolation of other potential 

210 



  Chapter 6 

environmental and human health impacts, are unsuitable as a basis to made SWM 

decisions (Merrild, 2009; Laurent et al., 2012). Further research is required to extend 

the scope of the LCI compiled as part of this research beyond exclusively potential 

climate change impacts and towards a more holistic impact coverage. This would 

require the collection of a considerable amount of additional process inventory data but 

could potentially provide valuable insights into the overall environmental performance 

of the investigated SWM systems which could provide further useful information to 

SWM decision makers.  

6.3.3 Waste composition and characterisation assessment 

As discussed in Paper III, there is a lack of high-quality data concerning material 

characteristics (e.g. water content, lower heating value, ash content, etc.) and elemental 

composition of waste generated in the UK. Such data is an essential component in LCA 

studies of SWM systems and processes and has been shown to have a significant 

influence on the outcomes of waste-LCA studies (Slagstad and Brattebø, 2013). The 

only comprehensive data currently available are from a national study carried out 

between 1991 and 1994 by the Department of the Environment (Department of the 

Environment, 1994b, 1994a, 1994c). However, these data are now outdated and, 

furthermore, the methodology through which they were generated has been shown to be 

flawed (Parfitt and Flowerdew, 1997; Hogg, 2001). Given the importance of these data 

in the context of waste-LCA modelling, there is an urgent need for research into the 

chemical composition and characterisation of wastes generated in the UK. 

6.3.4 Performance of alternative collection systems 

In order to contribute towards the growing debate amongst policy-makers and waste 

managers in the UK and abroad concerning the relative performance of different 

household dry recyclables kerbside collection systems (see, for example,Eunomia et al., 

2011; Fitzgerald et al., 2012; Punkkinen et al., 2012; Cimpan et al., 2015b), there is a 

need for further research that compares the environmental performance of source-

segregated waste collection systems with that of single- or dual-stream commingled 

collection. Such research would also serve as a means of developing additional GHG 

EFs for recycling of materials collected from single- or duel-stream commingled 

collection systems, which could be of considerable benefit to SWM decision makers. 
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6.3.5 Development of process inventory data 

Process inventory data compiled for the LCI developed in support of the LCA studies 

presented in this thesis were selected based on their quality, appropriateness and 

representativeness in relation to their correlation with the UK situation. The LCI was 

heavily reliant on secondary data, which were often absent or of unsatisfactory quality 

(see Paper II). This represents a significant source of uncertainty in the LCA models and 

reduces the overall reliability of the results. In general, this thesis highlights the lack of 

high quality SWM process inventory data in the UK. To reduce uncertainty and improve 

the reliability of LCA results, there is a need for further LCA studies into the 

environmental performance of SWM processes in the UK, the outputs of which may be 

used in larger scale LCA studies of UK SWM systems.
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Appendix A Original text for the section 
‘Biogenic Carbon and Carbon Sequestration’ 
(Paper I) 

A further area of contention surrounding the carbon footprinting of waste management 

activities concerns carbon of biogenic origin and its inclusion in carbon footprint 

calculations. It can be generally assumed that the EU municipal solid waste (MSW) 

stream contains around 25% carbon; approximately 50% of this is biogenic (Vehlow et 

al., 2007; Mohn et al., 2008; Gohlke, 2009). Biogenic carbon is bound in a variety of 

materials, including food waste, garden waste, paper, cardboard, textiles and wood 

waste. 

It is currently recognised international practice that CO2 originating from a biogenic 

source should be treated differently to CO2 from a fossil source (IPCC, 2006). The 

IPCC recommends that CO2fossil emissions are assigned a GWP of one (GWP100 = 1), 

while CO2biogenic emissions should be assigned a GWP of zero (GWP100 = 0) (Solomon 

et al., 2007). All GHG emissions measurement and reporting protocols and standards 

adhere to this principle. The reasoning behind CO2biogenic being assigned a GWP of zero 

is that the creation of biomass has removed an equal volume of atmospheric CO2 to that 

which is released when biomass is combusted (Christensen et al., 2009a). 

This has become an area of debate within the literature.  Both Hogg (2006) and 

Friedland and Gillingham (2010) argue that the heat trapping potential of CO2biogenic is 

no different to that of CO2fossil; thus, the climate reacts no differently to emissions of 

CO2biogenic than to CO2fossil. Rabl (2007) furthers this point, reasoning that by assigning 

CO2biogenic a GWP of zero, one could burn down a tropic forest and report no greater a 

carbon footprint than were one to preserve said tropical forest; an absurd conclusion. 

The issue of biogenic carbon is further compounded in the context of carbon storage. 

CO2 is considered to be in long-term storage if it is bound to soil or sequestered in 

landfill for longer than 100 years (IPCC, 2006). As such, sequestered CO2 is almost 

universally assigned a negative GWP; Christensen et al. (2009a), for example, assigns 

CO2biogenic bound in soils or sequestered in landfill a GWP of -3.67 (44/12) kg CO2e. 

However, if CO2biogenic emissions are assigned a GWP of zero, which implies that their 

release into the atmosphere will have no heat trapping effect, then it stands to reason 
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that the long-term storage of CO2biogenic in landfill or soils has a heat trapping potential 

no different to that of CO2biogenic released into the atmosphere. Therefore, either the 

sequestration of CO2biogenic should be assigned a GWP of zero, essentially excluding 

them from a carbon footprint calculation, or emissions of CO2biogenic to atmosphere 

should be assigned a suitable positive GWP. However, determining a suitable GWP for 

CO2biogenic and including it in carbon footprint calculations is recognised as a challenge 

and is an area much in need of further research (Kujanpää et al., 2009). 
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Appendix B Source segregated waste material 
recycling life cycle inventory (Paper II) 

B.1 Introduction 

This appendix provides details of the data used and assumptions made to model the 

source-segregated waste material recycling systems and processes. For each waste 

material, the following is provided: 

• A description of the material composition used in the modelling, including details of 

the waste material characteristic data used. 

• A description of the material recycling system that has been modelled and of the 

processes within that system. 

• A description of the process modelling approach, including details of assumptions 

taken. 

• Details of energy and material inputs and outputs and environmental exchanges 

(emissions) related to material recycling and/or re-use system processes (i.e. life 

cycle inventory data). 

• An overview of data sources used. 

• Details of market substitution (avoided primary production) resulting from recycling 

activities. 
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B.2 Glass 

B.2.1 Summary 

An overview of key technical parameters used to model waste glass recycling is 

presented in Table B.1. 

Table B.2. Summary of glass recycling system parameters.  
Waste 
material type 

Material 
loss (%) 

Material 
component 

Secondary 
product 

Substituted 
primary product 

Material quality 
loss (%) 

Green glass 6.1 - Secondary 
container glass 

Primary container 
glass 

0 

Brown glass 6.1 - Secondary 
container glass 

Primary container 
glass 

0 

Clear glass 6.1 - Secondary 
container glass 

Primary container 
glass 

0 

Mixed glass 6.1 - Secondary 
container glass 

Primary container 
glass 

0 

B.2.2 Green glass 

Recycling of green glass was modelled using “mixed glass” recycling as a proxy (see 

Section B.2.5 for details). 

B.2.3 Brown glass 

Recycling of brown glass was modelled using “mixed glass” recycling as a proxy (see 

Section B.2.5 for details). 

B.2.4 Clear glass 

Recycling of clear glass was modelled using “mixed glass” recycling as a proxy (see 

Section B.2.5 for details). 

B.2.5 Mixed glass 

 Material composition 

The material composition of mixed glass used in this study is presented in Table B.2. 
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Table B.2. Material composition of mixed paper & card. 
Material type Composition (%) 

Green glass 36 
Brown glass 28 
Clear glass 9 
Other glass  27 

Source: based on the England, 2010/11 kerbside recycling, household waste recycling centre (HWRC) 
recycling, and bring site recycling streams compositional estimates for the packaging glass primary level 
category as presented by Bridgwater (2013). 

 Recycling system description 

Mixed glass is sent to a glass manufacturing plant for remelting via a waste glass 

material recovery facility (MRF). At the MRF, the glass is sorted and crushed to 

produce glass cullet, which is then transported to a remelting plant for use in the 

production of secondary glass.  

B.2.5.2.1 Sorting 

The process for sorting mixed glass was modelled based on average data from two 

European glass sorting sites collected between 1994 and 1998 (Hischier, 2007). At the 

facility, the mixed glass is mechanically crushed and sorted, with the sorted glass cullet 

contained prior to transportation to a glass manufacturing plant and contaminants 

removed for disposal. A 6% material loss was assumed during sorting (Hischier, 2007). 

Inventory data for sorting of waste mixed glass are detailed in Table B.3.  

Table B.3. Inventory data for sorting and preparing of one tonne of waste glass to produce glass cullet. 
 Unit Quantity 
Inputs 
Electricity kWh 3.4 
Lubricant kg 0.00093 
Transport, lorry tkm 14 
Water kg 232 
   
Process parameters   
Transfer coefficients   
Glass to remelting t t-1 0.94 
Glass to rejects t t-1 0.06 
Contaminants to rejects t t-1 1 
   
Outputs   
Wastewater, to treatment kg 0.5 

Source: adapted from Hischier (2007). 
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B.2.5.2.2 Remelting of secondary glass cullets 

The process for remelting of glass cullet at a glass manufacturing plant was modelled 

based on average data from European glass manufacturing plants as reported by Enviros 

Consulting Ltd (2003), Hischier (2007), and Larsen et al. (2009a). At the manufacturing 

plant, the glass cullet is first extensively mechanically and manually sorted to remove 

contaminants before mixed with typical glass production raw material feedstock, 

including soda ash (Na2CO3), sand (SiO2), and limestone (CaCO3). The feedstock is 

then fed in batches into a furnace, which operates at temperatures up to 1,575°C, and 

molten glass is formed through chemical reactions. Finally, the molten glass is removed 

from the furnace and sent for forming. Inventory data for remelting of glass cullet in the 

production of glass are detailed in Table B.4. A 0.1% material loss was assumed, based 

on Enviros Consulting Ltd (2003).  

Secondary glass produced from recycled glass cullet was assumed to substitution for 

primary container glass. No material quality loss was assumed (Edwards and Schelling, 

1999; Larsen et al., 2009a; Merrild et al., 2012). Primary production data were adapted 

from several sources (Enviros Consulting Ltd, 2003; Hischier, 2007; Larsen et al., 

2009a) and are detailed in Table B.5. The primary production process includes the 

quarrying and preparation of raw materials and the melting, forming, cooling, and 

packaging of primary glass containers. 

Table B.4. Inventory data for remelting of one tonne of glass cullet to produce packaging glass. 
 Unit Quantity 
Inputs   
Electricity kWh 11.2 
Refractory bricks kg 8 
Water kg 1.8 
Natural gas MJ 2440 
Heavy fuel oil MJ 1220 
Light fuel oil MJ 1220 
   
Outputs   
Packaging glass kg 990 
Rejects kg 10 
Wastewater, to treatment kg 1.6 

Source: adapted from Enviros Consulting Ltd (2003), Hischier (2007), and Larsen et al. (2009a). 
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Table B.5. Inventory data for the production of one tonne of glass containers from primary glass. 
 Unit Quantity 
Inputs 
Electricity kWh 2.9 
Natural gas MJ 2350 
Heavy fuel oil MJ 1630 
Light fuel oil MJ 1630 
Sand kg 730 
Limestone kg 103 
Soda kg 193 
Water m3 1.8 
Refractory brick kg 8 
Dolomite kg 139 
Feldspar kg 36 
   
Outputs   
Glass kg 1000 
Residuals, to disposal kg 10 
Wastewater, to treatment kg 1.6 
Emissions to air   
Carbon dioxide, fossil kg 200 

Source: adapted from Enviros Consulting Ltd (2003), Hischier (2007), and Larsen et al. (2009a). 
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B.3 Paper & card 

B.3.1 Summary 

An overview of key technical parameters used to model waste paper and card recycling 

is presented in Table B.6. 

Table B.6. Summary of paper and card recycling system parameters.  
Waste 
material type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Paper 2.7 Paper Secondary 
newsprint 

Primary newsprint 0 

Card 10.1 Card Testliner Kraftliner 10 
Wellenstoff Semi-chemical 

fluting 
10 

Books 10.1 Books Testliner Kraftliner 10 
Wellenstoff Semi-chemical 

fluting 
10 

Mixed paper 
& card 

10.1 Mixed paper 
& card 

Testliner Kraftliner 10 
Wellenstoff Semi-chemical 

fluting 
10 

Yellow pages 10.1 Yellow pages Testliner Kraftliner 10 
Wellenstoff Semi-chemical 

fluting 
10 

B.3.2 Paper 

 Material composition 

Paper was assumed to be composed of 100% newspapers. 

 Recycling system description 

Collected paper is sent to a paper mill for use in the production of newsprint. At the 

paper mill, the paper feedstock is shredded and sorted to remove contaminants before 

being mechanically pulped and bleached. The paper is then deinked to produce deinked 

pulp (DIP), which is then used in in the production of newsprint. The process for paper 

recycling was modelled based on average data from several European newsprint 

producers. Inventory data are presented in Table B.7 (Hischier, 2007). A 2.7% material 

loss during reprocessing was assumed (Hischier, 2007).  
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Secondary newsprint was assumed to substitute for primary newsprint. No material 

quality loss was assumed (Merrild et al., 2012). Primary production data were sourced 

from the ecoinvent v2.2 database (“paper, newsprint, 0% DIP, at plant”) (Hischier, 

2007). The process includes the transportation of raw material to the paper mill, 

mechanical pulping and bleaching, paper production and internal wastewater treatment. 

B.3.3 Card 

 Recycling system description 

Card is sent to a paper mill for reprocessing and use in the production of recycled 

cardboard base papers. The process was modelled based on average data from European 

paper mills collected between 1995 and 2005 (Hischier, 2007). At the paper mill, the 

card is first shredded and sorted to remove contaminants (for LCI data, see Table B.8). 

The feedstock is then deinked and used in the production of cardboard base paper 

(testliner, 58%; wellenstoff, 42%). Inventory data for the use of card in the production 

of testliner and wellenstoff cardboard base papers are presented in Table B.9 and Table 

B.10, respectively. 

Recycled base papers used in the manufacturing of cardboard were assumed to 

substitute for base papers constructed from virgin wood. Cardboard base papers 

produced from recycled fibres are generally of a lower quality to those constructed of 

virgin fibres due to a loss in fibre strength suffered as a result of reprocessing (Merrild 

et al., 2009; Rigamonti et al., 2009a; Wang et al., 2012); a 10% material quality loss 

was assumed based on Merrild et al. (2012). It was assumed that testliner and 

wellenstoff would substitute for primary kraftliner and primary semi-chemical fluting 

production, respectively. Primary production data were sourced from the ecoinvent v2.2 

database (“corrugated board base paper, kraftliner, at plant” and “corrugated board base 

paper, semichemical fluting, at plant”) (Hischier, 2007). The processes include the 

transportation and handling of raw material and energy inputs to the paper mill, 

chemical pulping, paper production, and internal wastewater treatment.   
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B.3.4 Books 

Books recycling was modelled using the card recycling system, as described in Section 

B.3.3, where all process inventory data used to model card recycling were applied 

consistently for books.  

224 



  Appendix B 

Table B.7. Inventory data for sorting of waste paper and its use in the production of newsprint. The 
function unit of each sub-process is one tonne of waste paper input. 

 Unit Quantity  Unit Quantity 
Sorting 
Inputs      
Electricitya kWh 40    
      
Process parameters      
Transfer coefficientsb      
Paper to newsprint production t t-1 0.973    
Paper to rejects t t-1 0.027    
Contaminants to rejects t t-1 1    
      
Newsprint production 
Inputs   Outputs   
Wood m3 1.43 Newsprint kg 1320 
Sulphite pulp kg 23.3 Wood ash, to disposal kg 13.4 
Kaolin kg 22.2 Sludge, to disposal kg 0.272 
Aluminium sulphate kg 3.6 Ash from deinking, to 

disposal 
kg 58.9 

Malusil kg 3.4 
De-inking emulsion kg 0.71 Emissions to air   
Anhydrous sodium dithionite kg 3.51 Carbon dioxide, biogenic kg 327 
Nitrogen kg 0.25 Carbon dioxide, fossil kg 247 
Sodium silicate kg 22.1 Methane, biogenic kg 0.0014 
Sodium hydroxide kg 14.4 Methane, fossil kg 0.114 
White phosphorus kg 0.04 Dinitrogen monoxide kg 0.0101 
Sulphur dioxide kg 5    
Quicklime kg 0.4    
Bentonite kg 0.9    
Fatty acids kg 4.48    
Ethylenediaminetetraacetic acid kg 0.89    
Diethylene triamine penta-acetic 
acid 

kg 1.23    

Retention acids kg 0.17    
Organic chemicals  kg 2.45    
Electricity kWh 2130    
Hard coal kg 3.82    
Heavy fuel oil kg 13.8    
Natural gas MJ 274    
Lignite briquettes MJ 152    

Source: adapted from Hischier (2007). 
a Per tonne of feedstock, 2,130 kWh of electricity is used in the production of newsprint (Hischier, 2007). 
Total electricity use was allocated to a pre-sorting phase based on the mass of rejected material, where 
electricity use during pre-sorting of one tonne of feedstock equals total electricity use (2,130 kWh) * mass 
of rejected material (19.4 kg), which equals 40 kWh electricity per tonne feedstock. The remaining 2,090 
kWh of electricity was allocated to the reprocessing phase. 
b Transfer coefficients for the pre-sorting phase were calculated from the Hischier (2007) data set as 
follows: per tonne of feedstock, a total of 19.4 kg material is rejected (1.9% of input). 13.3% of the 
rejected material is waste paper (target material), with the remaining reject composed of contaminants. It 
therefore follows that 98% of the feedstock is waste paper, of which 0.27% is rejected (hence, paper to 
reject TC of 0.027). 100% of contaminants are rejected (hence, default to reject TC of 1).  
 

225 



  Appendix B 

Table B.8. Inventory data for sorting of one tonne of waste card. 
 Unit Quantity 
Inputs   
Electricitya kWh 4 
   
Process parameters   
Transfer coefficientsb   
Card to testliner production t t-1 0.57 
Card to wellenstoff production t t-1 0.42 
Card to rejects t t-1 0.01 
Contaminants to rejects t t-1 1 

Source: adapted from Hischier (2007). 
a Per tonne of feedstock, 97 kWh of electricity is used in the production of testliner and wellenstoff 
(Hischier, 2007). Total electricity use was allocated to a pre-sorting phase based on the mass of rejected 
material, where electricity use during pre-sorting of one tonne of feedstock equals total electricity use (97 
kWh) * mass of rejected material (39.3 kg), which equals 4 kWh electricity per tonne feedstock. The 
remaining 93 kWh of electricity was allocated to the two base paper production processes. 
b Card reject rate was calculated based on data from the ecoinvent v2.2  processes "corrugated board base 
paper, testliner, at plant" and "corrugated board base paper, wellenstoff, at plant" (Hischier, 2007) as 
follows: 1) per tonne of feedstock, a total of 39 kg material is rejected (3.9%). 19.8% of the rejected 
material is card, with the remaining reject composed of contaminants. It therefore follows that 96.8% of 
the feedstock is waste paper, of which 0.8% is rejected (rounded here to 1%). 100% of non-target 
materials are rejected (hence, default to reject TC of 1); 2) Transfer coefficients for card to the production 
of either testliner or wellenstoff are based on the proportion of each base paper type used in the 
production of single wall corrugated board, as detailed in the ecoinvent v2.2  process "corrugated board, 
recycling fibre, single wall, at plant" (Hischier, 2007), minus material losses. 

B.3.5 Mixed paper & card 

 Material composition 

The material composition of mixed paper & card used in this study is presented in Table 

B.11. 

Table B.11. Material composition of mixed paper & card. 
Material type Composition (%) 

Newspapers 36 
Magazines 20 
Other paper 20 
Cardboard 24 

Source: based on the England, 2010/11 kerbside recycling, household waste recycling centre (HWRC) 
recycling, and bring site recycling streams compositional estimates for the paper and card primary level 
categories as presented by Bridgwater (2013). 

226 



  Appendix B 

 Recycling system description 

Mixed paper & card recycling was modelled using the card recycling system, as 

described in Section B.3.3, where all process inventory data used to model card 

recycling were applied consistently for yellow pages. 

B.3.6 Books 

Books recycling was modelled using the card recycling system, as described in Section 

B.3.3, where all process inventory data used to model card recycling were applied 

consistently for books. 

B.3.7 Yellow pages 

Yellow pages recycling was modelled using the card recycling system, as described in 

Section B.3.3, where all process inventory data used to model card recycling were 

applied consistently for yellow pages. 

Table B.9. Inventory data for recycling of one tonne of card in the production of testliner corrugated 
board base paper. 

 Unit Quantity  Unit Quantity 
Inputs   Outputs   
Water kg 120 Testliner kg 950 
Aluminium sulphate kg 0.73 Wood ash mixture, to 

disposal 
kg 3.0 

Phosphoric acid kg 0.15 
Hydrochloric acid kg 0.09 Sludge, to disposal kg 1.77 
Sodium hydroxide kg 0.33 Ash, to disposal kg 0.499 
Biocides kg 0.09 Emissions to air   
Ethoxylated alcohols kg 0.26 Carbon dioxide, 

biogenic 
kg 14 

Lubricating oil kg 0.26 Carbon dioxide, fossil kg 447 
Alkyl ketene dimer (AKD) sizer kg 0.9 Methane, fossil kg 0.12 
Urea (as N) kg 0.21 Nitrous oxide kg 0.0013 
Potato starch kg 31.7    
Core board kg 23.2    
Flat pallet (wood) unit 0.00043    
PET, granulate kg 0.7    
HDPE, granulate kg 0.02    
Cold-rolled steel  kg 0.06    
Electricity kWh 88.2    
Heavy fuel oil kg 0.03    
Light fuel oil kg 0.18    
Compressed natural gas (CNG) MJ 6600    
Hard coal kg 16    
Lignite briquettes MJ 340    

Source: adapted from Hischier (2007).  
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Table B.10. Inventory data for recycling of one tonne of card in the production of wellenstoff corrugated 
board base paper. 

 Unit Quantity  Unit Quantity 
Inputs   Outputs   
Water kg 120 Wellenstoff kg 920 
Aluminium sulphate kg 0.71 Wood ash mixture, to 

disposal 
kg 3.0 

Sludge, to disposal kg 1.73 
Phosphoric acid kg 0.12 Ash, to disposal kg 0.49 
Hydrochloric acid kg 0.07 Emissions to air   
Sodium hydroxide kg 0.3 Carbon dioxide, 

biogenic 
kg 14 

Biocides kg 0.08 Carbon dioxide, fossil kg 437 
Ethoxylated alcohols kg 0.2 Methane, fossil kg 0.117 
Lubricating oil kg 0.25 Nitrous oxide kg 0.00127 
Urea (as N) kg 0.32    
Potato starch kg 33.7    
Core board kg 2.07    
Flat pallet (wood) unit 0.00042    
PET, granulate kg 0.05    
HDPE, granulate kg 0.05    
Cold-rolled steel kg 0.03    
Electricity kWh 86.2    
Heavy fuel oil kg 0.0291    
Light fuel oil kg 0.175    
CNG MJ 6500    
Hard coal kg 15.65    
Lignite briquettes MJ 330    

Source: adapted from Hischier (2007). 
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B.4 Metal 

B.4.1 Summary 

An overview of key technical parameters used to model waste metals recycling is 

presented in Table B.12. 

Table B.12. Summary of paper and card recycling system parameters.  
Waste material 
type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Steel cans 13.2 Steel Crude steel Steel 0 
Aluminium cans 5.1 Aluminium Aluminium Aluminium 0 
Mixed cans 14.2 Steel Crude steel Steel 0 

Aluminium Aluminium Aluminium 0 
Other scrap 
metal 

14.2 Steel Crude steel Steel 0 
Aluminium Aluminium Aluminium 0 

Aluminium foil 5.1 Aluminium Aluminium Aluminium 0 
Aerosols 14.2 Steel Crude steel Steel 0 

Aluminium Aluminium Aluminium 0 
Fire 
extinguishers 

17.4 Steel Crude steel Steel 0 

Gas bottles 17.4 Steel Crude steel Steel 0 
Bicycles 14.2 Steel Crude steel Steel 0 

Aluminium Aluminium Aluminium 0 

B.4.2 Steel cans 

 Recycling system description 

Recovered ferrous scrap is sent to an electric arc furnace (EAF) for direct smelting to 

produce secondary steel. A range of inventory data for use of scrap steel in the 

production of liquid steel in state-of-the-art EAFs within the EU is provided by the EC 

Joint Research Centre (Remus et al., 2013). During the process, ferrous scrap is 

delivered to the EAF plant and deposited at a scrap bay, where it is loaded into large 

baskets. The baskets containing the ferrous scrap are transported by crane first to a scrap 

pre-heater and then to the EAF, which is “charged” with the ferrous scrap and 

limestone. The furnace lid is fastened and graphite electrodes are lowered into the 

furnace interior, striking an arc between the charged material and the electrodes. The arc 

is set to bore into the charged material, melting the ferrous scrap. Once the scrap is 

melted, oxygen is blown into the furnace and burnt lime is added. This oxides and 
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neutralises contrary elements (such as carbon, silicon, and manganese) in the scrap 

metal; purifying the steel. The oxidised, neutralised elemental impurities form slag, 

which is poured off the surface and sent for disposal in a landfill. The furnace is then 

tilted and the molten steel is tapped out into a preheated ladle. Alloys are 

simultaneously added to the steel during tapping, along with more lime. The crude steel 

is then ready for use in secondary steelmaking or for casting. Inventory data for the 

process of direct smelting of ferrous scrap in an EAF is detailed in Table B.13. A 

material loss rate of 13.2% was assumed (Burchart-Korol, 2013). No material quality 

loss was assumed (World Steel Association, 2011). 

Crude steel was assumed to substitute for primary steel. Primary production data were 

sourced from the ecoinvent v2.2 database (“steel, converter, unalloyed, at plant”) 

(Classen et al., 2009). The process includes the transportation of metal ores and other 

input materials to the converter, the primary steel production process, and steel casting. 

 

Table B.13. Inventory data for direct smelting of one tonne of ferrous scrap in an EAF to produce steel. 
 Unit Quantity 
Inputs 
Electricity kWh 347 
Natural gas m3 3.9 
Refractory kg 49 
Quicklime kg 37 
Electrodes (graphite) kg 1.8 
Alloysa kg 1.9 
   
Outputs   
Crude steel kg 868 
Slag, to disposal kg 160 
Wastewater, to treatment m3 0.45 
Refractory waste, to disposal kg 6.2 
Dust, to disposal kg 2.9 
Sludge, to disposal kg 7.4 
Emissions to air   
Carbon dioxide, fossil kg 224 
Nitrous oxide kg 0.00083 

Source: adapted from Burchart-Korol (2013) and Remus et al. (2013). 
a Not included in this study. 
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B.4.3 Aluminium cans 

 Recycling system description 

Aluminium scrap is sent for re-melting and casting into secondary aluminium billets via 

metal merchants and waste management companies, who sort, prepare, and treat the 

scrap aluminium. 

 Aluminium scrap preparation 

The process for sorting and preparing the aluminium scrap was modelled based on 

average data from European aluminium scrap preparation plants, as detailed by EAA 

(2008). The aluminium is first recovered through a combination of mechanical 

shredding, magnetic separation, sink-and-float installations, and eddy current 

separation, successively. The separated aluminium is then mechanically cleaned, so as 

to remove coatings, and dried prior to charging. The aluminium scrap is then ready for 

transportation to a melting plant. A 4.8% material loss was assumed during the sorting 

and preparation process (EAA, 2008). No material quality loss was assumed. Inventory 

data for the sorting and preparation of aluminium scrap are detailed in Table B.14. 

Table B.14. Inventory data for sorting and preparation of one tonne of aluminium scrap. 
 Unit Quantity 
Inputs 
Electricity kWh 190 
Heat, natural gas MJ 614.3 
Heat, heavy fuel oil MJ 81.4 
Ferro-silicon kg 1.1 
Water kg 43 
Light fuel oil kg 0.16 
Hydraulic oil (lubricant) kg 0.01 
Detergent kg 0.11 
Lime kg 0.13 
Additives (alloys) kg 0.44 
   
Outputs   
Aluminium scrap, to reprocessor kg 952 
Oil, to incineration kg 1.19 
Hazardous waste, to disposal kg 6.3 
Dirt (inert material), to disposal kg 8 
Filter dust, to disposal kg 3.35 

Source: adapted from EAA (2008). 
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B.4.3.2.1 Secondary aluminium billet production 

The process for melting, alloying, and casting of the prepared aluminium scrap was 

modelled based on average data from European aluminium scrap preparation plants, as 

detailed by Classen et al. (2009). The prepared aluminium scrap is combined with 

“new” process scrap of known composition in order that precise alloy compositions may 

be obtained in the final product. The scrap is loaded into a furnace and heated to 

produce molten aluminium. Aluminium dross, a thin layer of aluminium oxide that is 

produced as a result of surface oxidation, is skimmed off and removed prior to being 

recycled into aluminium alloys and aluminium oxides. Post-melting, the molten 

aluminium is cast into extrusion billets or rolling ingots and are used in the production 

of aluminium beverage cans. Inventory data for the melting, alloying, and casting of 

prepared aluminium scrap are detailed in Table B.15. A 0.3% material loss was assumed 

(Classen et al., 2009). No material quality loss was assumed (EAA, 2013b, 2013a).  

Secondary aluminium billets were assumed to be used in the production of beverage 

cartons where they would substitution for primary aluminium. The primary production 

data were sourced from the ecoinvent v2.2 database (“aluminium, primary, at plant”) 

(Classen et al., 2009). The process includes the production and casting of aluminium 

ingots, the transportation of auxiliary materials to the plant, and the disposal of wastes.  

B.4.4 Mixed cans 

Mixed cans recycling was modelled using the other scrap metal recycling system, as 

described in Section B.4.5, where all process inventory data used to model other scrap 

metal recycling were applied consistently for mixed cans. 
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Table B.15. Inventory data for melting, alloying and casting of one tonne of old scrap to secondary 
aluminium billets. 

 Unit Quantity 
Inputs 
Water m3 7.73 
Chlorine kg 1.6 
Copper kg 0.73 
Electricity kWh 280 
Heat, heavy fuel oil MJ 498 
Heat, natural gas MJ 8030 
Light fuel oil kg 0.0023 
Nitrogen kg 1.7 
Sodium chloride kg 13.3 
Silicon kg 11.9 
Hydrochloric acid kg 0.2 
Lime kg 7.19 
Sodium hydroxide kg 1.54 
Sulphuric acid kg 7.73 
Zinc kg 63 
   
Outputs   
Secondary aluminium billets kg 970 
Filter dust, to disposal kg 9.35 
Hazardous waste, to disposal kg 14.1 
Inert waste, to disposal kg 1.96 
Residuals, to disposal kg 0.08 

Source: adapted from Classen et al. (2009). 

B.4.5 Other scrap metal 

 Material composition 

Other scrap metal was assumed to comprise 42% non-ferrous metal and 58% ferrous 

metal (based on Bridgwater, 2013). 

 Recycling system description 

Waste scrap metal is sent to a scrap metal merchant where the ferrous and non-ferrous 

components are separated and sent for use in crude steel and aluminium production, 

respectively. 

 Scrap metal sorting and preparation 

The process for sorting and preparing the scrap metal was modelled based on average 

data from European aluminium scrap preparation plants, as detailed by EAA (2008), 

which was used as a proxy. The ferrous and non-ferrous metals are first separated and 
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recovered through a combination of mechanical shredding, magnetic separation, sink-

and-float installations, and eddy current separation, successively. The separated metals 

are then cleaned, so as to remove coatings, and dried prior to bailing. The separated 

scrap metals are then ready for transportation to ferrous and non-ferrous melting plant. 

A 4.8% material loss was assumed during the sorting and preparation process (EAA, 

2008). No material quality loss was assumed. Inventory data for the sorting and 

preparation of scrap metal are detailed in Table B.16.  

Table B.16. Inventory data for sorting and preparation of one tonne of scrap metal. 
 Unit Quantity 
Inputs 
Electricity kWh 190 
Heat, natural gas MJ 614.3 
Heat, heavy fuel oil MJ 81.4 
Ferro-silicon kg 1.1 
Water kg 43 
Light fuel oil kg 0.16 
Hydraulic oil (lubricant) kg 0.01 
Detergent kg 0.11 
Lime kg 0.13 
Additives (alloys) kg 0.44 
   
Outputs   
Aluminium scrap, to reprocessor kg 400 
Steel scrap, to EAF  kg 550 
Scrap metal, to disposal kg 50 
Oil, to incineration kg 1.19 
Hazardous waste, to disposal kg 6.3 
Dirt (inert material), to disposal kg 8 
Filter dust, to disposal kg 3.35 

Source: adapted from EAA (2008). 

 Metals reprocessing 

Recovered steel scrap is sent to an EAF for direct smelting to produce secondary steel. 

Details of the steel recycling system are outlined in Section B.4.2. Recovered 

aluminium scrap is sent for re-melting and casting into secondary aluminium billets. 

Details of the aluminium recycling system are outlined in Section B.4.3. 
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B.4.6 Aluminium foil 

Recycling of aluminium foil was modelled using “aluminium cans” recycling as a proxy 

(see Section B.4.3 for details). It is acknowledged that this approach is highly 

unrepresentative of aluminium foil recycling as foil typically contains high levels of 

contamination and lower purity of aluminium. However, the approach was taken due to 

a lack of specific information pertaining to aluminium foil recycling.  

B.4.7 Aerosols 

Aerosols recycling was modelled using the mixed cans recycling system, as described in 

Section B.4.4, where all process inventory data used to model mixed cans recycling 

were applied consistently for aerosols. 

B.4.8 Fire extinguishers 

Fire extinguishers recycling was modelled using the gas bottles recycling system, as 

described in Section B.4.9, where all process inventory data used to model gas bottles 

recycling were applied consistently for fire extinguishers. 

B.4.9 Gas bottles 

 Material composition 

The composition of used gas bottles is highly variable due to the variety of different 

gaseous product that they may contain. Due to a lack of specific information, it was 

assumed that gas bottles are composed wholly of steel and are empty of their gaseous 

product at the point of disposal.  

 Recycling system description 

Upon collection, gas bottles are sent to a scrap metal merchant. The process for sorting 

and preparing the waste mixed cans was modelled based on average data from European 

aluminium scrap preparation plants, as detailed by EAA (2008), which was used as a 

proxy. A description of the process is provided in Section B.4.3.2. A 4.8% material loss 

was assumed during the sorting and preparation process (EAA, 2008). Inventory data 

for the sorting and preparation of used gas bottles are detailed in Table B.17. Sorted gas 
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bottles are then sent for smelting in an EAF to produce crude steel. Details of the steel 

recycling system are provided in Section B.4.2. 

Table B.17. Inventory data for sorting and preparation of one tonne of mixed cans. 
 Unit Quantity 
Inputs 
Electricity kWh 190 
Heat, natural gas MJ 614.3 
Heat, heavy fuel oil MJ 81.4 
Ferro-silicon kg 1.1 
Water kg 43 
Light fuel oil kg 0.16 
Hydraulic oil (lubricant) kg 0.01 
Detergent kg 0.11 
Lime kg 0.13 
Additives (alloys) kg 0.44 
   
Outputs   
Steel scrap, to EAF kg 952 
Steel, to rejects kg 48 
Oil, to incineration kg 1.19 
Hazardous waste, to disposal kg 6.3 
Dirt (inert material), to disposal kg 8 
Filter dust, to disposal kg 3.35 

Source: adapted from EAA (2008). 

B.4.10 Bicycles 

Due to a lack of specific data, bicycles recycling was modelled using the mixed cans 

recycling system, as described in Section B.4.4, where all process inventory data used to 

model mixed cans recycling were applied consistently for bicycles. 
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B.5 Plastic 

B.5.1 Summary 

An overview of key technical parameters used to model waste plastics recycling is 

presented in Table B.18. 

Table B.18. Summary of plastics recycling system parameters.  
Waste material 
type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Mixed plastics 30.4 PET PET flakes PET flakes 10 
HDPE HDPE 

granulate 
HDPE granulate 10 

PVC PVC pellets PVC pellets 10 
PP PP granulate PP granulate 10 

Mixed plastic 
bottles 

31.3 PET PET flakes PET flakes 10 
HDPE HDPE 

granulate 
HDPE granulate 10 

PVC PVC pellets PVC pellets 10 
PP PP granulate PP granulate 10 

PET 5 PET PET flakes PET flakes 10 
HDPE 12 HDPE HDPE 

granulate 
HDPE granulate 10 

PVC 12 PVC PVC pellets PVC pellets 10 
LDPE 47 LDPE LDPE pellets LDPE pellets 10 
PP 12 PP PP granulate PP granulate 10 

B.5.2 Polymer types 

Waste plastics arise in a range of formats (e.g. bottles, packaging, and caps) and may be 

composed of various plastic polymer types – seven categories of plastic polymer are 

defined by the Society of the Plastics Industry (SPI) in their Resin Identification Code 

(RIC) system (see Table B.19). The mixed plastics recycling industry is interested in 

recovering those waste plastic polymer types that are readily recyclable and for which 

markets exist for their post-reprocessing products (i.e. plastic pellets/granulate). Due to 

strong market demand, of foremost interest to the industry is the recovery and recycling 

of plastics composed of PET and HPDE polymers (WRAP, 2010d). However, as local 

authorities in the UK endeavour to meet increasingly ambitious recycling targets, the 

recovery and recycling of other polymers is becoming more common (WRAP, 2006b).   
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Table B.19. Types of plastic by RIC, their common household uses, and their recycling statuses in the 
UK. 

RIC code Polymer name Common household uses Recycling status 

 

Polyethylene terephthalate 
(PET) 

Beverage bottles, medicine jars, 
carpet fibre, polyester fibres, 
and tote bags 

Commonly 
recycled 

 

High-density polyethylene 
(HDPE) 

Containers (milk, motor oil, 
shampoo, soap, bleaches, 
detergents, etc.) 

Commonly 
recycled 

 

Polyvinyl chloride (PVC) Plumbing pipes, children’s toys, 
non-food containers, and 
shower curtains 

Sometimes 
recycled 

 

Low-density polyethylene 
(LDPE) 

Shopping bags, cling-film, 
sandwich bags, and squeezable 
bottles 

Sometimes 
recycled 

 

Polypropylene (PP) Food containers, dishware, and 
medicine bottles 

Not widely 
recycled 

 

Polystyrene (PS) Disposable hot beverage cups, 
plastic cutlery, packaging foam, 
children’s toys, and insulation 
board 

Not widely 
recycled 

 

Other (O), such as acrylic, 
nylon, polycarbonate, and 
polylactide  

Compact discs (polycarbonate), 
rope (nylon), paint (acrylic), and 
food packaging (polylactide) 

Rarely recycled 

Plastics waste stream comprises contributions of six dense plastic waste fractions (“PET 

bottles”, “HDPE bottles”, “other plastic bottles”, “expanded polystyrene (EPS)”, “other 

plastic packaging”, and “other non-packaging plastic”) and three plastic film waste 

fractions (“carrier bags”, “other packaging film”, and “refuse sacks and other plastic 

film”). Since the recycling of dense plastics is driven by polymer type, it was necessary 

to determine the composition of the six dense plastic waste fractions by polymer type 

(see Table B.20). 
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Table B.20. Composition by polymer type of the six dense plastic waste fractions. 
 PET HDPE PVC LDPE PP PS Other 
PET bottlesa 100% 0% 0% 0% 0% 0% 0% 
HDPE bottlesa 0% 100% 0% 0% 0% 0% 0% 
Other bottlesb 0% 0% 33% 0% 67% 0% 0% 
EPSa  0% 0% 0% 0% 0% 100% 0% 
Other plastic packagingc 53% 5% 6% 1% 23% 10% 2% 
Other non-packaging plasticd 0% 0% 0% 0% 100% 0% 0% 

a “PET bottles”, “HDPE bottles”, and “EPS” were assumed to be composed exclusively of PET, HDPE, 
and PS, respectively. 
b The composition of “other bottles” was estimated based on annual arisings of rigid plastic bottles by 
polymer type, as reported by WRAP (2013), excluding PET and HDPE. 
c Other plastic packaging composition by polymer type was established using data reported by WRAP 
(2013), which relates to the composition of plastic packaging, as follows: 1) the composition of rigid 
plastics packaging by format was established from the composition of consumer (household) plastics 
packaging by packaging format, excluding plastic film and plastic bottles; and 2) the composition of each 
rigid plastic packaging format by polymer type was calculated based on arisings of each polymer type per 
rigid plastic packaging format. 
d Due to a lack of more specific information, the composition of “other non-packaging plastic” was 
assumed to be exclusively PP. 

B.5.3 Mixed plastics 

 Material composition 

The material composition of mixed plastics used in this study is presented in Table B.21 

Table B.21. Material composition of mixed plastics. 
Material type Composition (%) 

Oher plastic packaging 23 
Other plastic non-packaging 4 
PET bottles 35 
HDPE bottles 27 
Other plastic bottles 10 
Expanded polystyrene (EPS) 1 

Source: adapted from WRAP (2009b) and WRAP (2010a). 

 Recycling system description 

Collected mixed plastics are taken to a plastics recycling facility for sorting and 

processing into secondary plastic pellets for use in a range of manufacturing 

applications. The two process for mixed plastics recycling was modelled based on two 

process stages: the first, a sorting and preparatory phase, which was modelled based on 

primary data from a mixed plastic sorting plant detailed by Shonfield (2008); and the 
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second, a mechanical reprocessing (recycling) phase, modelled based on a UK-based 

plastics recycling facility operated by LINPAC Plastics Recycling Ltd (EA, 2010).  

B.5.3.2.1 Mixed plastics sorting 

During the sorting phase, contaminants (non-plastics, dense plastic mis-sorts [LDPE, 

PS, and other], and plastic film) are removed through a combination of STADLER 

plastic film removal and TITECH near infra-red (NIR) optical sorting technologies. 

Inventory data for the sorting or mixed plastics are presented in Table B.22; data are 

representative of state-of-the-art technology available in the UK. 

 Mechanical reprocessing 

During mechanical reprocessing, the sorted plastic fractions (PET, HDPE, PVC, and 

PP) are first shredded and granulated to produce flakes, which are then chemically 

washed to remove paper labels, adhesives, and other hard to separate contaminants. 

Further density-based separation procedures are then carried out to separate remaining 

contaminants from each polymer waste stream. The flakes are then dried using warm air 

flows and centrifuges and any fines (dust and paper) are removed through air 

classification. Finally, the cleaned and dried flakes are fed into a screw extruder, which 

heats and pressurises the flakes, and forced through a screen. Additives are added to the 

homogenous plastic output, which is then cooled and cut to produce uniform pellets 

ready for use in the production of new products (EA, 2010).  

Inventory data (not presented in detail due to copyright restrictions) for the mechanical 

reprocessing were adapted from the process “plastics (HDPE) recycling, Linpac” 

supplied by the EA (2010) for the WRATE LCI database. Data for the reprocessing of 

HDPE has been used as a proxy for the reprocessing of PET, PP, and PVC. A 12% 

material loss rate was assumed during mechanical reprocessing (Shonfield, 2008), 

whilst a 10% material quality loss was also assumed (Merrild et al., 2012). 
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Table B.22. Inventory data for sorting of one tonne of waste mixed plastics. 
 Unit Quantity 
Plastic film separation   
Inputs   
Electricity kWh 1.2 
   
Process parameters   
Transfer coefficients   
Plastic film to residual  t t-1 0.99 
Plastic film to NIR sorting t t-1 0.01 
Non-plastics to NIR sorting t t-1 1 
Dense plastic - PET to NIR sorting t t-1 1 
Dense plastic - HDPE to NIR sorting t t-1 1 
Dense plastic - PVC to NIR sorting t t-1 1 
Dense plastic - LDPE to NIR sorting t t-1 0.89 
Dense plastic - LDPE to residual t t-1 0.11 
Dense plastic - PP to NIR sorting t t-1 1 
Dense plastic - PS to NIR sorting t t-1 0.89 
Dense plastic - PS to residual t t-1 0.11 
Dense plastic - other to NIR sorting t t-1 0.89 
Dense plastic - other to residual t t-1 0.11 
   
NIR optical sorting   
Inputs   
Electricity kWh 61.8 
   
Process parameters   
Transfer coefficients   
Plastic film to residual t t-1 1 
Non-plastics to residual t t-1 1 
Dense plastic - PET to mechanical reprocessing (recycling) t t-1 0.77 
Dense plastic - PET to residual t t-1 0.23 
Dense plastic - HDPE to mechanical reprocessing (recycling) t t-1 0.79 
Dense plastic - HDPE to residual t t-1 0.21 
Dense plastic - PVC to mechanical reprocessing (recycling) t t-1 0.61 
Dense plastic - PVC to residual t t-1 0.39 
Dense plastic - LDPE to residual t t-1 1 
Dense plastic - PP to mechanical reprocessing (recycling) t t-1 0.88 
Dense plastic - PP to residual t t-1 0.12 
Dense plastic - PS to residual t t-1 1 
Dense plastic – other to residual t t-1 1 

Source: adapted from Shonfield (2008). 

Secondary plastic pellets were assumed to substitute for production of primary plastic 

pellets. Avoided primary production data for pellets of different polymer types are 

detailed in Table B.23. The processes include the transportation of raw materials and 

other input materials to the plastic processors and the production of primary plastic 

granulate. 
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Table B.23. Inventory data for primary plastic granulate production. 
Polymer type Primary production process LCI source 
HDPE “Polyethylene, HDPE, granulate, at plant” Hischier (2007) 
PET “Polyethylene terephthalate, granulate, amorphous, at plant” Hischier (2007) 
PVC “Polyvinylchloride, emulsion polymerised, at plant” (87%) and 

“polyvinylchloride, suspension polymerised, at plant” (13%) 
Hischier (2007) 

PP “Polypropylene granulate (PP), production mix, at plant” EC (2009c) 

B.5.4 Mixed plastic bottles 

 Material composition 

The material composition of mixed plastic bottles used in this study is presented in 

Table B.24 

Table B.24. Material composition of mixed plastic bottles. 
Material type Composition (%) 
PET bottles 35 
HDPE bottles 27 

Source: adapted from WRAP (2009b) and WRAP (2010a). 

 Recycling system description 

Waste mixed plastic bottles are sent to a plastics sorting facility to separate out the PET 

and HDPE bottles. The separated PET and HDPE bottles are then sent to mechanical 

reprocessing facility. The processes for sorting and reprocessing of waste mixed plastic 

bottles are detailed in Section B.5.3.3 and Section B.5.3.4, respectively. Details of 

market substitution are also presented in Section B.5.3.4 

B.5.5 PET 

 Material composition 

PET was assumed to be composed of 100% PET bottles. 

 Recycling system description 

PET is sent directly to a mechanical reprocessing facility. At the facility, the waste PET 

is shredded and granulated to produce flakes, which are then chemically washed to 

remove paper labels, adhesives, and other hard to separate contaminants. The flakes are 
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then dried using warm air flows and centrifuges and any fines (dust and paper) are 

removed through air classification. Finally, the cleaned and dried flakes are fed into a 

screw extruder, which heats and pressurises the flakes, and forced through a screen. 

Additives are added to the homogenous plastic output, which is then cooled and cut to 

produce uniform flakes ready for use in the production of new products (EA, 2010).  

Inventory data (not presented in detail due to copyright restrictions) for PET 

reprocessing were adapted from the process “plastics (PET) recycling, Delleve” 

supplied by the EA (2010) for the WRATE LCI database. A 5% material loss was 

assumed (EA, 2010), whilst a 10% material quality loss was also assumed (Merrild et 

al., 2012). 

Secondary PET flakes were assumed to substitute for production of primary PET flakes. 

Primary production data were taken from the ecoinvent v2.2 database (“polyethylene 

terephthalate, granulate, amorphous, at plant”) (Hischier, 2007). The process includes 

the transportation of raw materials and other input materials to the reprocessor and the 

production of primary PET granulate. 

B.5.6 HDPE 

 Material composition 

HDPE was assumed to be composed of 100% HDPE bottles. 

 Recycling system description 

Waste HDPE is sent to a HDPE mechanical reprocessing facility, modelled based on a 

UK-situated HDPE plastics recycling facility operated by LINPAC Plastics Recycling 

Ltd (EA, 2010). Details of the process are outlined in Section B.5.3.4. Secondary HDPE 

pellets were assumed to substitute for production of primary HDPE pellets. Primary 

production data were taken from the ecoinvent v2.2 database (“Polyethylene, HDPE, 

granulate, at plant”) (Hischier, 2007). The process includes the transportation of raw 

materials and other input materials to the reprocessor and the production of primary 

HDPE granulate. 
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B.5.7 PVC 

Waste PVC is sent to a plastics sorting facility to a mechanical reprocessing facility. 

The processes for reprocessing of waste PET was modelled based on a UK-situated 

HDPE plastics recycling facility operated by LINPAC Plastics Recycling Ltd (EA, 

2010), used as a proxy for PVC reprocessing. Details of the process are outlined in 

Section B.5.3.4. Secondary PVC pellets were assumed to substitute for production of 

primary PVC pellets. Primary production data were taken from the ecoinvent v2.2 

database (87% “Polyvinylchloride, emulsion polymerised, at plant” and 13% 

“polyvinylchloride, suspension polymerised, at plant”) (Hischier, 2007). The process 

includes the transportation of raw materials and other input materials to the reprocessor 

and the production of primary PVC. 

B.5.8 LDPE 

 Material composition 

LDPE was assumed to be composed of 100% plastic film. 

 Recycling system description 

Plastic film is sent to a plastic film recycling facility where it is reprocessed into 

secondary LDPE pellets. The process for recycling of plastic film was modelled based 

on an agricultural film (LDPE and linear low-density polyethylene [LLDPE]) recycling 

facility located in Scotland and operated by British Polythene Industries (BPI) plc. At 

the facility, the feedstock is fed into a hopper containing two shredders to reduce 

particle size before being transferred to a conveyor belt and into a sink-float tank. The 

sunken heavy contaminants are removed for disposal, whilst the floating shredded film 

and lighter contaminants are forwarded through a pre-wash centrifuge to expel water 

and fine contaminants; this process is then repeated a second time. The remaining 

material is then transferred into a wet granulator, which further reduces the size of the 

feedstock, and is then passed through a series of augers to remove any remaining 

contaminants and to exude remaining pre-wash water. The feedstock is then washed 

before being fed into a screw press where it is dried. Once dried, the feedstock is 

conveyed into an extruder and melted before being passed through a filter to remove 
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contaminants. The melted plastic flakes are then cooled by water injection and cut into 5 

mm diameter pellets. The pellets are then packaged and ready for transportation. 

Inventory data (not presented in detail due to copyright restrictions) for the mechanical 

reprocessing were adapted from the process “LLDPE and LDPE recycling, agricultural 

film, BPI Poly Recycled Products, Dumfries” supplied by the EA (2010) for the 

WRATE LCI database. A material loss of 47% was assumed (EA, 2010), whilst a 10% 

loss in material quality was also assumed (Merrild et al., 2012). 

Secondary LDPE pellets were assumed to substitute for primary LDPE granulate. 

Primary production data were sourced from the ecoinvent v2.2 database (Polyethylene, 

LDPE, granulate, at plant) (Hischier, 2007). The process includes all material and 

energy inputs, waste, and emissions to air from the production of LDPE granulate. 

B.5.9 PP  

Waste PP is sent to a plastics sorting facility to a mechanical reprocessing facility. The 

processes for reprocessing of waste PP was modelled based on a UK-situated HDPE 

plastics recycling facility operated by LINPAC Plastics Recycling Ltd (EA, 2010), used 

as a proxy for PP reprocessing. Details of the process are outlined in Section B.5.3.4. 

Secondary PP pellets were assumed to substitute for production of primary PP pellets. 

Primary production data were taken from the ELCD v2 database (“Polypropylene 

granulate (PP), production mix, at plant”) (EC, 2009c). The process includes the 

transportation of raw materials and other input materials to the reprocessor and the 

production of primary PVC. 
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B.6 Wood 

B.6.1 Summary 

An overview of key technical parameters used to model waste wood recycling is 

presented in Table B.25. 

Table B.25. Summary of wood recycling system parameters.  
Waste material 
type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Wood 0 Wood Recycled 
MDF 

Virgin MDF fibre 0 

Chipboard & 
MDF 

0 Wood Recycled 
MDF 

Virgin MDF fibre 0 

Composite wood 
materials 

20 Wood Recycled 
MDF 

Virgin MDF fibre 0 

B.6.2 Wood 

Collected wood waste is sent to a wood recycling facility for preliminary grading and 

sorting. Wood waste is sorted into four grades: Grade A material is sold on to high 

value markets, such as animal bedding and panel board production, or to biomass (EfW) 

facilities; Grade B material is of a lower value but can be used in panel board 

production or as a feedstock in a biomass (EfW) facility; Grade C material can only be 

used at biomass (EfW) facilities and is increasingly being exported to European biomass 

(EfW) markets where demand for such products is high; and Grade D, which is 

hazardous wood waste and is only suitable for incineration (with or without EfW) or 

disposal in a hazardous waste landfill (Defra, 2012). Municipal wood waste is generally 

of a low quality (Grades B and C) as it includes numerous different types of wood and 

wood-based products (WRAP, 2011). Here, waste wood was assumed to be Grade B 

material and would be used in the production of panel board – the largest end market for 

recovered wood in the UK (WRAP, 2011). It is acknowledged, however, that this is a 

simplistic approach, given the increasing demand for wood from the European biomass 

market, and should, therefore, be considered as a key area for improvement in any 

future studies. 

Two principle sources of data for wood recycling into panel board (MDF) production 

were identified: Merrild and Christensen (2009) detail the use of recovered wood in the 
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production of particle board based on data from Northern Europe; and Mitchell and 

Stevens (2009), who describe the use of recovered wood and MDF in the production of 

recycled MDF in the UK. The process for waste wood recycling was modelled based on 

those data from Mitchell and Stevens (2009) as they were determined as being more 

representative of the UK situation. 

 Fibre preparation 

Wood fibres are recovered from waste MDF through a microrelease process that utilises 

microwave heating and are used in the production of MDF boards that contain a portion 

of recycled fibres. The microrelease processes comprises four stages: 1) the waste MDF 

board feedstock is shredded to release dust and remove metallic contaminants, which 

are disposed to landfill, and separate the wood fibres; 2) separated MDF board 

fragments are immersed in water for saturation; 3) the feedstock is heated in a 

microwave field, during which the board is caused to swell and the fibres are separated; 

and 4) finally, the separated fibres are reclaimed through mechanically separated prior 

to drying. Inventory data for the separation and preparation of waste MDF fibres using 

the microrelease process are presented in Table B.26. 

Table B.26. Inventory data for sorting of one tonne of waste wood/MDF using the microrelease process. 
 Unit Quantity 

Inputs   
Water m3 1.5 
Diesel kg 1.3 
Heat, natural gas GJ 4.4 
Electricity kWh 331 
   
Process parameters   
Transfer coefficients   
Wood to accepts t t-1 1 
Contaminants to rejects t t-1 1 
   
Outputs   
Wastewater, to treatment m3 1.5 

Source: adapted from Mitchell and Stevens (2009). 
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 Board production 

The prepared waste MDF fibres are used in the production of MDF boards that contain 

a portion of recycled fibres. During the process, the fibres are first introduced to a mat 

former for gravitational settlement (mat production). The mat is then transferred to a 

precompressor where it is pressurised in the absence of heat to press the fibres into a 

board-like structure. The board-like structure is then pressured under heat to activate the 

binding resin. Inventory data pertaining to the production of recycled MDF board is 

displayed in Table B.27.  

Recycled MDF board containing waste MDF fibres were assumed to substitute for 

virgin MDF board producing using virgin wood. No material quality loss was assumed. 

Avoided primary production data for virgin MF production are detailed in Table B.28. 

The processes include the transportation of raw materials to the facility, the preparation 

of virgin wood fibres (including debarking, chipping, washing, defibrillation, and 

drying) and the use of virgin wood fibres in MDF board production.  

Table B.27. Inventory data for use of one tonne of sorted waste wood/MDF in the production of recycled 
MDF. 
 Unit Quantity 

Inputs   
Heat, natural gas MJ 960 
Electricity kWh 107 
   
Outputs   
MDF kg 1000 
Wood ash, to landfill kg 0.0018 
Sludge, to landfill kg 0.024 
Wastewater, to treatment kg 318 

Source: adapted from Mitchell and Stevens (2009). 
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Table B.28. Inventory data for use of production of one tonne of virgin MDF. 
 Unit Quantity 

Inputs   
Softwooda m3 0.83 
Hardwoodb m3 0.22 
Softwood chipsa m3 0.13 
Urea kg 110 
Transport, lorry tkm 76 
Electricity kWh 433 
Heat, natural gas GJ 4.8 
Propane kg 7.5 
   
Outputs   
Virgin MDF kg 1000 

Source: adapted from Mitchell and Stevens (2009). 
a Based on a softwood density of 0.7 t/m3. 
b Based on a hardwood density of 1 t/m3. 

B.6.3 Chipboard & MDF 

Chipboard & MDF recycling was modelled using the wood recycling system, as 

described in Section B.6.2, where all process inventory data used to model wood 

recycling were applied consistently for chipboard & MDF. 

B.6.4 Composite wood materials 

 Material composition 

The variety of materials that may be classified as “composite wood products” possess a 

wide array of physical and chemical properties. Broadly, composite wood products are 

constructed using wood fibres, flakes, chips, shavings, as well as veneers and papers 

and are often combined with adhesives, water repellents and preservatives. Furthermore, 

depending on the nature of their prior use, composite wood materials may be disposed 

of with other components, such as nails, screws, paint, and plastic coatings. Examples of 

common composite wood products include: 

• fibreboard (constructed of wood fibres) 

• particle board (constructed of wood chips and shavings and a wood resin binder) 

• plywood (constructed of layered wood veneer bound with glue) (Campbell, 2007) 
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The material composition of composite wood materials used in this study is presented in 

Table B.20. 

Table B.29. Material composition of mixed plastics. 
Material type Composition (%) 

Ferrous metals 5 
Wood 80 
Other combustibles 15 

Source: adapted from EA (2010). 

 Recycling system description 

Composite wood materials recycling was modelled using the wood recycling system 

process, as described in Section B.6.2, where all process inventory data used to model 

wood recycling were applied consistently for composite wood materials. 
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B.7 WEEE 

B.7.1 Summary 

An overview of key technical parameters used to model WEEE recycling is presented in 

Table B.30. 

Table B.30. Summary of WEEE recycling system parameters.  

Waste material 
type 

Material 
loss (%) 

Recycled 
material Secondary product 

Substituted primary 
product 

Material 
quality loss 
(%) 

Large domestic 
appliances 

48.0 Steel Crude steel Steel 0 
Aluminium Aluminium Aluminium 0 
Plastic PP granulate PP granulate 10 

Small domestic 
appliances 

48.8 Steel Crude steel Steel 0 
Aluminium Aluminium Aluminium 0 
Plastic PP PP 10 
Batteries Zinc Zinc 0 

Manganese Manganese 0 
Mercury Mercury 0 
Ferromanganese  Ferromanganese 0 
Crude steel Steel 0 

Cathode ray tubes 67.6 Lead Lead Lead 0 
Copper Copper Copper 0 
Steel Crude steel Steel 0 
Aluminium Aluminium Aluminium 0 
Cables Copper Copper 0 

Fluorescent tubes 
& other light bulbs 

4.5 Steel Crude steel Steel 0 
Aluminium Aluminium Aluminium 0 
Glass Secondary 

container glass 
Primary container 
glass 

0 

Fridges & freezers 40.7 Steel Crude steel Steel 0 
Aluminium Aluminium Aluminium 0 
Plastic PP granulate PP granulate 10 
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B.7.2 Large domestic appliances 

 Material composition 

The average composition of large domestic appliance is based on the composition of 

large white goods disposed of in the UK, as detailed in Table B.31; data are 

representative of the year 2006. 

Table B.31. Average composition of large white goods disposed of in the UK. 
Component Percentage (%) 
Ferrous metals 54.2 
Non-ferrous metals 7.4 
Other plastic non-packaging 12.4 
Printed wiring board (PWB) 0.1 
Other 25.9 

Source: Defra (2007). 

 Recycling system description 

Collected WEEE is sent to either; i) a producer compliance scheme (PCS) approved 

authorised treatment facility (AATF) for disassembly (dismantling), during which the 

desirable material components are separated and, subsequently, sent for processing 

(refinement and recycling). 

 Dismantlement (disassembly) and processing 

The WEEE dismantlement (disassembly) process at an AATF was modelled based on a 

theoretical modern mechanical treatment plant sited in Switzerland, as described by 

Hischier et al. (2007). Input WEEE is first manually treated in order that the device is 

thoroughly depolluted. Following this are a mechanical shredding stage and a 

disassembly stage, during which the device is separated into its different constituent 

material fractions (Hischier et al., 2007). Inventory data for WEEE disassembly 

(dismantlement) at a mechanical treatment plant are detailed in Table B.32. 

Post-shredding, the target materials (ferrous metals, non-ferrous metals, and plastics) 

are separated out and sent on to for reprocessing. Details of the reprocessing of each of 

these materials (including market substitution) are presented in Section B.4.2, Section 

B.4.3, and Section B.5.3, respectively. Material loss rates during the disassembly 

process were inferred from the transfer coefficients detailed by Hischier et al. (2007): 
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ferrous metals, 5%; non-ferrous metals, 17%; and plastics, 82%. No material quality 

loss was assumed as this was attributed downstream at the respective material 

reprocessing facilities. Printed wiring boards (PWB) are sent for specialist treatment 

(see Section B.7.2.4). Residual waste is disposed of to landfill. 

 

Table B.32. Inventory data for depolluting, dismantling and sorting of one tonne of WEEE. 
 Unit Quantity 
Inputs 
Electricity kWh 660 
   
Process parameters   
Transfer coefficients   
PWB to specialist treatment t t-1 1 
Batteries to specialist treatment t t-1 1 
Ferrous metals to ferrous metals reprocessing t t-1 0.95 
Ferrous metals to non-ferrous metals reprocessing (contaminant) t t-1 0.01 
Ferrous metals to plastics reprocessing (contaminant) t t-1 0.005b 

Ferrous metals to glass reprocessing (contaminant) t t-1 0.005b 

Ferrous metals to residual t t-1 0.03b 

Non- ferrous metals to non- ferrous metals reprocessing t t-1 0.83 
Non- ferrous metals to ferrous metals reprocessing (contaminant) t t-1 0.005 
Non- ferrous metals to plastics reprocessing (contaminant) t t-1 0.005b 

Non- ferrous metals to glass reprocessing (contaminant) t t-1 0.005b 
Non- ferrous metals to residual t t-1 0.155b 

Plastics to plastics reprocessing t t-1 0.18a 

Plastics to ferrous metals reprocessing (contaminant) t t-1 0.012 
Plastics to non- ferrous metals reprocessing (contaminant) t t-1 0.005 
Plastics to glass reprocessing (contaminant) t t-1 0.005b 

Plastics to residual t t-1 0.798b 

Glass to glass reprocessing t t-1 0.95c 

Glass to ferrous metals reprocessing (contaminant) t t-1 0.0056 
Glass to non- ferrous metals reprocessing (contaminant) t t-1 0.0056 
Glass to plastics reprocessing (contaminant) t t-1 0.0056b 

Glass to residual t t-1 0.0332b 

Other to ferrous metals reprocessing (contaminant) t t-1 0.0069 
Other to non- ferrous metals reprocessing (contaminant) t t-1 0.0067 
Other to plastics reprocessing (contaminant) t t-1 0.01b 

Other to glass reprocessing (contaminant) t t-1 0.01b 
Other to residual t t-1 0.9664b 

Source: adapted from Hischier et al. (2007). 
a Based on Crowe et al. (2003). 
b Based on estimation. 
c Based on Hischier et al. (2007) and Lu et al. (2015). 
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  Printed wiring board (PWB) treatment 

The process for the treatment of PWBs separated out at the WEEE disassembly plant 

was modelled based on a theoretical thermal treatment (metallurgical processing) 

facility, as detailed by Hischier et al. (2007). Inventory data for the chemical 

(metallurgical) processing of waste PWBs is detailed in Table B.33; data are 

representative of average global conditions in the year 2005. 

Table B.33. Inventory data for chemical (metallurgical) processing of one tonne of waste PWBs. 
 Unit Quantity 
Inputs 
Electricity kWh 40 

Source: Hischier et al. (2007). 

B.7.3 Small domestic appliances 

 Material composition 

The average composition of small domestic appliances disposed of in the UK was 

estimated based on the average of reported literature data (Crowe et al., 2003; 

Environment & Heritage Service, 2005; Freegard and Claes, 2009; Wäger et al., 2009); 

see Table B.34.  

Table B.34. Average composition of small domestic appliances disposed of in the UK. 
Component Percentage (%) 
Ferrous metals 41 
Non-ferrous metals 16 
Other plastic non-packaging 35 
Batteries 1 
Other 7 

Source: adapted from Freegard and Claes (2009),Crowe et al. (2003), Environment & Heritage Service 
(2005), and Wäger et al. (2009). 

 Recycling system description 

Collected small domestic appliances are sent to an AATF for disassembly and sorting 

(for details, see Section B.7.2.3). Target materials (ferrous metals, non-ferrous metals, 

and plastics) are sent on for reprocessing (for details, see Section B.4.2, Section B.4.3, 
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and Section B.5.3, respectively), batteries are sent on for further treatment and recycling 

(see Section B.8.3), and rejects are disposed of to landfill. 

B.7.4 Cathode ray rubes (CRTs) 

 Material composition 

Prior to the rapid advancement of liquid-crystal display (LCD), light-emitting diode 

(LED), and plasma display panel (PDP) video display technologies since the start of the 

twenty-first century, CRTs were widely used as a video display component in the 

manufacture of televisions and computers. CRTs are generally disposed of along with 

the product within which they were contained (e.g. a television or a computer monitor).  

To represent the composition of an average end-of-life CRT-containing product, 

composition data of a 17-inch CRT screen was used (see Table B.35); data are based on 

a European study conducted in the year 2005 (Hischier et al., 2007). The CRT 

component constitutes approximately 55% (w/w) of the overall composition of a 

television or monitor and consists of approximately 85% (w/w) leaded glass (Andreola 

et al., 2005; Andreola et al., 2007; Wang and Xu, 2014).  

Table B.35. Material composition of a 17-inch CRT Screen. 
Component Percentage (%) 
Steel 18.81 
Aluminium 1.98 
Copper 0.33 
Other metals 0.86 
Plastics 16.39 
Cable 2.31 
PWB 4.69 
CRT glass 53.36 
Other 1.27 

Source: adapted from Hischier et al. (2007). 

 Recycling system description 

CRT glass, which contains high quantities of lead, is recognised as being a difficult 

material to recycle (Xu et al., 2013; Wang and Xu, 2014). Historically, there was a 

demand for glass-to-glass (closed-loop) recycling as recovered CRT glass could be used 

in the production of new video display products. However, with the decline in the use of 

CRTs, the demand for leaded glass in the video display manufacturing industry has all 
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but ceased (Wang and Xu, 2014). Rather, it is more common for CRT glass to be used 

in primary or secondary lead smelters as a substitute for primary inputs or fluxing 

agents (Nnorom et al., 2011). 

The recycling process for CRT screens is based on the treatment of a 17-inch CRT 

Screen, as detailed by Hischier et al. (2007). Post-collection, CRT screens are sent to an 

AATF for manual disassembly and depollution followed by mechanical treatment and 

sorting. Recyclable materials are then sent on to reprocessing facilities and residuals are 

sent for disposal. 

 Mechanical treatment 

The process of CRT screen disassembly and depollution was modelled based on a 

theoretical treatment facility (AATF), as detailed by Hischier et al. (2007), based on 

qualitative information from several German recycling companies. The process starts 

with a manual depollution step, during which the fractions that are unsuitable for 

mechanical shredding are removed from the input devices and sent for further treatment, 

reprocessing, or disposal. The remaining waste is commingled and fed into a 

mechanical shredder. The shredded output is placed onto a conveyer that passes under a 

drum magnet and an eddy current separator to recover ferrous metals and aluminium, 

respectively. The waste is then shredded a second time before a second series of metals 

recovery takes place, with copper recovered through eddy current separation. Finally, 

the remaining waste is passed through a sifter, contained, and sent on for disposal. 

Inventory data pertaining to the manual depollution, mechanical shredding, and sorting 

of waste CRT screens are detailed in Table B.36 (Hischier et al., 2007).  

 CRT glass recycling 

CRT glass that is separated from CRT screens during manual depollution is sent to a 

lead smelter for incineration. The process for pyrometallurgical processing of CRT glass 

in a lead smelter was modelled based on data reported by Xu et al. (2013). During the 

smelting process, metallic lead and copper are separated and recovered, whilst the CRT 

glasses behaves as a fluxing agent during incineration (Nnorom et al., 2011; Xu et al., 

2013). Inventory data for pyrometallurgical processing of CRT glass are detailed in 

Table B.37; data are representative of average global conditions for the year 2012. A 

20% material loss was assumed for the lead fraction of the CRT glass (Xu et al., 2013).  

256 



  Appendix B 

Table B.36. Inventory data for mechanical treatment (depollution and shredding) of one tonne of waste 
17-inch CRT screens at a mechanical treatment plant. 

 Unit Quantity 
Manual depollution 
Process parameters 
Transfer coefficients 
Plastics to disposal t t-1 0.469 
Plastics to shredder t t-1 0.531 
Cables to cable treatment t t-1 0.142 
Cables to shredder t t-1 0.858 
Steel to steel reprocessing t t-1 0.463 
Steel to shredder t t-1 0.537 
CRT glass to CRT glass treatment t t-1 1 
Aluminium to shredder t t-1 1 
Copper to shredder t t-1 1 
Other metals to shredder t t-1 1 
PWB to shredder t t-1 1 
Other to shredder t t-1 1 
   
Mechanical shredding 
Inputs 
Electricity kWh 66 
   
Process parameters   
Transfer coefficients   
Plastics to steel reprocessing (contaminant) t t-1 0.012 
Plastics to aluminium reprocessing (contaminant) t t-1 0.005 
Plastics to copper reprocessing (contaminant) t t-1 0.1 
Plastics to disposal t t-1 0.883 
Other metals to steel reprocessing (contaminant) t t-1 0.011 
Other metals to aluminium reprocessing (contaminant) t t-1 0.01 
Other metals to copper reprocessing (contaminant) t t-1 0.811 
Other metals to disposal t t-1 0.168 
Aluminium to steel reprocessing (contaminant) t t-1 0.005 
Aluminium to aluminium reprocessing t t-1 0.826 
Aluminium to copper reprocessing (contaminant) t t-1 0.049 
Aluminium to disposal t t-1 0.12 
Copper to steel reprocessing (contaminant) t t-1 0.009 
Copper to aluminium reprocessing (contaminant) t t-1 0.05 
Copper to copper reprocessing t t-1 0.782 
Copper to disposal t t-1 0.159 
Cables to disposal t t-1 1 
PWB to disposal t t-1 1 
Other to disposal t t-1 1 

Source: adapted from Hischier et al. (2007). 
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No material quality loss was assumed. Recovered secondary lead was assumed to be 

used in manufacturing where it would substitute for primary lead. The primary 

production data were sourced from the ecoinvent v2.2 database (“lead, primary, at 

plant”) and are representative of average global conditions in the year 2000 (Classen et 

al., 2009). 

Table B.37. Inventory data for pyrometallurgical processing of one tonne of CRT glass. 
 Unit Quantity 
Inputs 
Silica sand kg 500 
Electricity kWh 420 
   
Outputs   
Secondary lead kg 176a 
Slag, to inert landfill kg 800 

Source: adapted from Xu et al. (2013). 

 Cables treatment 

Waste cable that is separated from CRT screens during manual depollution is sent to a 

specialist cable treatment facility. The process for cables treatment was modelled based 

on data from a European cable recycling company, as detailed by Hischier et al. (2007). 

The process comprises the shredding of waste cable to reduce their size, followed by a 

granulation and the separation step whereby copper is separated from the residual 

plastic fraction. The recovered copper is then sent to secondary copper smelter for use 

in copper production. Inventory data for the treatment of one tonne of waste cable is 

presented in Table B.38; data are representative of average European conditions for the 

year 2005 (Hischier et al., 2007). Material loss and material quality loss of copper 

during processing was assumed to be negligible.  

Table B.38. Inventory data for treatment of one tonne of waste cable. 
 Unit Quantity 
Inputs 
Electricity kWh 180 
   
Outputs   
Copper, to copper reprocessor kg 660 
Plastics, to disposal kg 340 

Source: Hischier et al. (2007). 

258 



  Appendix B 

 Copper recycling 

Copper recovered during the treatment of waste cable and CRT screens was assumed to 

be sent to a secondary copper smelter for use in secondary copper production. The 

process for secondary copper production was modelled based on data from a large 

German secondary copper smelter, as detailed by Hischier et al. (2007). The process 

entails the refinement of copper scrap and the production of copper cathodes. Inventory 

data for the refinement of one tonne of copper scrap are presented in Table B.39; data 

are representative of average European conditions in 1998. 

Secondary copper was assumed to be used in the production of copper cathodes where it 

would substitute for primary copper. The primary production data were sourced from 

the ecoinvent v2.2 database (“copper, primary, at refinery”) and are representative of 

average European conditions in the year 1998 (Classen et al., 2009). 

Table B.39. Inventory data for refinement of one tonne of copper scrap in a secondary scrap smelter. 
 Unit Quantity 
Inputs 
Blister-copper kg 87 
Silica sand kg 47.7 
Limestone kg 56.4 
Electricity kWh 840 
Heat, hard coal MJ 4980 
Heat, heavy fuel oil MJ 1970 
   
Outputs   
Secondary copper kg 763 
Wastewater, to treatment m3 0.8 

Source: adapted from Hischier et al. (2007). 

B.7.5 Fluorescent tubes & other light bulbs 

 Material composition 

The average composition of fluorescent tubes disposed of in the UK is detailed in Table 

B.40; data are based on a European study conducted in the year 2002 (Crowe et al., 

2003), which have been used to represent average UK conditions.  
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Table B.40. Average composition of end-of-life fluorescent tubes. 
Component Percentage (%) 
Ferrous metals 0.6 
Non-ferrous metals 1.4 
Glass 93.9 
Other 4.1 

Source: Crowe et al. (2003). 

 Recycling system description 

Two types of treatment techniques are used in the fluorescent lamp recycling industry: 

dismantling, during which the lamps are manually dismantled to separate the various 

constituent parts; and shredding, during which the lamps are mechanically shredded 

prior to the removal of the various material fractions (Hischier et al., 2007). It was here 

assumed that fluorescent tubes and light bulbs were dismantled manually, as detailed 

below. 

 Dismantlement (disassembly) and processing 

The process of fluorescent tube recycling was modelled based on a theoretical 

dismantlement facility, as detailed by Hischier et al. (2007), based on qualitative 

information from several German recycling companies. The process comprises an initial 

cutting stage to remove the metal-containing caps from the fluorescent tubes, followed 

by the removal of the coating through manual dismantlement. The separated glass is 

crushed to obtain glass cullet, which is sent for reprocessing. The exhaust air, which is 

emitted during the disassembly stage, is scrubbed to separate the mercury and phosphor 

(Hischier et al., 2007; Apisitpuvakul et al., 2008). Inventory data for fluorescent tube 

disassembly at a mechanical treatment plant are detailed in Table B.41; data are 

representative of average conditions in Switzerland (used as a Proxy for the global 

situation) for the year 2005. 

The product outputs from the fluorescent tube disassembly process (ferrous metals, non-

ferrous metals, and glass) are sent on to for reprocessing. Details of the reprocessing of 

each of these materials (including market substitution) are presented in Section B.4.2, 

Section B.4.3, and Section B.2.5.2 respectively. Limited information was available 

pertaining to material loss during the disassembly process but were assumed to be 

negligible (Hischier et al., 2007). No material quality loss was assumed as this was 

attributed downstream at the respective material reprocessing facilities. Whilst it is 

260 



  Appendix B 

possible to recycle the separated mercury and phosphors through distillation and 

purification (see, for example, Binnemans et al., 2013; Tunsu et al., 2014), such practice 

is uncommon and was therefore not included in this study. Instead, it was assumed that 

mercury and phosphors were disposed of in a hazardous waste landfill. 

Table B.41. Inventory data for disassembly of one tonne of fluorescent tubes and light bulbs at a 
mechanical treatment plant. 

 Unit Quantity 
Inputs 
Electricity kWh 30 
   
Outputs   
Dust, to disposal kg 10 
Mercury, to hazardous landfill kg 5 
Glass cullet, to reprocessing kg 890 
Rare-earth activated phosphors, to hazardous landfill kg 15 
Secondary metalsa, to reprocessing kg 80 

Source: Hischier et al. (2007). 
a Assumed to comprise 30% ferrous and 70% non-ferrous metals based on Crowe et al. (2003). 

B.7.6 Fridges & freezers 

 Material composition  

The average composition of refrigerators and freezers disposed of in the UK is detailed 

in Table B.42; data are based on a European study conducted in the year 2002 (Crowe et 

al., 2003), which have been used to represent average UK conditions. 

Table B.42 
Average composition of end-of-life refrigerators and freezers. 

Component Percentage (%) 
Ferrous metals 64.4 
Non-ferrous metals 6.0 
Plastics 13.0 
Glass 1.4 
Other 15.1 

Source: Crowe et al. (2003). 

 Recycling system description 

Collected fridges and freezers are sent to an AATF for disassembly and sorting (for 

details, see Section B.7.2.3). Target materials (ferrous metals, non-ferrous metals, and 

plastics) are sent on for reprocessing (for details, see Section B.4.2, Section B.4.3, and 

Section B.5.3, respectively) and rejects are disposed of to landfill.  
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B.8 Batteries 

B.8.1 Summary 

An overview of key technical parameters used to model waste batteries recycling is 

presented in Table B.43. 

Table B.43. Summary of batteries recycling system parameters.  

Waste material type 
Material 
loss (%) 

Material 
component 

Secondary 
product 

Substituted primary 
product 

Material 
quality loss 
(%) 

Automotive batteries 35.0 Batteries Lead Lead 0 
Post-consumer, non-
automotive batteries 

42.0 Batteries Manganese Manganese 0 
Zinc Zinc 0 
Crude steel Steel 0 
Mercury Mercury 0 
Ferromanganese Ferromanganese 0 

B.8.2  Automotive batteries 

 Material composition 

The assumed composition of collected automotive batteries is detailed in Table B.42; 

data are representative of an average lead acid battery disposed of in the UK in 2006. 

Table B.42. Lead acid battery composition. 
Component Percentage (%) 
Lead 65 
Other metals 4 
Sulphuric acid 16 
Plastics 10 
Other 5 

Source: Fisher et al. (2006b). 

 Recycling system description 

Post-collection, automotive batteries are sent to a batteries sorting facility in the UK. 

Once sorted, the automotive batteries are transported to a lead-acid battery reprocessing 

facility. 
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 Spent batteries sorting 

The process for sorting waste batteries was modelled based on data from G&P Batteries, 

a batteries sorting plant based in the UK (Fisher et al., 2006b). At the facility, batteries 

are first unloaded at the reception area via an on-site forklift and are passed through to a 

warehouse for sorting, which is predominantly manual. Batteries are sorted according to 

their chemistries and non-target materials are removed for disposal at either a hazardous 

waste incinerator or a non-hazardous landfill. Post-sorting, the batteries are stockpiled 

in the warehouse inside polyethylene containers until they are sufficiently full for 

economic transfer to reprocessing facilities. At this stage, the bins are loaded onto 

vehicles via an on-site forklift and are transported to the relevant recycling facility 

based on the batteries' chemistry (Fisher et al. (2006). Inventory data for the G&P 

Batteries sorting process are detailed in Table B.43. Target material loss during sorting 

was assumed to be negligible.  

Table B.43. Inventory data for sorting of one tonne of mixed waste batteries. 
 Unit Quantity 
Inputs   
HDPE kg 1.25 
Electricity kWh 2.4 
Diesel l 0.17 
Coke kg 20.0 
Water kg 0.47 
   
Process parameters   
Transfer coefficients   
Batteries to batteries recycling t t-1 1 
Contaminants to residual t t-1 1 
   
Outputs   
Wastewater, to treatment kg 0.47 
Emissions to air   
Carbon dioxide, fossil kg 0.46 

Source: adapted from Fisher et al. (2006b). 

 Spent batteries processing 

The process for recycling of wet-cell lead acid automotive batteries was modelled based 

on data from Campine, a lead recycling plant based in Belgium, and is representative of 

the year 2004 (Fisher et al., 2006b). At the facility, the waste battery feedstock is first 

mechanically shredded, with any leaked sulphuric acid captured and pumped into 
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storage tanks where it remains until it is transported off-site for re-use in industry. The 

shredded batteries are mixed with coke fuel, limestone, and re-used process slag and 

transferred in batches into a furnace, where the mixture is melted at a temperature of 

1,200 to 1,300°C. The main outputs from the furnace are lead (86-87% pure), slags 

(approximately 78% of which are re-used internally as an input into the lead furnace), 

and waste gases (quenched, filtered, and cooled with cold air to prevent dioxin 

formation). The lead is transferred to a refinery where antimony and calcium impurities 

are removed through oxidation. The final lead oxide product is then removed 

mechanically and cast into ingots (depending on the intended application, alloys may be 

added at this step). Inventory data for the Campine lead acid recycling process are 

detailed in Table B.44. Target material (lead) loss during sorting was assumed to be 

negligible and no material quality loss is assumed. 

Recovered secondary lead was assumed to substitute for primary lead. The primary 

production data were sourced from the ecoinvent v2.2 database (“lead primary, at 

plant”) and are representative of global conditions in the year 2005 (Classen et al., 

2009). The process encompasses the production of primary lead via sintering, direct 

smelting, and final refinement and includes the disposal of slag. 

Table B.44. Inventory data for reprocessing of one tonne of spent lead acid batteries. 
 Unit Quantity 
Inputs 
Limestone kg 5.8 
Iron (Fe) scrap kg 4.0 
Sodium hydroxide kg 350 
Sodium nitrate  kg 0.4 
Sulphur kg 0.9 
Iron chloride kg 0.9 
Slag (re-used from process) kg 150 
Electricity kWh 35.2 
Natural gas kg 16.2 
Coal coke kg 20.0 
Process water kg 770 
   
Outputs   
Secondary Fe kg 650 
Flue dust (re-used internally) kg 13.6 
Slag (re-used internally) kg 150 
Slag, to inert landfill kg 44 
sulphuric acid (re-used internally) kg 71 
Emissions to air 
Carbon dioxide, fossil kg 500 

Source: Fisher et al. (2006b). 
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B.8.3 Post-consumer, non-automotive batteries 

 Material composition 

A 2008 study by WRAP (2008b) found that alkaline/zinc carbon batteries comprised 

over 92% of post-consumer spent dry-cell batteries collected in the UK in 2008. Given 

their market dominance, the recycling of post-consumer batteries recycling was 

modelled based on the recycling of spent alkaline batteries. The average composition of 

spent alkaline batteries collected in the UK in 2008 is detailed in Table B.45. It should 

be noted that large variations in composition are evident between different battery 

producers (Fisher et al., 2006b). 

Table B.45. Alkaline manganese battery composition. 
Component Percentage 
Ferrous metals 24.8 
Manganese (Mn) 22.3 
Nickel (Ni) 0.5 
Zinc (Zn) 14.9 
Other metals 1.3 
Alkali 5.4 
Carbon 3.7 
Paper 1.0 
Plastics 2.2 
Water 10.1 
Other non-metals 14.0 

Source: Fisher et al. (2006b). 

 Recycling system description 

Post-collection, spent post-consumer batteries are sent to a batteries sorting facility in 

the UK. Batteries are then sorted according to their individual chemistries before being 

transported for processing. 

 Spent batteries sorting 

The process for sorting post-consumer spent batteries was based on data from G&P 

Batteries (see Table B.43). Target material loss during sorting was assumed to be 

negligible (Fisher et al., 2006b). 
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 Spent batteries processing  

Given that each different type of battery has its own composition, a variety of 

techniques must be applied in the processing of waste batteries (see Fisher et al., 2006b; 

Baeyens et al., 2010). To minimise data requirements, it was assumed that 50% of waste 

post-consumer, non-automotive batteries are treated by hydrometallurgical processing 

and 50% by pyrometallurgical processing (Fisher et al., 2006b; Hischier et al., 2007), 

with the purpose being to recover metals for re-use and recycling (European Recycling 

Platform [ERC], 2012). 

B.8.3.4.1 Hydrometallurgical processing 

Hydrometallurgical processing of used batteries was modelled based on the battery 

recycling process, RECUPYLTM, developed by Recupyl, France, as detailed by Fisher et 

al. (2006b). The process begins with the shredding and sorting of the input waste 

batteries according to size. The feedstock then undergoes a mechanical treatment step 

comprising the sifting and magnetic separation of the ferrous metals, paper, and plastics 

from the shredded batteries to leave a 'black mass'. The black mass is then treated with 

acid, leaving a zinc/mercury solution, a separation of mercury, and a separation of other 

(non-ferrous) metals. The zinc/mercury solution is then purified via electrolysis to leave 

zinc and mercury oxides that are sent for use in the non-ferrous metals production 

industry. Inventory data for the RECUPYLTM recycling process are detailed in Table 

B.46; data are representative of French conditions in the year 2004. Material loss during 

the process was assumed to be negligible (Fisher et al., 2006b). No material quality loss 

was assumed. 

Recovered zinc was assumed to be sold to the non-ferrous metals industry for 

galvanisation where it was assumed to substitute for primary zinc. The primary 

production data were sourced from the ecoinvent v2.2 database (“zinc, primary, at 

regional storage”) and are representative of average European conditions in the year 

2003 (Classen et al., 2009). The process includes the transportation and use of raw 

material and energy inputs in the production of high grade primary zinc through 

pyrometallurgical and hydrometallurgical processes, the disposal of slag, and the 

treatment of wastewater. 
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The elemental manganese from the manganese dioxide output was assumed to be used 

in the non-ferrous metals industry where it was assumed to substitute for primary 

manganese. The primary production data were sourced from the ecoinvent v2.2 

database (“manganese, at regional storage”) and are representative of average European 

conditions in the year 2003 (Classen et al., 2009). The process includes the 

transportation and use of raw material and energy inputs in the production of manganese 

through electrolysis of ore and electrothermic processing of ferromanganese. 

Recovered ferrous metals were assumed to be used in the production of crude steel. 

Details of the use of ferrous metal scrap in the production of crude steel, including 

market substitution, are outlined in Section B.4.2. 

Table B.46. Inventory data for hydrometallurgical processing (RECUPYLTM process) of one tonne of 
spent alkaline batteries. 

 Unit Quantity 
Inputs 
Sulphuric acid (92%) l 168 
Hyponitrite (N2O2) (30%) l 126 
Antifoam l 0.86 
Electricity kWh 959 
Water l 567 
   
Outputs   
Secondary zinc kg 205 
Manganese dioxide (MnO2), to non-ferrous metals industry kg 317 
of which pure Mn kg 228 
Ferrous metals, to steel production kg 180 
Residuals, to disposal kg 120 
Residue of leaching (chemical treatment), to disposal kg 97 
Mixed heavy metals, to disposal kg 10 
Wastewater, to treatment kg 99 

Source: Fisher et al. (2006b). 

B.8.3.4.2 Pyrometallurgical processing 

Modelling of pyrometallurgical recycling of alkaline and saline batteries was based on 

the process at Batrec, Switzerland, a used battery recycler, as detailed by Fisher et al. 

(2006b). The feedstock is first manually sorted before being fed into a shaft furnace, 

where they are pyrolysised at temperatures of up to 700°C. During pyrolysis, the water 

and mercury are vaporised and, along with carbonised organic compounds, pass into an 

afterburner. The exhaust gases are then led into an exhaust gas purification plant where 
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they are washed with circulating water to remove solid materials and allow the mercury 

to condense into a metallic form. The metallic components arising through the pyrolysis 

process are passed into an induction furnace, where they are reduced through smelting 

at a temperature of 1,500°C. Iron and manganese separate during the smelting process 

and combine to form ferro-manganese, whilst the zinc vaporises and is recovered in a 

zinc condenser. Inventory data for the Batrec pyrometallurgical recycling process are 

detailed in Table B.47; data are representative of Swiss conditions in the year 2004. 

Material loss during the process was assumed to be negligible (Fisher et al., 2006b). No 

material quality loss was assumed. 

It was assumed that the product output, ferromanganese, would be used as a deoxidiser 

in the cast iron industry. Secondary ferromanganese was assumed to substitute for 

primary ferromanganese at a ratio of 0.74:1 (w/w), based on the respective manganese 

contents of the two sources: secondary ferromanganese was reported by Fisher et al. 

(2006b) as having an Mn content of 55%, whilst primary ferromanganese has an Mn 

content of 74.5% according to Classen et al. (2009). The primary production data were 

sourced from the ecoinvent v2.2 database (“ferromanganese, high-coal, 74.5% Mn, at 

regional storage”) and are representative of average European conditions in the year 

2003 (Classen et al., 2009). 

Recovered zinc was assumed to be sold to the non-ferrous metals industry for 

galvanisation where it was assumed to substitute for primary zinc. The primary 

production data were sourced from the ecoinvent v2.2 database (“zinc, primary, at 

regional storage”) and are representative of average European conditions in the year 

2003 (Classen et al., 2009). The process includes the transportation and use of raw 

material and energy inputs in the production of high grade primary zinc through 

pyrometallurgical and hydrometallurgical processes, the disposal of slag, and the 

treatment of wastewater. 

It was assumed that recovered metallic mercury would be sold to the metallurgic 

industry where it would substitute for primary mercury. The primary production data 

were sourced from the ecoinvent v2.2 database (“mercury, liquid, at plant”) and are 

representative of average global conditions in the year 2003. 
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Table B.47. Inventory data for pyrometallurgical processing of one tonne of spent alkaline batteries. 

 Unit Quantity 
Inputs 
Fuel oil kg 58 
Propane kg 6 
Electricity kWh 1690 
Water l 1400 
   
Outputs   
Ferromanganese (55% Fe, 40% Mn, 5% Cu, & Ni) kg 290 
Secondary zinc kg 200 
Secondary mercury kg 0.3 
Wastewater, to treatment l 1400 
Slag, to disposal kg 146 
Emissions to air 
Nitrous oxide kg 0.82 

Source: Fisher et al. (2006b). 
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B.9 Tyres 

B.9.1 Summary 

An overview of key technical parameters used to model waste tyres recycling is 

presented in Table B.48. 

Table B.48. Summary of tyres recycling system parameters.  
Waste 
material type 

Material 
loss (%) 

Material 
component 

Secondary 
product 

Substituted 
primary product 

Material quality 
loss (%) 

Car tyres 22.1 Steel Crude steel Steel 0 
Crumb rubber Rubber granulate 

<3 mm 
Bitumen 0 

Rubber crumb 
<20 mm 

Synthetic rubber 0 

Van tyres 13.0 Steel Crude steel Steel 0 
Crumb rubber Rubber granulate 

<3 mm 
Bitumen 0 

Rubber crumb 
<20 mm 

Synthetic rubber 0 

Large vehicle 
tyres 

13.0 Steel Crude steel Steel 0 
Crumb rubber Rubber granulate 

<3 mm 
Bitumen 0 

Rubber crumb 
<20 mm 

Synthetic rubber 0 

Mixed tyres 21.0 Steel Crude steel Steel 0 
Crumb rubber Rubber granulate 

<3 mm 
Bitumen 0 

Rubber crumb 
<20 mm 

Synthetic rubber 0 

B.9.2 Car tyres 

 Material composition 

The average composition of a UK end-of-life passenger car tyre is detailed in Table 

B.49; data are representative of the year 2005. 

Table B.49. End-of-life passenger car tyre material composition. 
Component Percentage (%) 
Crumb rubber 70 
Steel 17 
Fibre & scrap 13 

Source: Evans and Evans (2006). 
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 Recycling system description 

Collected waste car tyres are sent to a waste rubber recycling facility. There is a dearth 

of specific data pertaining to the tyre recycling process. As such, the tyre recycling 

process was modelled based on process descriptions from Baeyens et al. (2010), Eldan 

Recycling (2014b), and Silvestravičiūtė and Karaliūnaitė (2006) coupled with secondary 

literature data used as a proxy; hence, the degree of associated uncertainty is large. At 

the waste rubber recycling facility, waste tyres are first fed into a chopper for 

preliminary shredding into less than 100 mm chips. The chips are then fed into a 

granulator, where their size is further reduced (to less than 10 mm) and the steel and 

fibre is liberated from the rubber crumb. After leaving the granulator, steel is recovered 

through magnetic separation and the fibre fraction is removed through a combination of 

shaking screens and wind shifters. The remaining rubber crumb may them pass through 

a number of further grinding steps to reduce the particle size (typically to within a range 

of 0.6 – 4.0 mm) and reduce levels of contamination with steel and fibre. The extent to 

which rubber crumb is further processed is dependent on customer demand, with the 

quality of the output (particle size and level of contamination) varying from product to 

product (Reschner, 2002; Pehlken and Müller, 2009).  

Typical product grades in demand in the UK include <3 mm rubber granulate (applied 

across a range of industries, including landscaping, horticulture, transport, and 

construction); <20 mm rubber crumb (commonly used in landscaping and artificial 

sports surfacing); tyre-derived fuel (TDF) for combustion in cement kilns; and 

recovered steel, which is further cleaned to reduced contamination prior to reprocessing 

in steel production. 

Inventory data for the tyre recycling process are detailed in Table B.50. As mentioned 

above, the type of rubber product produced is customer driven and is highly variable. 

Qualitative evidence suggests that rubber granulate, which is applied predominantly in 

the transport industry in road construction, is the most in-demand product from waste 

tyres (Pehlken and Müller, 2009; Baeyens et al., 2010); as such, it was assumed that 

75% of rubber was used in rubber granulate production, whilst the remaining 25% was 

used in rubber crumb production. Due to a lack of specific data, material loss rates were 

estimated to be 10% for both steel and rubber. No material quality loss was assumed. 
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Rubber granulate, <3 mm was assumed to be used in the transport industry as an 

additive to asphalt in road surfacing. The rubber granulate was assumed to substitute for 

primary asphalt (bitumen) at a ratio of 1:1 (mass basis). The primary production data 

were sourced from the ecoinvent v2.2 database (“bitumen, at refinery”) and are 

representative of average European conditions in the year 2000. 

Rubber crumb, < 20 mm was assumed to be used in the leisure and recreation industry 

in sports surfacing. It was assumed to substitute for synthetic rubber at a ratio of 1:1 

(mass basis). The primary production data were sourced from the ecoinvent v2.2 

database (“synthetic rubber, at plant”) and are representative of average European 

conditions in the year 2003. 

Recovered steel was assumed to be used in the production of crude steel. Details of the 

use of steel in the production of crude steel, including market substitution, are outlined 

in Section B.4.2. 

Table B.50. Inventory data for processing of one tonne of waste tyres. 
  Unit Quantity Reference 

Inputs 
Electricity kWh 200 Eldan Recycling (2014a) 
    
Outputs    
Steel, to steel production kg 153a - 
Rubber granulate (<3 mm) kg 473b - 
Rubber crumb (<20 mm)  kg 158b - 
Steel, to disposal kg 17 - 
Rubber, to disposal kg 70 - 
Fibre, to disposal kg 130 - 

a Contains minor (2-3%) contamination of rubber (Baeyens et al., 2010). 
b Contains minor (1-4%) contamination of fibre and steel (Eldan Recycling, 2014a). 

B.9.3 Van tyres 

Recycling of van was modelled using “large vehicle tyres” recycling as a proxy (see 

Section B.9.4 for details). 
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B.9.4 Large vehicle tyres 

 Material composition 

The average composition of a UK end-of-life large vehicle tyres vehicle tyre is detailed 

in Table B.51; data are representative of the year 2005. 

Table B.51. End-of-life large vehicle tyres material composition. 
Component Percentage (%) 
Crumb rubbera 78 
Steel 15 
Fibre & scrap 7 

Source: Evans and Evans (2006). 
a Contains minor contamination of metals and fibres. 

 Recycling system description 

Collected waste large vehicle tyres are sent to a waste rubber recycling facility. Their 

processing was assumed to be consistent with that of passenger car tyres (see Section 

B.9.2.2). Due to the different material composition between large vehicle tyres and car 

tyres, the outputs of the tyre recycling process are different. Inventory data for large 

vehicle tyre recycling process are detailed in Table B.52. Details of market substitution 

from secondary materials production are detailed in Section B.9.2.2. 

Table B.52. Inventory data for processing of one tonne of large vehicle tyres. 
  Unit Quantity Reference 

Inputs 
Electricity kWh 200 Eldan Recycling (2014a) 
    
Outputs    
Steel, to steel production kg 135a - 
Rubber granulate (<3 mm) kg 526b - 
Rubber crumb (<20 mm)  kg 176b - 
Steel, to disposal kg 15 - 
Rubber, to disposal kg 78 - 
Fibre, to disposal kg 70 - 

a Contains minor (2-3%) contamination of rubber (Baeyens et al., 2010). 
b Contains minor (1-4%) contamination of fibre and steel (Eldan Recycling, 2014a). 
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B.9.5 Mixed tyres 

The composition (by vehicle tyre type) of mixed tyres was determined based on the UK 

tyre market composition in 2010 and is detailed in Table B.53. Details of the car tyres, 

van tyres, and large vehicle tyres recycling systems are provided in Section B.9.2, 

Section B.9.3, and Section B.9.4, respectively.  

Table B.53. End-of-life large vehicle tyres material composition. 
Component Percentage (%) 
Car tyres 88 
Van tyres 8 
Large vehicle tyres 3 

Source: adapted from the Tyre Industry Federation (TIF; 2011). 
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B.10 Furniture 

B.10.1 Summary 

An overview of key technical parameters used to model waste furniture recycling is 

presented in Table B.54. 

Table B.54. Summary of furniture recycling system parameters.  
Waste material 
type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Furniture 20 Wood Recycled 
MDF 

Virgin MDF fibre 0 

B.10.2 Furniture 

Recycling of furniture  was modelled using “composite wood materials” recycling as a 

proxy (see Section B.6.4 for details). 
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B.11 Rubble 

B.11.1 Summary 

An overview of key technical parameters used to model waste furniture recycling is 

presented in Table B.54. 

Table B.54. Summary of furniture recycling system parameters.  
Waste 
material type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Rubble 7.1 Rubble 
(stones) 

Aggregate  Gravel 0 

Ferrous 
metals 

Crude steel Steel 0 

B.11.2 Rubble 

 Material composition 

The average composition of UK waste rubble is detailed in Table B.55; data are 

representative of the year 2004. 

Table B.55. Average composition of UK waste rubble. 
Component Percentage (%) 
Rubble (stones) 93.0 
Soil 4.5 
Wood 1.0 
Ferrous metals 1.0 
Plastics 0.5 

Source: adapted from EA (2010). 

 Recycling system description 

Post-collection, rubble is sent to a mobile mechanical treatment plant. The rubble is first 

sorted to remove contaminants, which are disposed of to landfill, before being crushed 

to the required size for use. The ferrous metals are separated out and sent for 

reprocessing and use in the production of secondary steel. Inventory data for the waste 

rubble recycling process are detailed in Table B.56; data re representative of average 

UK conditions in the year 2004. No material loss or material quality loss was assumed 

(EA, 2010). 
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Recycled rubble was assumed to be used as aggregate (type 1 sub base) in the 

construction industry. The secondary aggregate was assumed to substitute for primary 

aggregate (gravel). The primary production data were sourced from the ecoinvent v2.2 

database (“gravel, unspecified, at mine”) and are representative of average Swiss 

conditions in the year 1997 (Kellenberger et al., 2007). 

 

Table B.56. LCI data for reprocessing of one tonne of rubble into secondary aggregate. 
 Unit Quantity 
Inputs    
Water kg  0.15 
Diesel kg 0.58 
   
Outputs   
Type 1 sub base kg 930 
Ferrous metals, to steel production kg 10 
Residuals, to disposal kg 60 
Emissions to air   
Carbon dioxide, fossil kg 1.82 

Source: EA (2010). 
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B.12 Soil 

B.12.1 Summary 

An overview of key technical parameters used to model soil recycling is presented in 

Table B.57. 

Table B.57. Summary of furniture recycling system parameters.  
Waste 
material type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Soil 
 

0 Soil - - - 

B.12.2 Soil 

 Recycling system description 

Soil was assumed to be used as an alternative daily cover (ADC) on landfill sites. 0.35 

kg diesel fuel was assumed to be used during application (Boldrin et al., 2009b). The 

degradation and fate of carbon and nitrogen in the soil post-applied to land was 

modelled based on research conducted in West Denmark (Bruun et al., 2006; Hansen, 

2006b) and Europe (Smith et al., 2001) used as a proxy. The proportion of biogenic 

carbon bound to soil after 100 years was assumed to be 12% (Smith et al., 2001; Bruun 

et al., 2006). No market substitution was assumed. 
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B.13 Plasterboard 

B.13.1 Summary 

An overview of key technical parameters used to model plasterboard recycling is 

presented in Table B.58. 

Table B.58. Summary of plasterboard recycling system parameters.  
Waste material 
type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Plasterboard 
 

3.0 Gypsum Gypsum Mineral gypsum 0 
Paper Testliner Kraftliner 10 

Wellenstoff Semi-chemical 
fluting 

10 

B.13.2 Plasterboard 

B.13.2.1.1 Material composition 

Plasterboard is composed of an inner layer of gypsum sandwiched between two outer 

layers of lining paper. Different board products may include various additives, designed 

to enhance the robustness of the board, which results in a wide variation in board 

compositions and properties. The material composition of an average UK plasterboard 

panel is detailed in Table B.59; data are representative of an average plasterboard panel 

in the UK in the year 2007. 

 Table B.59. Average UK plasterboard material composition. 
Component Percentage (%) 
Gypsum 93.0 
Lining paper 6.6 
Other 0.4 

Source: adapted from WRAP (2008d). 

B.13.2.1.2 Recycling system description 

Post-collection, post-consumer waste plasterboard is sent to a plasterboard recycling 

facility. Upon receipt of the waste, contaminants (comprising mostly metallic nails and 

screws) and the lining paper are liberated from the gypsum through a series of 

mechanical processes, including grinding, shredding, and sieving. The contaminants are 
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then disposed of to landfill, whilst the recovered lining paper is sent for recycling (see 

Section B.3.5), composting, or disposal in a landfill (based on WRAP (2008d), it was 

here assumed that lining paper is transferred evenly between these three outcomes. The 

remaining gypsum, which typically contains less than 3% contamination, is then sold 

and transported to plasterboard manufacturers for pre-processing (drying) and 

calcination before being incorporated in the production of new plasterboard products. 

Inventory data for post-consumer waste plasterboard recycling are detailed in Table 

B.60, whilst inventory data for the pre-processing of gypsum at a plasterboard 

manufacturing facility is detailed in Table B.61. Material loss rate for gypsum was 

assumed to be negligible, whilst a 33% material loss was assumed for paper (WRAP, 

2008d). No material quality loss was assumed for gypsum (WRAP, no date-d) or paper, 

where material quality loss was attributed downstream at the paper reprocessing facility. 

Recovered gypsum was assumed to be recycled in a closed-loop system and used in the 

production of new plasterboard products. Recovered and processed gypsum was 

assumed to substitute for imported mineral gypsum. The substituted product comprises 

several datasets: 1) Mining. Mineral gypsum was assumed to be sourced from a 

European quarry (WRAP, 2008d), with data pertaining to the mining and crushing of 

mineral gypsum sourced from the ecoinvent v2.2 database (“gypsum, mineral, at 

mine”); data are representative of average conditions in Switzerland in the year 2003 

(Kellenberger et al., 2007); 2) Transportation. Mined gypsum sourced from a European 

mine was assumed to be transported 16 km by lorry and 2,730 km by ship from a 

European mine to the plasterboard manufacturer (WRAP, 2008d); and 3) Pre-processing 

(drying). Upon arrival at a plasterboard manufacturer, mineral gypsum is dried to reduce 

its moisture content prior to calcination. Inventory data pertaining to the pre-processing 

(drying) of mineral gypsum are derived from WRAP (2008d) and are detailed in Table 

B.62; data are representative of UK conditions in the year 2007. 
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Table B.60. Inventory data for processing of one tonne of post-consumer waste plasterboard at a 
plasterboard recycling facility. 

 Unit Quantity 
Inputs 
Electricity kWh 9.9 
Diesel l 0.9 
   
Outputs   
Gypsum, to pre-processing kg 930 
Paper, to disposal kg 22 
Paper, to composting kg 22 
Paper, to recycled cardboard base paper production kg 22 
Residuals, to disposal kg 4 

Source: adapted from WRAP (2008d). 
 
 
 
Table B.61. Inventory data for pre-processing (drying) of one tonne of post-consumer waste gypsum at a 
plasterboard manufacturing facility. 

 Unit Quantity 
Inputs 
Electricity kWh 10 
Natural gas m3 3.3 
   
Outputs   
Gypsum, to calcination kg 1000 

Source: WRAP (2008d). 
 
 
 
Table B.62. Inventory data for pre-processing (drying) of one tonne of mineral gypsum at a plasterboard 
manufacturing facility.  

 Unit Quantity 
Inputs 
Electricity kWh 4.8 
Natural gas m3 0.8 
   
Outputs   
Mineral gypsum, to calcination kg 1000 

Source: WRAP (2008d). 
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B.14 Oil 

B.14.1 Summary 

An overview of key technical parameters used to model waste oil recycling is presented 

in Table B.63. 

Table B.63. Summary of waste oil recycling system parameters.  
Waste material 
type 

Material loss 
(%) 

Material 
component 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Vegetable oil 4.1 Vegetable oil Biodiesel Fossil diesel 0 
Mineral oil 4.1 Mineral oil Biodiesel Fossil diesel 0 

B.14.2 Vegetable oil 

 Recycling system description 

Collected vegetable oil was assumed to be recycled in the production of biodiesel. There 

are several possible means of obtaining biodiesel from lipidic feedstocks (see Morais et 

al., 2010). The most commonly used method is the transesterification of triglycerides in 

the presence of a homogenous alkali-catalyst, which produces methyl ester molecules 

comparable in size to diesel fuel. Several sources of LCI data pertaining to the use of 

waste vegetable oil in the production of biodiesel were identified (Jungbluth et al., 

2007; Morais et al., 2010; Talens Peiró et al., 2010; Wang, 2013). Of these, data from 

Morais et al. (2010) were adopted for this study as they was assessed as being of the 

highest quality (in terms of representativeness and appropriateness) of the available data 

sources. For details of the process, refer to Morais et al. (2010). Inventory data for the 

biodiesel production process using waste vegetable oil process are detailed in Table 

B.64; data are representative of average European conditions in the year 2010. A 4.1% 

material loss was assumed (Morais et al., 2010), whilst no material quality loss rate was 

assumed.  

Biodiesel derived from waste vegetable oil was assumed to be used in the transport 

industry as B20 fuel – a mixture of 20% biodiesel and 80% petroleum-based diesel by 

volume. The biodiesel was assumed to substitute for fossil fuel-derived diesel oil. 

Substitution of fuels may be accounted on a mass, volume or energy content basis, and 

it is recognised that the choice of substitution method can have a significant effect on 
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the results (Kim and Dale, 2002; Gnansounou et al., 2009). It was here assumed that 

biodiesel would substitute for diesel oil at a 1:1 ratio on an energy content basis (net 

calorific value), as per the recommendation of Gnansounou et al. (2009). The energy 

content of biodiesel was assumed to be 44 MJ kg-1 (Defra et al., 2014). The primary 

production data were sourced from the UK GHG conversion factors database and are 

representative of average UK conditions in the year 2014 (Defra et al., 2014). Based on 

this, the energy content of fossil fuel-derived diesel oil was assumed to be 42.94 MJ kg-

1, meaning that in this study biodiesel was assumed to substitute for fossil diesel at a 

ratio 1:0.976 (mass basis). 

Table B.64. Inventory data for use of one tonne of waste vegetable oil in biodiesel production using an 
alkali-catalysed transesterification process with free fatty acids pre-treatment. 

 Unit Quantity 
Inputs 
Water (process) kg 41.4 
Water (cooling) kg 2,677 
Methanol kg 108.0 
Sodium hydroxide kg 8.4 
Sulphuric acid kg 0.1 
Phosphoric acid kg 6.8 
Calcium oxide kg 0.1 
Electricity kWh 0.9 
Glycerol kg 0.1 
Medium pressure stream (250°C) (from natural gas) kg 796.6 
Low pressure stream (100°C) (from natural gas) kg 1491 
   
Outputs   
Biodiesel kg 959.5 
Salts, to disposal kg 13.6 
Hazardous liquid waste, to wastewater treatment kg 32.3 

Source: Morais et al. (2010). 

B.14.3 Mineral oil 

Pratt et al. (2013) provide carbon factors for the recycling of mineral waste derived 

from household waste (2 kg CO2e t-1) and non-household (C&I and C&D) waste (1 kg 

CO2e t-1), with these factors based on a German LCA study carried out in 2005 by IFEU 

(Fehrenbach, 2005). However, the IFEU study compares the environmental impacts of 

five different used oil re-refinement techniques and it is unknown which of these was 

used by Pratt et al. (2013) in the development of their carbon factor. Furthermore, due 

to the high processing costs involved in re-refinement (Fitzsimons, 2010), it is unlikely 
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that this practice represents the predominant management option for used mineral oil in 

the UK.  

An alternative source of data is a 2013 Californian LCA study of used oil managed 

undertaken by CalRecycle (Geyer et al., 2013). and other co-products present life-cycle 

inventory models for the reprocessing of used oil into either marine distillate oil 

(distillation), re-refined base oil (re-refinement), or recycled fuel oil (RFO). However, 

the primary data used in their modelling is not documented due to restrictions imposed 

by non-disclosure agreements. Furthermore, the assumptions made in the study are 

based on the average situation in the USA and are not representation or appropriate for 

application in a UK study.  

Due to the lack of both general information and LCA studies pertaining to the 

management of used mineral oil in the UK, the vegetable oil recycling system (Section 

B.14.2) was been used as a proxy. 
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B.15 Composite 

B.15.1 Summary 

An overview of key technical parameters used to model waste composite materials 

recycling is presented in Table B.65. 

Table B.65. Summary of waste composite materials recycling system parameters.  

Waste material type 
Material 
loss (%) 

Material 
component 

Secondary 
product 

Substituted 
primary product 

Material 
quality loss 
(%) 

Composite food & 
beverage cartons 

30.7 Paper Testliner Kraftliner 10 
Wellenstoff Semi-chemical 

fluting 
10 

Plastic HDPE granulate HDPE granulate 10 
Aluminium Aluminium Aluminium 0 

Mattresses 33.4 Textiles Mattress filling 
fibre 

Flocking 
material 

20 

Natural fibre 
wiping cloths 

Paper wiping 
cloths 

20 

Artificial fibre 
wiping cloths 

Artificial wiping 
cloths 

20 

Steel Crude steel Steel 0 

B.15.2 Composite food & beverage cartons 

 Material composition 

The material composition of an average composite food & beverage carton (Tetra Brik 

Aspec package) is detailed in Table B.66. 

Table B.66. Average material composition of a Tetra Brik Aspec (TBA) package. 
Component Percentage (%) 
Paperboard 74 
Plastic (HDPE) 21 
Aluminium 5 

Source: adapted from Barkman et al. (1999). 
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 Recycling system description 

Collected composite food and beverage cartons are sent to a composite packaging 

recycling facility for dismantlement. The recovered materials (paper, plastic, and 

aluminium) are then sent on for recycling at material-specific recycling facilities. 

 Composite packaging dismantlement 

The process for composite packaging dismantlement was modelled based on a 

theoretical European waste paper sorting facility, as described by Hischier (2007), used 

as a proxy for composite packaging dismantlement. At the facility, the composite 

packaging feedstock is first soaked in water to liberate the paperboard from the plastic 

and aluminium layers. The paperboard is then sent to a paper mill for reprocessing, the 

plastic (assumed to be HDPE) is sent to a HDPE mechanical reprocessing (recycling) 

facility, and the aluminium is sent for re-melting. Inventory data for composite carton 

recycling process are detailed in Table B.67; data are representative of average 

European conditions in the year 2007. Material loss rates of 20%, 2%, and 38% were 

reported by Xie et al. (2012) for paperboard, aluminium, and HDPE, respectively; these 

values were adopted in this study. No material quality loss was assumed as this was 

attributed downstream at the respective constituent material reprocessing facilities.  

Table B.67. Inventory data for recycling (dismantling and shredding) of one tonne of composite food & 
beverage cartons. 

 Unit Quantity Reference 
Inputs  
Electricity kWh 9.1 Adapted from Hischier (2007) 
Diesel kg 0.62 Adapted from Hischier (2007) 
Heat, light fuel oil MJ 0.36 Adapted from Hischier (2007) 
Rolled steel kg 1.2 Adapted from Hischier (2007) 
Hydraulic oil kg 0.012 Adapted from Hischier (2007) 
    
Outputs    
Paper, to recycled cardboard base 
paper production 

kg 592 Adapted from Xie et al. (2012) 

HDPE, to HDPE recycling kg 31 Adapted from Xie et al. (2012) 
Aluminium, to aluminium recycling kg 206 Adapted from Xie et al. (2012) 
Paper, to disposal kg 148 Adapted from Xie et al. (2012) 
HDPE, to disposal kg 19 Adapted from Xie et al. (2012) 
Aluminium, to disposal kg 4 Adapted from Xie et al. (2012) 
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 Material recycling 

Recovered paperboard was assumed to be sent to a paper mill for reprocessing into 

secondary cardboard products (see Section B.3.3.1). Recovered aluminium was 

assumed to be sent to an aluminium reprocessor for use in the production of secondary 

aluminium ingots (see Section B.4.3.3). Recovered HDPE was assumed to be sent to a 

HDPE mechanical reprocessing facility for use in the production of secondary HDPE 

pellets (see Section B.5.6.2). 

B.15.3 Mattresses 

 Material composition 

Mattresses are composite materials that typically consist of three layers: the core, which 

provides the support and is commonly composed of steel springs, polyether foam, 

and/or latex foam; the shell, which provides the padding around the core and comprises 

a composite textile structure (materials typically used include (non-exclusively) 

polyether foam, latex foam, cotton fibre, and wool) that is glued and/or sewed on to the 

core and fixed with stapes; and the tick, which comprises the outer comfortable, 

cushioning cover layer of the mattress and is commonly composed of (non-exclusively) 

cotton, polyester, silk, wool, or polypropylene. The composition for post-consumer 

waste mattresses used in this study is detailed in Table B.68. 

Table B.68. Average composition of post-consumer waste mattresses in the UK. 
Component Percentage (%) 
Steel 50 
Textilesa 35 
Otherb 15 

Source: adapted from Bartlett et al. (2013). 
a Comprise unwoven cotton fibre (29%), polyester (14%), mixed cover textiles (29%), and flock (28%) 
(Bartlett et al., 2013). 
b Includes (non-exclusively) polyurethane foam (~ 33%), wool, wood, plastic film, and rigid plastics (~ 
67% combined) (Bartlett et al., 2013). 

 Recycling system description 

The process for recycling of collected post-consumer waste mattresses was modelled 

based on Chapman and Bartlett (2011), WRAP (no date-c), and (WRAP, no date-b) and 

comprises four operational stages: checking and unloading; deconstruction; materials 
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separation and processing; and distribution of materials to end markets. Post-delivery 

and unloading at the recycling site, the mattresses are checked for suitability and 

contamination. According to WRAP (no date-b), approximately 2-3% of mattresses are 

rejected at this stage and landfilled due to excessive contamination. Following checking, 

mattresses are stored prior to deconstruction, which begins with a manual sorting phase 

to separate the mattresses into different types (steel, foam, etc.).  The sorted mattresses 

are then manually deconstructed to separate the core, shell, and tick materials, which are 

stored in separate areas; further processing and sorting of the textile components is often 

required. Once sorted, the different materials are then collected by materials recyclers 

for further reprocessing downstream. 

Due to a lack of specific data, inventory data for the sorting of recovered textiles 

(detailed in Section B.17.2.3). were used as a proxy for the checking and deconstruction 

of waste mattresses. Based on WRAP (no date-b), it was assumed that 2% of mattresses 

are rejected during the checking stage. Of the mattresses that undergo deconstruction, 

WRAP (no date-c) report a recycling rate of 60-80%. Based on this, the following 

separation for recycling efficiencies were assumed; steel, 95%, textiles, 80%, other 

materials, 0%.  

Recovered steel was assumed to be sent to a steel smelter for use in the production of 

crude steel (see Section B.3.3), whilst recovered textiles were assumed to be sent to a 

textiles sorting facility for further sorting prior to recycling (see Section B.17.2). 
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B.16 Paint 

B.16.1 Summary 

An overview of key technical parameters used to model paint recycling is presented in 

Table B.69. 

Table B.69. Summary of paint recycling system parameters.  
Waste 
material type 

Material loss 
(%) 

Recycled 
material 

Secondary 
product 

Substituted primary 
product 

Material quality 
loss (%) 

Paint 82.6 Steel Crude steel Steel 0 

B.16.2 Paint 

 Material composition 

Post-consumer paint packaging waste consists of used small metal containers (steel) that 

may be empty or may contain a small quantity of paint sludge. Paint sludge contains a 

combination of organic material, inert material, and water, with the precise composition 

highly variable and dependent upon the paint product type. The average composition of 

post-consumer paint packaging waste disposed of in the Netherlands in the year 2003 

(detailed in Table B.70) was used as a proxy for the UK situation.  

Table B.70. Average composition of post-consumer paint packaging waste in the Netherlands in the year 
2003. 

Component Percentage (%) 
Metal (steel) 20 
Water 6 
Organic material (hydrocarbons) 48 
Inert material (ash) 26 

Source: Saft (2007). 

 Recycling system description 

Upon collection, post-consumer waste paint is sent to a liquid waste physico-chemical 

treatment plant. The process for treating and recycling of post-consumer waste paint 

was modelled based on a description of the activities carried out at a liquid waste 

physico-chemical treatment plant located at Gwent, UK and operated by Tradebe. At the 

plant, waste paint is shredded to reduce particle size and to separate the metal containers 
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from the paint sludge. The metal containers are then cleaned (to remove stubborn paint 

sludge), crushed, and compacted before being sent for recycling. The paint sludge is 

treated through a combination of physical (froth flotation and centrifugation) and 

chemical (acid neutralisation and metals precipitation) treatment processes before being 

blended and filter-pressed, which produces a sterile effluent that is discharged for 

treatment at a POTW and a filter cake that is disposed to landfill.  

Due to a lack of specific data, a number of secondary data sources were used as proxies 

for the physico-chemical treatment process. Energy and material inputs for the sorting 

and preparing of aluminium scrap metal process were used as a proxy for the 

mechanical shredding of paint containers (See Section B.4.3.2). Steel recovered during 

mechanical shredding was assumed to be sent to a steel smelters for use in the 

production of crude steel. Details of the steel recycling process are detailed in Section 

B.4.3. The various mechanical and chemical treatment processes were represented using 

data adapted from a Class 5 wastewater treatment plant sourced from the ecoinvent v2.2 

database (Doka, 2009). Inventory data for the physico-chemical treatment of waste paint 

sludge are presented in Table B.71.  

Table B.71. Inventory data for the physico-chemical treatment of one tonne of post-consumer waste paint 
sludge. 

 Unit Quantity 
Inputs 
Electricity kWh 210 
Heat, natural gas MJ 3.4 
Organic chemicals kg 0.00025 
Inorganic chemicals kg 9.7 
Quicklime kg 0.0006 
   
Outputs   
Wastewater, to treatment kg 60a 
Inert material, to inert landfill kg 740b 

Emissions to air   
Carbon dioxide, biogenic kg 170 
Nitrous oxide kg 0.11 
Methane, biogenic kg 0.50 

Source: adapted from Doka (2009). 
a Based on the water content of the feedstock. 
b Based on the inert and organic material content of the feedstock. 
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B.17 Textiles 

B.17.1 Summary 

An overview of key technical parameters used to model waste textiles recycling is 

presented in Table B.72. 

Table B.72. Summary of waste textiles recycling system parameters.  
Waste 
material type 

Material 
loss (%) 

Material 
component Secondary product 

Substituted 
primary product 

Material quality 
loss (%) 

Textiles & 
footwear 

9.3 Textiles Mattress filling 
fibre 

Flocking material 20 

Natural fibre 
wiping cloths 

Paper wiping 
cloths 

20 

Artificial fibre 
wiping cloths 

Artificial wiping 
cloths 

20 

Textiles only 9.3 Textiles Mattress filling 
fibre 

Flocking material 20 

Natural fibre 
wiping cloths 

Paper wiping 
cloths 

20 

Artificial fibre 
wiping cloths 

Artificial wiping 
cloths 

20 

Footwear only 9.3 Textiles Mattress filling 
fibre 

Flocking material 20 

Natural fibre 
wiping cloths 

Paper wiping 
cloths 

20 

Artificial fibre 
wiping cloths 

Artificial wiping 
cloths 

20 

B.17.2 Textiles and footwear 

 Material composition 

The average composition of UK waste textiles and footwear is detailed in Table B.73; 

data are assumed to be representative of the year 2007. 

Table B.73. Average composition of UK waste textiles and footwear. 
Component Percentage (%) 
Textiles 87.5 
Shoes 9.8 
Plastic film 2.0 
Paper 0.4 
Non-ferrous metals 0.2 
Dense plastic 0.1 

Source: adapted from EA (2010). 
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 Recycling system description 

Collected textiles are sent to a textiles recovery (reclamation and reprocessing) facility 

in the UK where they are sorted for re-use or recycling. Textiles sorted for re-use are 

further sorted according to their quality. The highest quality articles are sent for re-use 

within the UK, whilst articles of a lower quality are exported for re-use abroad. Textiles 

sorted for recycling are, similarly, sorted further by quality, with higher quality material 

sent for recycling in secondary wiper production and lower quality materials sent for 

recycling as mattress filling fibre. In this study, it was assumed that textiles were only 

sorted for recycling. 

 Recovery (reclamation and processing) 

The textiles and footwear sorting process was modelled based on a UK-based textiles 

recovery plant operated by Jmp Wilcox & Co. Ltd. (EA, 2010). At the facility, an initial 

hand sorting procedure is performed to remove contaminants and unsuitable textiles, 

which are disposed of to landfill, from the post-consumer textiles feedstock. The 

feedstock is then roughly sorted into broad categories based on the type of 

textile/footwear (e.g., clothing, carpets, and wipers). Each of the textile categories is 

then finely sorted in different grades based on their required condition, quality, and fibre 

composition according to the specifications of the various end markets (McGill, 2009; 

Morley et al., 2009; Bartlett et al., 2013). Inventory data are not presented for copyright 

reasons. 

Of the material sorted to be sent for recycling, it was assumed that 70% was used in the 

production of wiping cloths and 30% used in the production of mattress filling fibre 

(adapted from McGill, 2009). Recycling of recovered textiles and footwear into carpet 

underlay or various automotive applications was not considered as part of this study. 

 Wiping cloth production 

The reprocessing of waste textiles into industrial wipers and rags was modelled based 

on a UK-based textiles recycling facility operated by Jmp Wilcox & Co Ltd (EA, 2010). 

Upon receipt of the sorted textiles, contaminants, such as buttons and zips, are removed 

manually with metal detectors used to verify the removal of metallic components. The 
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textiles are then manually cut to a specified size, ready for resale as wipers to industry 

(Bartlett et al., 2013). Inventory data are not presented for copyright reasons.  

Textiles for the production of secondary wipers and rags are assumed to be composed of 

40% cotton fibres and 60% artificial fibres. Cotton  and artificial fibres were assumed to 

substitute for paper wipers and primary polypropylene production. A material quality 

loss of 20% was assumed (McGill, 2009). The primary production data for paper wipers 

were sourced from the ecoinvent v2.2 database (“kraft paper, bleached, at plant”) and 

are representative of average European conditions in the year 1993 (Hischier, 2007). 

Primary production data for polypropylene were also sourced from the ecoinvent v2.2 

database (“polypropylene, granulate, at plant”) and are representative of average 

European conditions in the year 1999 (Hischier, 2007). 

 Mattress filling fibre production 

The reprocessing of waste textiles into mattress filling fibre (flocking) was modelled 

based on a UK-based textiles recycling facility operated by Edward Clay and Sons Ltd. 

(EA, 2010). At the facility, the input material is first mechanically shredded and 

blended. Zips and buttons are removed mechanically through suction and cyclone 

separation. The shredded fibres are then entwined via needle-punching before being 

mechanically cut to the required size (Bartlett et al., 2013). Inventory data are not 

presented due to copyright. A material loss rate of 7% was assumed (EA, 2010).  

Mattress flocking material derived from post-consumer textiles was assumed to be used 

in the manufacturing of new mattresses. The secondary mattress flocking was assumed 

to substitute for primary flocking material. A 20% material quality loss was assumed 

(McGill, 2009). The primary production data were sourced from the ecoinvent v2.2 

database (“polyurethane, flexible foam, at plant”) and are representative of average 

European conditions in the year 1997 (Hischier, 2007). The bulk densities of recovered 

textile-derived mattress flocking and primary flocking material (polyurethane flexible 

foam) are 1.42 kg m-2 and 1.19 kg m-2, respectively. As such, it was assumed that 

primary flocking material would be substituted at a ratio of 1:67 (w/w) (McGill, 2009).  
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B.17.3 Textiles only 

Recycling of textiles only was modelled using “textiles and footwear recycling as a 

proxy (see Section B.17.2 for details). 

B.17.4 Footwear only 

Recycling of footwear only was modelled using “textiles and footwear recycling as a 

proxy (see Section B.17.2 for details). 

B.17.5 Carpets 

 Material composition 

Carpets are composite materials typically comprised of four layers: face fibre (may be 

composed of nylon, mixed synthetics, wool, or polypropylene; see Table B.74), primary 

backing (the face fibre bonding layer; typically composed of modified bitumen, PVC, or 

polypropylene), secondary backing (the rear bonding layer; typically composed of 

polypropylene), and adhesive (commonly composed of a styrene-butadiene rubber 

(SBR) compounded with inorganic material, such as calcium carbonate [CaCO3]) (Jain 

et al., 2012; Mundy et al., 2014). The approximate component composition of 

polypropylene and SBR constructed carpets, which represent over 50% of total carpet 

waste in the UK, is shown in Table B.75. Post-consumer waste carpets generally contain 

dirt, chemicals, and other contaminants, which, combined, typically account for 

approximately 30% of their weight (Mihut et al., 2001). Based on the above, the 

composition of post-consumer waste carpets is detailed in Table B.76. 

Table B.74. Average composition (by weight) of UK post-consumer carpet waste face-fibres. 
Face-fibre classification Percentage (%) 
Nylon 17 
Mixed synthetics 13 
Wool 17 
Polypropylene 54 

Source: adapted from Bird (2014). 

 

 

294 



  Appendix B 

Table B.75. Percentage composition (by weight) of polypropylene and SBR constructed carpet 
components. 

Component Percentage (%) 
Face fibre 46 
Primary backing (polypropylene) 6 
Secondary backing (polypropylene) 4 
Adhesive (SBR and calcium carbonate) 44 

Source: adapted from Sotayo et al. (2015) and ICF International (2015). 

 

Table B.76. Percentage composition (by weight) of post-consumer waste carpets. 
Component Percentage (%) 
Dirt (contaminants) 30 
Face fibre (nylon) 5 
Face fibre (wool) 4 
Face fibre (PP) 17 
Face fibre (mixed synthetics – PET, nylon, PP, and PVC) 5 
Carpet backing (PP) 7 
Adhesive (SBR) 6a 

Adhesive (CaCO3) 25a 

a Based on an assumed carpet adhesive composition of 80% limestone (CaCO3) and 20% SBR (ICF 
International, 2015). 

 Recycling system description 

The process of carpet recycling was modelled based on an carpet recycling facility 

located in Alnwick, Northumberland and operated by Blackwater Ltd. (WRAP, no date-

a). At the facility, the delivered carpets are first manually sorted into synthetic and 

natural fibre batches, with contaminants (such as metals) separated and sent on for 

either recycling or disposal. The sorted and separated batches are then fed into a 

shredder, with the shredded fibres then conveyed to a baler. Following compaction and 

baling, the shredded fibres are transferred via forklift to a storage area. According to the 

facility operator, 50% of the accepted feedstock (synthetic fibres only) is then used in of 

equestrian surfaces, whilst the remaining 50% is used as a fuel (known as Carpet 

Derived Fuel [CDF]) that is typically exported to Europe and used in cement kilns, 

boilers, or incinerators (WRAP, no date-a). Inventory data for the processing of post-

consumer waste carpets are detailed in Table B.77. 

Where waste carpets are recycled and used in equestrian surfacing it was assumed that 

they substitute for synthetic stabilisation fibres. Equestrian surface synthetic fibre 

additives typically comprise a combination of polyester, polypropylene, foam rubber, 
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and polyurethane; although the exact composition varies considerably depending on the 

manufacturer and the clients’ requirements (Swedish Equestrian Federation and the 

Swedish University of Agricultural Sciences, 2014). Due to the variability in the fibre 

composition, it was assumed that fibres derived from recycled waste carpets substitute 

for virgin polypropylene. Primary production data were sourced from the ILCD v3.0 

database (“Polypropylene granulate (PP), production mix, at plant”) and are 

representative of average European conditions in the year 1999 (EC, 2009c). 

Table B.77. Inventory data for mechanical processing of one tonne of post-consumer waste carpets. 
 Unit Quantity 
Inputs    
Electricity kWh  45a 

Diesel l 0.6b 
   
Outputs   
CDF, to thermal treatment (EfW) kg 350 
Equestrian surface material (synthetic fibres) kg 350 
Rejects, to disposal (non-hazardous landfill) kg 300 

Source: adapted from WRAP (no date-a). 
a Calculated based on a reported annual expenditure on electricity of £4.20 t-1 and an electricity price of 
8.804 p kWh-1 (based on the average price of electricity purchased by a small manufacturing industry 
enterprise in the UK in 2010)  (DECC, 2012). 
b Calculated based on a reported annual expenditure on diesel of £0.67 t-1 and a diesel price of £1.13 l-1 
(based on the average UK retail price (including tax) of diesel for 2010) (Bolton, 2014). 
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B.18 Other 

B.18.1 Summary 

An overview of key technical parameters used to model other materials recycling is 

presented in Table B.78. 

Table B.78. Summary of other materials recycling system parameters.  
Waste material 
type 

Material 
loss (%) 

Recycled 
material 

Secondary 
product 

Substituted 
primary product 

Material quality 
loss (%) 

Absorbent hygiene 
products 

93.7 PP PP granulate PP granulate 10 
PET PET flakes PET flakes 10 
Fluff pulp Testliner Kraftliner 10 

Wellenstoff Semi-chemical 
fluting 

10 

B.18.2 Absorbent hygiene products 

 Material composition 

It was assumed that absorbent hygiene products (AHPs) collected for recycling would 

be composed exclusively of nappies. The average composition of an average disposable 

nappy sold in the UK in the year 2006 is detailed in Table B.79. 

Table B.79.Average UK disposable nappy composition. 
Component Percentage (%) 
Fluff pulp 34.1 
Super absorbent polymer (SAP) 32.4 
Polypropylene (PP) 16.6 
Low-density polyethylene (LDPE) 6.0 
Adhesives 3.8 
Polyethylene terephthalate (PET)/polyester 2.2 
Other 4.8 

Source: Aumônier et al. (2008). 

The composition detailed in Table B.79 was modified to represent a waste nappy; 

necessary to account for the mass of excreta disposed with the waste nappies. Based on 

the average number of nappies used by a child over the average two and a half year 

period of nappy use, 3,796 (Aumônier and Collins, 2005), the average weight of a 

nappy, 38.6 g, and the assumed mass of excreta deposited with nappies over the same 
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two and a half year period, 727 kg, it was estimated that excreta (which is assumed to be 

18% faeces and 82% urine) comprised 83.2% of total waste nappies on a wet weight 

basis (Aumônier et al., 2008). The average UK waste disposable nappy composition, 

including excreta, is detailed in Table B.80. 

Table B.80. Average UK waste disposable nappy composition, including excreta.  
Component Percentage 
Faeces 15.0% 
Urine 68.2% 
Fluff pulp 5.7% 
SAP 5.4% 
PP 2.8% 
LDPE 1.0% 
Adhesives 0.6% 
PET/polyester 0.4% 
Other 0.8% 

Source: adapted from Aumônier et al. (2008). 

 Recycling system description 

Collected nappies are sent to a waste nappy recycling facility in the UK where they are 

sterilised, shredded, and sorted to separate the recyclable components (plastics and 

fibres, both of which are of a high quality), which are sent for reprocessing, from the 

biosolids, which are sent for treatment at a publically owned treatment works (POTW), 

and residuals, which are sent for disposal. 

 Nappy recycling (dismantlement) 

The recycling of AHP waste (nappies) process was modelled based on the Knowaste 

West Bromwich nappy recycling facility (closed as of June 2013), as described by 

Freyberg (2012). The process involves the autoclaving of the waste feedstock to sterilise 

the material, commence separation of fibres and release moisture. Following this, the 

nappies are shredded and sorted to separate plastics and fibres from any contaminants. 

Plastics are then washed and granulised before being processed into flakes ready for 

transportation to a reprocessor. Fibres are baled and transported to a paper mill for 

application in cardboard manufacture. Biosolids are disposed via sewer pipes for 

treatment at a POTW (Freyberg, 2012). Primary data from the Kowaste plant were not 

available. Moisture loss during the autoclave process was  based on data from a 

mechanical heat treatment facility used as a proxy (Stringfellow et al., 2010). The 
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mechanical shredding and sorting process was modelled using a paper shredding and 

sorting process as a proxy (see Section B.3.1.1). Inventory data for the nappies 

recycling process are detailed in Table B.81. Material loss rates of 5% and 30% were 

assumed for plastics and fibres, respectively (Ward, 2004). 

Table B.81. Inventory data for the recycling of one tonne of waste nappies. 
  Unit Quantity Reference 

Autoclave 
Process parameters 
Moisture loss % 16 Stringfellow et al. (2010) 
 
Mechanical shredding and sorting 
Process parameters 
Transfer coefficients 
PP to recycling t t-1 0.95 Ward (2004) 
PP to disposal t t-1 0.05 Ward (2004) 
PET to recycling t t-1 0.95 Ward (2004) 
PET to disposal t t-1 0.05 Ward (2004) 
Fluff pulp to recycling t t-1 0.7 Ward (2004) 
Fluff pulp to disposal t t-1 0.3 Ward (2004) 
Biowaste (excreta) to wastewater treatment t t-1 1 - 
Other (SAP, adhesives & other) to disposal t t-1 1 - 

 Recovered material recycling 

Recovered fluff pulp was assumed to be sent to a recycled cardboard base paper 

production facility. Details of the reprocessing and market substitution are outlined in 

Section B.3.5.2. Recovered PET and PP were assumed to be sent to polymer-specific 

recycling facilities. PET was assumed to be sent to a PET recycling facility where it 

would be reprocessed into secondary PET flakes (detailed in Section B.5.5), whilst 

recovered PP was assumed to be sent to a PP recycling facility for use in the production 

of secondary PP pellets. Due to a lack of more specific data, HDPE recycling was used 

as a proxy for PP recycling (detailed in Section B.5.6). Secondary PP pellets were 

assumed to substitute for primary PP pellets at a ratio of 1:1 (w/w). Primary production 

data were sourced from the ELCD 2.0 database (“polypropylene granulate (PP), 

production mix, at plant”) and are representative of average European conditions in the 

year 1999 (EC, 2009c). The process includes the transportation and use of energy and 

material inputs and the production of secondary PP pellets. 
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B.19 Waste material characteristics 

In order to model the various material recycling systems in EASETECH, waste 

materials had to be converted into one of the 48 material fractions used in EASETECH.  

Details of the waste material conversions used are presented in Table B.82. 

Table B.82. Name of EASETECH material fraction used to describe modelled waste material types. 

Waste material component EASETECH material fraction name 

Green glass Green glass 

Brown glass Brown glass 

Clear glass Clear glass 

Other glass Recyclable glass 

Newspapers Newsprints 

Card Other clean cardboard 

Books Books, phone books 

Magazines Magazines 

Other paper Other clean paper 

Yellow pages Books, phone books 

Steel Food cans (tinplate/steel) 

Aluminium Beverage cans (aluminium) 

Oher plastic packaging Hard plastic 

Other plastic non-packaging Hard plastic 

PET bottles Plastic bottles 

HDPE bottles Plastic bottles 

Other plastic bottles Plastic bottles 

Expanded polystyrene (EPS) Hard plastic 

PVC Hard plastic 

Plastic film Soft plastic 

PP Hard plastic 

Other combustibles Other combustibles 

Wood Wood 

Ferrous metals Food cans (tinplate/steel) 

Non-ferrous metals Beverage cans (aluminium) 

Printed wiring board (PWB) Other non-combustibles 

Other Other non-combustibles 

Batteries Batteries 

Copper Other metals 

Other metals Other metals 
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Waste material component EASETECH material fraction name 

Plastics Hard plastic 

Cable Other metals (66%); hard plastic (34%) 

CRT glass Non-recyclable glass 

Glass Non-recyclable glass 

Automotive batteriesa Batteries 

Post-consumer, non-automotive batteriesa Batteries 

Crumb rubber Rubber 

Fibre & scrap Textiles 

Rubble (stones) Stones, concrete 

Soil Soil 

Gypsum Stones, concrete 

Lining paper Other clean paper 

Vegetable oil Vegetable food waste 

Mineral oil Vegetable food waste 

Paperboard Other clean paper 

Plastic (HDPE) Hard plastic 

Waterb - 

Organic material (hydrocarbons) Other combustibles 

Inert material (ash) Ash 

Textiles Textiles 

Shoes Shoes, leather 

Paper Other clean paper 

Dense plastic Hard plastic 

Dirt (contaminants)c - 

Face fibre (nylon) Hard plastic 

Face fibre (wool) Textiles 

Face fibre (PP) Hard plastic 

Face fibre (mixed synthetics – PET, nylon, PP, and PVC) Hard plastic 

Carpet backing (PP) Hard plastic 

Adhesive (SBR) Rubber 

Adhesive (CaCO3) Other non-combustibles 

Urine Vegetable food waste 

Faeces Vegetable food waste 

Fluff pulp Other clean paper 

SAP Other combustibles 

PP Hard plastic 

Adhesives Other combustibles 
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Waste material component EASETECH material fraction name 

PET Hard plastic 

LDPE Soft plastic 

Otherd Other combustibles 
a Modelled at the waste material type level, not the component level. 
b Modelled using a user-defined material fraction type comprising 100% water only. 
c Modelled using fractional composition data for “fine material” from Department of the Environment 
(1994b; 1994a; 1994c). 
d Only used to model AHP recycling. 
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Appendix C Details of background system data 
used for each waste material recycling 
foreground system process (Paper II) 

C.1 Glass 

Table C.1. Inventory data sources used in the glass cullet preparation process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Lubricating oil - Defra et al. (2013) UK 2013 
Transport, lorry Transport, road, 

lorry 
EA (2010) UK 2007 

Water supply - Defra et al. (2013) UK 2013 
Wastewater 
treatment 

- Defra et al. (2013) UK 2013 

 
 
 
Table C.2. Inventory data sources used in the glass cullet remelting (production of packaging glass) 
process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Refractory bricks - Defra et al. 
(2013) 

UK 2013 

Water supply - Defra et al. 
(2013) 

UK 2013 

Natural gas Heat, natural gas, at boiler 
modulating >100kW 

ecoinvent data 
v2.2 

Europe 2000 

Heavy fuel oil Heavy fuel oil, burned in 
industrial furnace 1MW, non-
modulating 

ecoinvent data 
v2.2 

Europe 2000 

Light fuel oil Light fuel oil, burned in 
industrial furnace 1MW, non-
modulating 

ecoinvent data 
v2.2 

Europe 2000 

Residuals, to 
disposal (landfill) 

Disposal, municipal solid 
waste, 22.9% water, to sanitary 
landfill 

ecoinvent data 
v2.2 

Switzerland 2000 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 
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C.2 Paper & card 

Table C.3. Inventory data sources used in the collected paper and card sorting process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 

Table C.4. Inventory data sources used in the ONP reprocessing (newsprint production) process model. 
Inventory item 
name Name of dataset used 

Data 
source 

Geographic 
coverage 

Reference 
year 

Wood Industrial wood, softwood, under 
bark, u=140%, at forest road 

ecoinvent 
data v2.2 

Europe 2002 

Industrial wood, Scandinavian 
softwood, under bark, u=140%, at 
forest road 

ecoinvent 
data v2.2 

Scandinavia 2000 

Industrial residue wood, softwood, 
forest-debarked, u=70%, at plant 

ecoinvent 
data v2.2 

Europe 1996 

Chips, Scandinavian softwood 
(plant-debarked), u=70%, at plant 

ecoinvent 
data v2.2 

Scandinavia 2000 

Sulphite pulp Sulphate pulp, average, at regional 
storage 

ecoinvent 
data v2.2 

Europe 2000 

Kaolin Kaolin, at plant ecoinvent 
data v2.2 

Europe 2000 

Aluminium 
sulphate 

Aluminium sulphate, powder, at 
plant 

ecoinvent 
data v2.2 

Europe 2000 

Malusil Malusil, at plant ecoinvent 
data v2.2 

Europe 2000 

De-inking 
emulsion 

Deinking emulsion, in paper 
production, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Anhydrous sodium 
dithionite 

Sodium dithionite, anhydrous, at 
plant 

ecoinvent 
data v2.2 

Europe 2000 

Nitrogen Nitrogen, liquid, at plant ecoinvent 
data v2.2 

Europe 2001 

Sodium silicate Sodium silicate, spray powder 
80%, at plant 

ecoinvent 
data v2.2 

Europe 1995 

Sodium hydroxide Sodium hydroxide, 50% in H2O, 
production mix, at plant 

ecoinvent 
data v2.2 

Europe 2000 

White phosphorus Phosphorus, white, liquid, at plant ecoinvent 
data v2.2 

Europe 2000 

Sulphur dioxide Sulphur dioxide, liquid, at plant ecoinvent 
data v2.2 

Europe 2000 

Quicklime Quicklime, milled, loose, at plant ecoinvent 
data v2.2 

Switzerland 2002 

Bentonite Bentonite, at processing ecoinvent 
data v2.2 

Germany 2000 

Fatty acids Fatty acids, from vegetarian oil, at 
plant 

ecoinvent 
data v2.2 

Europe 1995 

Ethylene 
diaminetetra-acetic 
acid (EDTA) 

EDTA, ethylenediaminetetra-acetic 
acid, at plant 

ecoinvent 
data v2.2 

Europe 2000 
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Inventory item 
name Name of dataset used 

Data 
source 

Geographic 
coverage 

Reference 
year 

Diethylene 
triamine penta-
acetic acid (DTPA) 

DTPA, diethylenetriaminepenta-
acetic acid, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Retention acids Retention aids, in paper production, 
at plant 

ecoinvent 
data v2.2 

Europe 2000 

Organic chemicals  Chemicals organic, at plant ecoinvent 
data v2.2 

Global 2000 

Electricity - Defra et al. 
(2013) 

UK 2013 

Hard coal Hard coal, at regional storage ecoinvent 
data v2.2 

Western 
Europe 

1989 

Heavy fuel oil Heavy fuel oil, at regional storage ecoinvent 
data v2.2 

Europe 2000 

Natural gas Natural gas, high pressure, at 
consumer 

ecoinvent 
data v2.2 

UK 2000 

Lignite briquettes Lignite briquettes, at plant ecoinvent 
data v2.2 

Germany 1992 

Disposal, wood ash Disposal, wood ash mixture, pure, 
0% water, to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, sludge Disposal, sludge from pulp and 
paper production, 25% water, to 
sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, ash from 
deinking 

Disposal, ash from deinking sludge, 
0% water, to residual material 
landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, ash from 
paper production 

Disposal, ash from paper prod. 
Sludge, 0% water, to residual 
material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

 
 
 
Table C.5. Inventory data sources used in the residual mixed paper (RMP) and old corrugated cardboard 
(OCC) sorting process model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 
 
 
Table C.6. Inventory data sources used in the paper and card reprocessing (testliner corrugated board base 
paper production) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water supply - Defra et al. 
(2013) 

UK 2013 

Aluminium 
sulphate 

Aluminium sulphate, powder, at 
plant 

ecoinvent 
data v2.2 

Europe 2000 

Phosphoric acid Phosphoric acid, industrial grade, 
85% in H2O, at plant 

ecoinvent 
data v2.2 

Europe 1994 

305 



  Appendix C 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Hydrochloric acid Hydrochloric acid, 30% in H2O, 
at plant 

ecoinvent 
data v2.2 

Europe 2000 

Sodium hydroxide Sodium hydroxide, 50% in H2O, 
production mix, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Biocides Biocides, for paper production, 
unspecified, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Ethoxylated 
alcohols 

Ethoxylated alcohols, 
unspecified, at plant 

ecoinvent 
data v2.2 

Europe 1995 

Lubricating oil - Defra et al. 
(2013) 

UK 2013 

Alkyl ketene 
dimer (AKD) sizer 

AKD sizer, in paper production, 
at plant 

ecoinvent 
data v2.2 

Europe 2000 

Urea (as N) Urea, as N, at regional storehouse ecoinvent 
data v2.2 

Europe 1999 

Potato starch Potato starch, at plant, DE ecoinvent 
data v2.2 

Germany 2002 

Core board Core board, at plant ecoinvent 
data v2.2 

Europe 2000 

Flat pallet (wood) EUR-flat pallet ecoinvent 
data v2.2 

Europe 2002 

PET, granulate Polyethylene terephthalate, 
granulate, amorphous, at plant 

ecoinvent 
data v2.2 

Europe 2000 

HDPE, granulate Polyethylene, HDPE, granulate, 
at plant 

ecoinvent 
data v2.2 

Europe 2001 

Cold-rolled steel  Steel, converter, unalloyed, at 
plant 

ecoinvent 
data v2.2 

Europe 2001 

Sheet rolling, steel ecoinvent 
data v2.2 

Europe 2002 

Electricity - Defra et al. 
(2013) 

UK 2013 

Heavy fuel oil Heavy fuel oil, at regional storage ecoinvent 
data v2.2 

Europe 2000 

Light fuel oil Light fuel oil, at regional storage ecoinvent 
data v2.2 

Europe 2000 

Compressed 
natural gas (CNG) 

Natural gas, high pressure, at 
consumer 

ecoinvent 
data v2.2 

UK 2000 

Hard coal Hard coal, at regional storage ecoinvent 
data v2.2 

Western 
Europe 

1989 

Lignite briquettes Lignite briquettes, at plant ecoinvent 
data v2.2 

Germany 1992 

Disposal, wood 
ash 

disposal, wood ash mixture, pure, 
0% water, to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, sludge disposal, sludge from pulp and 
paper production, 25% water, to 
sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, ash disposal, ash from paper prod. 
sludge, 0% water, to residual 
material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 
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Table C.7. Inventory data sources used in the RMP and OCC reprocessing (wellenstoff corrugated board 
base paper production) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water supply - Defra et al. 
(2013) 

UK 2013 

Aluminium 
sulphate 

Aluminium sulphate, powder, at 
plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

Phosphoric 
acid 

Phosphoric acid, industrial grade, 
85% in H2O, at plant, RER 

ecoinvent 
data v2.2 

Europe 1994 

Hydrochloric 
acid 

Hydrochloric acid, 30% in H2O, at 
plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

Sodium 
hydroxide 

Sodium hydroxide, 50% in H2O, 
production mix, at plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

Biocides Biocides, for paper production, 
unspecified, at plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

Ethoxylated 
alcohols 

Ethoxylated alcohols, unspecified, at 
plant, RER 

ecoinvent 
data v2.2 

Europe 1995 

Lubricating oil - Defra et al. 
(2013) 

UK 2013 

Urea (as N) Urea, as N, at regional storehouse, 
RER 

ecoinvent 
data v2.2 

Europe 1992 

Potato starch Potato starch, at plant, DE ecoinvent 
data v2.2 

Germany 2002 

Core board Core board, at plant, RER ecoinvent 
data v2.2 

Europe 2000 

Flat pallet 
(wood) 

EUR-flat pallet, RER ecoinvent 
data v2.2 

Europe 2002 

PET, granulate Polyethylene terephthalate, 
granulate, amorphous, at plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

HDPE, 
granulate 

Polyethylene, HDPE, granulate, at 
plant, RER 

ecoinvent 
data v2.2 

Europe 2001 

Cold-rolled 
steel 

Steel, converter, unalloyed, at plant, 
RER 

ecoinvent 
data v2.2 

Europe 2001 

 Sheet rolling, steel, RER ecoinvent 
data v2.2 

Europe 2002 

Electricity - Defra et al. 
(2013) 

UK 2013 

Heavy fuel oil Heavy fuel oil, at regional storage, 
RER 

ecoinvent 
data v2.2 

Europe 2000 

Light fuel oil Light fuel oil, at regional storage, 
RER 

ecoinvent 
data v2.2 

Europe 2000 

CNG Natural gas, high pressure, at 
consumer, GB 

ecoinvent 
data v2.2 

UK 2000 

Hard coal Hard coal, at regional storage, WEU ecoinvent 
data v2.2 

Western 
Europe 

1989 

Lignite 
briquettes 

Lignite briquettes, at plant, DE ecoinvent 
data v2.2 

Germany 1992 

Disposal, 
sludge 

Disposal, wood ash mixture, pure, 
0% water, to sanitary landfill, CH 

ecoinvent 
data v2.2 

Switzerland 2000 
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Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Disposal, wood 
ash 

Disposal, ash from paper prod. 
Sludge, 0% water, to residual 
material landfill, ch 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, ash Disposal, sludge from pulp and 
paper production, 25% water, to 
sanitary landfill, CH 

ecoinvent 
data v2.2 

Switzerland 2000 

C.3 Metal 

Table C.8. Inventory data sources used in the ferrous metals smelting in an electric arc furnace (EAF) 
(secondary steel production) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Heat, natural 
gas 

Heat, natural gas, at industrial 
furnace >100kw 

ecoinvent 
data v2.2 

Europe 2000 

Heat, heavy fuel 
oil 

Heavy fuel oil, burned in industrial 
furnace 1MW, non-modulating 

ecoinvent 
data v2.2 

Europe 2000 

Ferro-silicon MG-silicon, at plant ecoinvent 
data v2.2 

Norway 2002 

Water supply - Defra et al. 
(2013) 

UK 2013 

Light fuel oil Light fuel oil, at regional storage ecoinvent 
data v2.2 

Europe 2000 

Hydraulic oil 
(lubricant) 

- Defra et al. 
(2013) 

UK 2013 

Detergent Chemicals organic, at plant ecoinvent 
data v2.2 

Global 2000 

Lime Lime, hydrated, packed, at plant ecoinvent 
data v2.2 

Switzerland 2002 

Additives 
(alloys) 

Copper, at regional storage ecoinvent 
data v2.2 

Europe 2003 

Disposal, 
hazardous waste 

Disposal, hazardous waste, 0% 
water, to underground deposit 

ecoinvent 
data v2.2 

Germany 1999 

Disposal, inert 
waste 

Disposal, inert waste, 5% water, to 
inert material landfill 

ecoinvent 
data v2.2 

Switzerland 1995 

Disposal, filter 
dust 

Disposal, filter dust Al electrolysis, 
0% water, to residual material 
landfill 

ecoinvent 
data v2.2 

Switzerland 2000 
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Table C.9. Inventory data sources used in the aluminium melting, alloying, and casting (secondary 
aluminium billet production) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water - Defra et al. 
(2013) 

UK 2013 

Chlorine Chlorine, liquid, production mix, 
at plant 

ecoinvent 
data v2.2 

Europe 2000 

Copper Copper, at regional storage ecoinvent 
data v2.2 

Europe 2003 

Electricity - Defra et al. 
(2013) 

UK 2013 

Heat, heavy fuel 
oil 

Heat, heavy fuel oil, at industrial 
furnace 1MW, RER 

ecoinvent 
data v2.2 

Europe 2000 

Heat, natural gas Heat, natural gas, at boiler 
modulating >100kw, RER 

ecoinvent 
data v2.2 

Europe 2000 

Light fuel oil Light fuel oil, at regional storage, 
RER 

ecoinvent 
data v2.2 

Europe 2000 

Nitrogen Nitrogen, liquid, at plant, RER ecoinvent 
data v2.2 

Europe 2001 

Sodium chloride Sodium chloride, powder, at plant, 
RER 

ecoinvent 
data v2.2 

Europe 2000 

Silicon MG-silicon, at plant, NO ecoinvent 
data v2.2 

Norway 2002 

Hydrochloric 
acid 

Hydrochloric acid, 30% in H2O, at 
plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

Lime Lime, hydrated, packed, at plant, 
CH 

ecoinvent 
data v2.2 

Switzerland 2002 

Sodium 
hydroxide 

Sodium hydroxide, 50% in H2O, 
production mix, at plant, RER 

ecoinvent 
data v2.2 

Europe 2000 

Sulphuric acid Sulphuric acid, liquid, at plant, 
RER 

ecoinvent 
data v2.2 

Europe 2001 

Zinc Zinc, primary, at regional storage, 
RER 

ecoinvent 
data v2.2 

Europe 2003 

Disposal, filter 
dust 

Disposal, filter dust Al 
electrolysis, 0% water, to residual 
material landfill, CH 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, 
hazardous waste 

Disposal, hazardous waste, 0% 
water, to underground deposit, DE 

ecoinvent 
data v2.2 

Germany 2000 

Disposal, inert 
waste 

Disposal, inert waste, 5% water, to 
inert material landfill, CH 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, 
residual waste 

Disposal, municipal solid waste, 
22.9% water, to sanitary landfill, 
CH 

ecoinvent 
data v2.2 

Switzerland 2000 
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Table C.10. Inventory data sources used in the ferrous metals smelting in an electric arc furnace (EAF) 
(secondary steel production) process model. 

Inventory 
item name 

Name of dataset used Data source Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Natural gas Heat, natural gas, at industrial 
furnace >100kw 

ecoinvent 
data v2.2 

Europe 2000 

Refractory Refractory, fireclay, packed, at plant ecoinvent 
data v2.2 

Germany 2001 

Quicklime Quicklime, milled, loose, at plant ecoinvent 
data v2.2 

Switzerland 2002 

Electrodes 
(graphite) 

Graphite, at plant ecoinvent 
data v2.2 

Europe 2000 

Alloys - - - - 
Disposal, dust Disposal, dust, alloyed EAF steel, 

15.4% water, to residual material 
landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, inert 
waste 

Disposal, inert waste, 5% water, to 
inert material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, 
sludge 

Disposal, sludge, pig iron 
production, 8.6% water, to residual 
material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

 

C.4 Plastic 

Table C.11. Inventory data sources used in the mixed plastics sorting (plastic film separation and near 
infra-red (NIR) optical sorting) process model. 

Inventory item 
name 

Name of dataset 
used 

Data source Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
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Table C.12. Inventory data sources used in the HDPE reprocessing (production of secondary HDPE 
pellets) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Water supply - Defra et al. 
(2013) 

UK 2013 

LPG Light fuel oil, at regional storage ecoinvent 
data v2.2 

Europe 2000 

Natural gas Natural gas, high pressure, at 
consumer 

ecoinvent 
data v2.2 

UK 2000 

Antifoam Polyurethane, flexible foam, at 
plant 

ecoinvent 
data v2.2 

Europe 1997 

Core board Core board, at plant ecoinvent 
data v2.2 

Europe 2000 

PP Polypropylene granulate (PP), 
production mix, at plant 

ELCD 
database 2.0 

Europe 1999 

LDPE Polyethylene, LDPE, granulate, 
at plant 

ecoinvent 
data v2.2 

Europe 2001 

Paper Paper, newsprint, DIP 
containing, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Black carbon Carbon black, at plant ecoinvent 
data v2.2 

Global 2000 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 

 
Table C.13. Inventory data sources used in the PET reprocessing (production of secondary PET flakes) 
process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Diesel - Defra et al. (2013) UK 2013 
Water supply - Defra et al. (2013) UK 2013 
PP Polypropylene granulate 

(PP), production mix, at plant 
ELCD database 
2.0 

Europe 1999 

Wood EUR-flat pallet 
 

ecoinvent data 
v2.2 

Europe 2002 

Antifoam Polyurethane, flexible foam, 
at plant 
 

ecoinvent data 
v2.2 

Europe 1997 

Steel  Steel, low-alloyed, at plant ecoinvent data 
v2.2 

Europe 2002 

PVC Polyvinylchloride, 
suspension polymerised, at 
plant 

ecoinvent data 
v2.2 

Europe 2001 

Polyvinylchloride, emulsion 
polymerised, at plant 

ecoinvent data 
v2.2 

Europe 2001 

Engine oil - Defra et al. (2013) UK 2013 
Wastewater 
treatment 

- Defra et al. (2013) UK 2013 
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Table C.14. Inventory data sources used in the LDPE (plastic film) reprocessing (production of secondary 
LDPE pellets) process model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Diesel - Defra et al. (2013) UK 2013 
Water supply - Defra et al. (2013) UK 2013 
Ferric sulphate Iron sulphate, at 

plant 
ecoinvent data v2.2 Europe 1993 

Wastewater 
treatment 

- Defra et al. (2013) UK 2013 

 

C.5 Wood 

Table C.15. Inventory data sources used in the wood recycling, microrelease process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water supply - Defra et al. (2013) UK 2013 
Diesel - Defra et al. (2013) UK 2013 
Heat, natural gas Heat, natural gas, at boiler 

modulating > 100kW 
ecoinvent data v2.2 Europe 2000 

Electricity - Defra et al. (2013) UK 2013 
Wastewater 
treatment 

- Defra et al. (2013) UK 2013 

 
 
 
Table C.16 
Inventory data sources used in the wood recycling, recycled MDF (rMDF) production process. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Disposal, 
wood ash 

Disposal, wood ash mixture, pure, 
9% water, to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, 
sludge 

Disposal, sludge from pulp and 
paper production, 25% water, to 
sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Heat, natural 
gas 

Heat, natural gas, at boiler 
modulating > 100kW 

ecoinvent 
data v2.2 

Europe 2000 

Electricity - Defra et al. 
(2013) 

UK 2013 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 
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Table C.17. Inventory data sources used in the virgin MDF fibre production process. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Heat, natural 
gas 

Heat, natural gas, at boiler 
modulating > 100kW 

ecoinvent 
data v2.2 

Europe 2000 

Urea Urea, as N, at regional storehouse ecoinvent 
data v2.2 

Europe  

Paraffin - Defra et al. 
(2013) 

UK 2013 

Transport, 
road lorry 

Intermodal road transport EA (2010) UK 2007 

Softwood Industrial wood, softwood, under 
bark, u=140%, at forest road 

ecoinvent 
data v2.2 

Europe 2002 

Hardwood Industrial wood, hardwood, under 
bark, u=80%, at forest road 

ecoinvent 
data v2.2 

Europe 2002 

Wood chip Chips, Scandinavian softwood 
(plant-debarked), u=70%, at plant 

ecoinvent 
data v2.2 

Scandinavia 2000 

 

C.6 WEEE 

Table C.18. Inventory data sources used in the depolluting, dismantling, and sorting of WEEE process 
model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 
 
Table C.19. Inventory data sources used in the chemical (metallurgical) processing of waste printed 
wiring boards (PWBs) process model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 
 
Table C.20. Inventory data sources used in the disassembly of fluorescent tubes and light bulbs process 
model. 

Inventory 
item name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Disposal, dust Disposal, dust, unalloyed EAF steel, 
15.4% water, to residual material 
landfill 

ecoinvent data 
v2.2 

Switzerland 2000 

 
 
 
 
Table C.21. Inventory data sources used in the depolluting and shredding of CRT screens process model. 
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Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 
 
Table C.22. Inventory data sources used in the pyrometallurgical processing of CRT screens process 
model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Silica sand Silica sand, at plant ecoinvent data v2.2 Germany 2001 
Disposal, slag Disposal, glass, 0% water, to 

inert material landfill 
ecoinvent data v2.2 Switzerland 2000 

 
 
Table C.23. Inventory data sources used in the depolluting and shredding of CRT screens process model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 
 
Table C.24. Inventory data sources used in the refinement of copper scrap (production of secondary 
copper cathodes) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Blister-copper Copper, blister-copper, at primary 
smelter 

ecoinvent 
data v2.2 

Europe 2003 

Silica sand 
Silica sand, at plant 

ecoinvent 
data v2.2 

Germany 2001 

Limestone 
Limestone, milled, loose, at plant 

ecoinvent 
data v2.2 

Switzerland 2002 

Heat, hard coal Hard coal, burned in industrial 
furnace 1-10MW 

ecoinvent 
data v2.2 

Europe 1992 

Heat, heavy 
fuel oil 

Heavy fuel oil, burned in 
industrial furnace 1MW, non-
modulating 

ecoinvent 
data v2.2 

Europe 2000 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 
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C.7 Batteries 

Table C.25. Inventory data sources used in the mixed waste batteries sorting process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water supply - Defra et al. (2013) UK 2013 
HDPE Polyethylene, HDPE, 

granulate, at plant 
ecoinvent data v2.2 Europe 2001 

Diesel - Defra et al. (2013) UK 2013 
Coke Petroleum coke, at refinery ecoinvent data v2.2 Europe 2000 
Electricity - Defra et al. (2013) UK 2013 
Wastewater 
treatment 

- Defra et al. (2013) UK 2013 

 
 
Table C.26.Inventory data sources used in the reprocessing of spent lead acid batteries process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Limestone Limestone, milled, loose, at plant ecoinvent 
data v2.2 

Switzerland 2002 

Iron scrap Pig iron, at plant ecoinvent 
data v2.2 

Global 2002 

Sodium 
hydroxide 

Sodium hydroxide, 50% in H2O, 
production mix, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Sodium nitrate  Chemicals inorganic, at plant ecoinvent 
data v2.2 

Global 2000 

Sulphur - - - - 
Iron chloride Iron (III) chloride, 40% in H2O, 

at plant 
ecoinvent 
data v2.2 

Switzerland 2001 

Slag - - - - 
Electricity - Defra et al. 

(2013) 
UK 2013 

Natural gas Natural gas, high pressure, at 
consumer 

ecoinvent 
data v2.2 

UK 2000 

Coal coke Petroleum coke, at refinery ecoinvent 
data v2.2 

Europe 2000 

Process water - Defra et al. 
(2013) 

UK 2013 

Disposal, slag Disposal, inert waste, 5% water, 
to inert material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 
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Table C.27. Inventory data sources used in the hydrometallurgical processing of spent alkaline batteries 
process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Sulphuric acid 
(92%) 

Sulphuric acid, liquid, at 
plant 

ecoinvent data 
v2.2 

Europe 2001 

Hyponitrite 
(N2O2) (30%) 

Hydrogen peroxide, 50% in 
H2O, at plant 

ecoinvent data 
v2.2 

Europe 1995 

Antifoam Chemicals organic, at plant ecoinvent data 
v2.2 

Global 2000 

Electricity - Defra et al. 
(2013) 

UK 2013 

Water supply - Defra et al. 
(2013) 

UK 2013 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 

Disposal, residual Disposal, paper, 11.2% water, 
to sanitary landfill 

ecoinvent data 
v2.2 

Switzerland 2000 

Process-specific burdens, 
residual material landfill 

ecoinvent data 
v2.2 

Switzerland 2000 

 
 
Table C.28. Inventory data sources used in the pyrometallurgical processing of spent alkaline batteries 
process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Fuel oil Light fuel oil, at regional store ecoinvent data 
v2.2 

Europe 2000 

Propane Propane/ butane, at refinery ecoinvent data 
v2.2 

Europe 2000 

Electricity - Defra et al. 
(2013) 

UK 2013 

Water - Defra et al. 
(2013) 

UK 2013 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 

Disposal, slag Disposal, inert waste, 5% water, 
to inert material landfill 

ecoinvent data 
v2.2 

Switzerland 2000 

 

C.8 Tyres 

Table C.29. Inventory data sources used in the reprocessing of waste tyres process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
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C.9 Rubble 

Table C.30. Inventory data sources used in the reprocessing of rubble (secondary aggregate production) 
process model. 

Inventory item 
name 

Name of 
dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water supply - Defra et al. (2013) UK 2013 
Diesel - Defra et al. (2013) UK 2013 

 

C.10 Soil 

Table C.31. Inventory data sources used in the landspreading of soil process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
 

C.11 Plasterboard 

Table C.32. Inventory data sources used in the processing of post-consumer waste plasterboard process 
model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 
 
Table C.33. Inventory data sources used in the pre-processing (drying) of recovered gypsum process 
model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Natural gas Heat, natural gas, at industrial 
furnace > 100kW 

ecoinvent data v2.2 Europe 2000 

Electricity - Defra et al. (2013) UK 2013 
 
 
Table C.34. Inventory data sources used in the pre-processing (drying) of mineral gypsum process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Natural gas Heat, natural gas, at industrial 
furnace > 100kW 

ecoinvent data v2.2 Europe 2000 

Electricity - Defra et al. (2013) UK 2013 
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Table C.35. Inventory data sources used in the vegetable oil free fatty acids pre-treatment and alkali-
catalysed transesterification (biodiesel production) process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water (process) - Defra et al. 
(2013) 

UK 2013 

Water (cooling) - Defra et al. 
(2013) 

UK 2013 

Methanol Methanol, at plant ecoinvent 
data v2.2 

Global 2001 

Sodium hydroxide Sodium hydroxide, 50% in 
H2O, production mix, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Sulphuric acid Sulphuric acid, liquid, at plant ecoinvent 
data v2.2 

Europe 2001 

Phosphoric acid Phosphoric acid, industrial 
grade, 85% in H2O, at plant 

ecoinvent 
data v2.2 

Europe 1994 

Calcium oxide Quicklime, milled, loose, at 
plant 

ecoinvent 
data v2.2 

Switzerland 2002 

Electricity - Defra et al. 
(2013) 

UK 2013 

Glycerol Glycerine, from vegetable oil, 
at esterification plant 

ecoinvent 
data v2.2 

France 2006 

Medium pressure 
stream (250°C) 

Steam, for chemical processes, 
at plant 

ecoinvent 
data v2.2 

Europe 1995 

Low pressure 
stream (100°C) 

Steam, for chemical processes, 
at plant 

ecoinvent 
data v2.2 

Europe 1995 

Disposal, salts Disposal, inert waste, 5% 
water, to inert material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 

 

C.13 Composite 

Table C.36. Inventory data sources used in the pre-processing (drying) of mineral gypsum process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 
Light fuel oil - Defra et al. (2013) UK 2013 
Rolled steel Steel, converter, unalloyed, 

at plant, RER 
ecoinvent data v2.2 Europe 2001 

Sheet rolling, steel, RER ecoinvent data v2.2 Europe 2002 
Hydraulic oil - Defra et al. (2013) UK 2013 
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Table C.37. Inventory data sources used in the mechanical shredding and sorting of post-consumer waste 
paint packaging process model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Diesel - Defra et al. (2013) UK 2013 
Heat, light fuel 
oil 

Light fuel oil, burned in boiler 
100kw, non-modulating 

ecoinvent data v2.2 Switzerland 2000 

Rolled steel Steel, converter, unalloyed, at 
plant 

ecoinvent data v2.2 Europe 2001 

 Sheet rolling, steel ecoinvent data v2.2 Europe 2002 
Hydraulic oil - Defra et al. (2013) UK 2013 

 

Table C.38. Inventory data sources used in the physico-chemical treatment of paint sludge process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Heat, natural 
gas 

Heat, natural gas, at boiler 
modulating >100kw 

ecoinvent 
data v2.2 

Europe 2000 

Organic 
chemicals 

Chemicals organic, at plant ecoinvent 
data v2.2 

Global 2000 

Inorganic 
chemicals 

Chemicals inorganic, at plant ecoinvent 
data v2.2 

Global 2000 

Quicklime Quicklime, milled, loose, at 
plant 

ecoinvent 
data v2.2 

Switzerland 2002 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 

Disposal, inert 
waste 

Disposal, inert waste, 5% water, 
to inert material landfill 

ecoinvent 
data v2.2 

Switzerland 2000 
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C.15 Textiles 

Table C.39. Inventory data sources used in the textiles recovery (reclamation and processing) process 
model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Liquefied 
petroleum gas 

- Defra et al. 
(2013) 

UK 2013 

Light fuel oil - Defra et al. 
(2013) 

UK 2013 

Water supply - Defra et al. 
(2013) 

UK 2013 

Steel Steel, low-alloyed, at plant ecoinvent 
data v2.2 

Europe 2002 

Polypropylene  Polypropylene granulate (PP), 
production mix, at plant 

ELCD 
database 2.0 

Europe 1999 

Wastewater 
treatment 

- Defra et al. 
(2013) 

UK 2013 

 

 

Table C.40. Inventory data sources used in the textiles reprocessing (production of filling fibres) process 
model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Natural gas Heat, natural gas, at industrial 
furnace >100kw 

ecoinvent 
data v2.2 

Europe 2000 

LPG - Defra et al. 
(2013) 

UK 2013 

Polypropylene Polypropylene granulate (PP), 
production mix, at plant 

ELCD 
database 2.0 

Europe 1999 

Lubrication oil - Defra et al. 
(2013) 

UK 2013 

Paper Kraft paper, unbleached, at 
plant 

ecoinvent 
data v2.2 

Europe 2000 

Polyester Polyethylene terephthalate, 
granulate, amorphous, at plant 

ecoinvent 
data v2.2 

Europe 2000 

Miscellaneous 
waste textile fibres 

- Defra et al. 
(2013) 

UK 2013 

Disposal, 
aluminium 

Disposal, aluminium, 0% water, 
to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, plastics Disposal, plastics, mixture, 
15.3% water, to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, dust 
(textile fibre) 

Disposal, municipal solid waste, 
22.9% water, to municipal 
incineration 

ecoinvent 
data v2.2 

Switzerland 2000 
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Table C.41. Inventory data sources used in the textiles reprocessing (production of filling fibres) process 
model. 

Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. 
(2013) 

UK 2013 

Liquefied 
petroleum gas 

- Defra et al. 
(2013) 

UK 2013 

Light fuel oil Light fuel oil, at regional storage ecoinvent 
data v2.2 

Europe 2000 

Polypropylene Polypropylene granulate (PP), 
production mix, at plant 

ELCD 
database 2.0 

Europe 1999 

Disposal, 
aluminium 

Disposal, aluminium, 0% water, 
to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, plastics Disposal, plastics, mixture, 
15.3% water, to sanitary landfill 

ecoinvent 
data v2.2 

Switzerland 2000 

Disposal, dust 
(textile fibre) 

Disposal, municipal solid waste, 
22.9% water, to municipal 
incineration 

ecoinvent 
data v2.2 

Switzerland 2000 
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Appendix D Foreground system and avoided 
production data sources and quality (Paper II) 

An overview of foreground system process and avoided production data used and, for 

each, data source, the results of a data quality assessment are presented in Tables D.2 

and D.3, respectively. Results were calculated based on the pedigree matrix presented in 

Table D.1 and Equation 1 in Chapter 4 of this thesis. 

Table D.1. Pedigree matrix used to assess the quality of data sources.  
Indicator score 1 2 3 4 5 

Reliability Verifieda data based 
on measurementsb 

Verified data based 
partly on 
assumptions or 
non-verified data 
based on 
measurements 

Non-verified data 
partly based on 
qualified estimates 

Qualified estimate 
(e.g. by industrial 
expert) 

Non-qualified 
estimate 

Completeness Representative data 
from a sufficient 
sample of sites over 
an adequate period 
to even out normal 
fluctuations 

Representative data 
from a smaller 
number of sites but 
for adequate 
periods 

Representative data 
from an adequate 
number of sites but 
from shorter 
periods 

Representative data 
but from a smaller 
number of sites and 
shorter periods or 
incomplete data 
from an adequate 
number of sites and 
periods 

Representativeness 
unknown or 
incomplete data 
from a smaller 
number of sites 
and/or from shorter 
periods 

Temporal 
correlation 

Less than 3 years of 
difference to year 
of studyc 

Less than 6 years of 
difference 

Less than 10 years 
of difference 

Less than 15 years 
of difference 

Age of data 
unknown or more 
than 15 years of 
difference 

Geographical 
correlation 

Data from area 
under studyd 

Average data from 
larger area in which 
the area under study 
is included 

Data from area with 
similar production 
conditions 

Data from area with 
slightly similar 
production 
conditions 

Data from unknown 
area or area with 
very different 
production 
conditions 

Further 
technological 
correlation 

Data from 
enterprises, 
processes, and 
materials under 
study 

Data from 
processes and 
materials under 
study but from 
different enterprises 

Data from 
processes and 
materials under 
study from the 
different 
technology 

Data on related 
processes or 
materials but from 
same technology 

Unknown 
technology or data 
on related processes 
or materials, but 
from different 
technology 

a Verification may take place in several ways, e.g. by on-site checking, by recalculation, through mass 
balances, or cross-checks with other sources.  
b Includes calculated data (e.g. emissions calculated from inputs to an activity), when the basis for 
calculation is measurements (e.g. measured inputs). If the calculation is based partly on assumptions, the 
score would be 2 or 3. 
c The temporal base year for the study was 2014. 
d Geographical situation for the study was the UK. 
Source: adapted from Weidema and Wesnærs, 1996 and Weidema, 1998.  
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Table D.2. Recycled material foreground system process data used and data quality rating. 
Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Glass Green glass “Glass cullets, sorted, at 
sorting plant” 

Hischier 
(2007) 

Europe 1998 1 2 5 2 2 3.56 Poor quality 

Container glass manufacture 
using recycled glass 

Enviros 
Consulting 
Ltd (2003) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

Glass production using glass 
waste as cullet 

Larsen et al. 
(2009) 

Europe 2009 2 3 2 2 2 2.56 Fair quality 

Brown glass “Glass cullets, sorted, at 
sorting plant” 

Hischier 
(2007) 

Europe 1998 1 2 5 2 2 3.56 Poor quality 

Container glass manufacture 
using recycled glass 

Enviros 
Consulting 
Ltd (2003) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

Glass production using glass 
waste as cullet 

Larsen et al. 
(2009) 

Europe 2009 2 3 2 2 2 2.56 Fair quality 

Clear glass “Glass cullets, sorted, at 
sorting plant” 

Hischier 
(2007) 

Europe 1998 1 2 5 2 2 3.56 Poor quality 

Container glass manufacture 
using recycled glass 

Enviros 
Consulting 
Ltd (2003) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

Glass production using glass 
waste as cullet 

Larsen et al. 
(2009) 

Europe 2009 2 3 2 2 2 2.56 Fair quality 

Mixed glass “Glass cullets, sorted, at 
sorting plant” 

Hischier 
(2007) 

Europe 1998 1 2 5 2 2 3.56 Poor quality 

Container glass manufacture 
using recycled glass 

Enviros 
Consulting 
Ltd (2003) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

Glass production using glass 
waste as cullet 

Larsen et al. 
(2009) 

Europe 2009 2 3 2 2 2 2.56 Fair quality 

Paper & card Paper “Paper, newsprint, DIP 
containing, at plant” 

Hischier 
(2007) 

Europe 2000 1 3 4 2 2 3.11 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Card “Corrugated board base 
paper, testliner, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

“Corrugated board base 
paper, wellenstoff, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

Books “Corrugated board base 
paper, testliner, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

“Corrugated board base 
paper, wellenstoff, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

Mixed paper & 
card 

“Corrugated board base 
paper, testliner, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

“Corrugated board base 
paper, wellenstoff, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

Yellow pages “Corrugated board base 
paper, testliner, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

“Corrugated board base 
paper, wellenstoff, at plant” 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

Metal Steel cans Crude steel production, 
electric arc furnace 

Burchart-
Korol (2013) 

Poland 2010 1 2 2 3 2 2.44 Fair quality 

Aluminium cans “Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 2 3.00 Fair quality 

“Aluminium, secondary 
production” 

Classen et al. 
(2009) 

Europe 2002 1 2 4 2 2 3.00 Fair quality 

Mixed cans* “Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

Other scrap 
metal* 

“Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

Aluminium foil “Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

“Aluminium, secondary 
production” 

Classen et al. 
(2009) 

Europe 2002 1 2 4 2 5 3.78 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Aerosols* “Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

Fire 
extinguishers* 

“Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

Gas bottles* “Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

Bicycles - - - -         

Plastic Mixed plastics Stadler plastic film 
separation & Titech NIR 
sorting 

Shonfield 
(2008) 

UK 2008 1 4 2 1 3 3.00 Fair quality 

"Plastic (HDPE) recycling, 
Linpac" 

EA (2010) UK 2003 1 4 4 1 4 3.33 Poor quality 

Mixed plastic 
bottles 

Stadler plastic film 
separation & Titech NIR 
sorting 

Shonfield 
(2008) 

UK 2008 1 4 2 1 3 3.00 Fair quality 

"Plastic (HDPE) recycling, 
Linpac" 

EA (2010) UK 2003 1 4 4 1 4 3.33 Poor quality 

PET “Plastics (PET) recycling, 
Delleve” 

EA (2010) UK 2004 1 4 3 1 2 3.00 Fair quality 

HDPE "Plastic (HDPE) recycling, 
Linpac" 

EA (2010) UK 2003 1 4 4 1 2 3.11 Poor quality 

PVC "Plastic (HDPE) recycling, 
Linpac" 

EA (2010) UK 2003 1 4 4 1 4 3.33 Poor quality 

LDPE “Agricultural film recycling, 
BPI Poly” 

EA (2010) UK 2003 2 4 4 1 2 3.22 Poor quality 

PP "Plastic (HDPE) recycling, 
Linpac" 

EA (2010) UK 2003 1 4 4 1 4 3.33 Poor quality 

Wood Wood Composite wood materials 
recycling, microrelease 
process 

Mitchell and 
Stevens 
(2009) 

UK 2008 2 4 2 1 4 3.22 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Chipboard & 
MDF 

Composite wood materials 
recycling, microrelease 
process 

Mitchell and 
Stevens 
(2009) 

UK 2008 2 4 2 1 4 3.22 Poor quality 

Composite wood 
materials 

Composite wood materials 
recycling, microrelease 
process 

Mitchell and 
Stevens 
(2009) 

UK 2008 2 4 2 1 4 3.22 Poor quality 

WEEE LDAs* “Shredding, electrical and 
electronic scrap” 

Hischier et 
al. (2007) 

Europe 2005 1 3 3 2 2 2.56 Fair quality 

Recycling of WEEE 
appliances 

Crowe et al. 
(2003) 

Europe 2000 3 4 4 2 4 3.67 Poor quality 

“Disposal, treatment of 
printed wiring boards” 

Hischier et 
al. (2007) 

Global 2005 3 4 3 3 3 3.56 Poor quality 

SDAs* “Shredding, electrical and 
electronic scrap” 

Hischier et 
al. (2007) 

Europe 2005 1 3 3 2 2 2.56 Fair quality 

Recycling of WEEE 
appliances 

Crowe et al. 
(2003) 

Europe 2000 3 4 4 2 4 3.67 Poor quality 

CRTs* “Manual depollution, CRT 
screen” 

Hischier et 
al. (2007) 

Global 2005 2 3 3 3 2 2.78 Fair quality 

“Mechanical treatment, 
shredding, CRT screen” 

Hischier et 
al. (2007) 

Global 2005 2 3 3 3 2 2.78 Fair quality 

“Copper, secondary, at 
refinery” 

Classen et al. 
(2009) 

Europe 2003 1 4 4 3 2 3.33 Poor quality 

Pyrometallurgical 
processing of CRT funnel 
glass 

Xu et al. 
(2013) 

USA 2013 2 3 1 3 2 2.56 Fair quality 

Fluorescent tubes 
& other light 
bulbs* 

“Disposal, fluorescent 
lamps” 

Hischier et 
al. (2007) 

Switzerland 2005 1 3 3 3 2 2.67 Fair quality 

Fridges & 
freezers* 

“Shredding, electrical and 
electronic scrap” 

Hischier et 
al. (2007) 

Europe 2005 1 3 3 2 2 2.56 Fair quality 

Recycling of WEEE 
appliances 

Crowe et al. 
(2003) 

Europe 2000 3 4 4 2 4 3.67 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Batteries Automotive 
batteries 

Mixed waste batteries 
sorting 

Fisher et al. 
(2006) 

UK 2006 1 4 3 1 2 3.00 Fair quality 

Lead acid battery recycling, 
Campine 

Fisher et al. 
(2006) 

Belgium 2004 1 4 3 1 2 3.00 Fair quality 

Post-consumer, 
non-automotive 
batteries 

Mixed waste batteries 
sorting 

Fisher et al. 
(2006) 

UK 2006 1 4 3 1 2 3.00 Fair quality 

Hydrometallurgical 
processing (RECUPYLTM 
process) of spent alkaline 
batteries, Recupyl 

Fisher et al. 
(2006) 

France 2004 1 4 3 1 2 3.00 Fair quality 

Pyrometallurgical 
processing of spent alkaline 
batteries, Batrec 

Fisher et al. 
(2006) 

Switzerland 2004 1 4 3 1 2 3.00 Fair quality 

Tyres Car tyres* Tyre recycling, multi-
function plant 

Eldan 
Recycling 
(2014) 

UK 2014 3 4 3 1 2 3.22 Poor quality 

Recycling of end of life 
tyres 

Baeyens et 
al. (2010) 

Global 2010 2 5 2 3 4 4.00 Poor quality 

Van tyres* Tyre recycling, multi-
function plant 

Eldan 
Recycling 
(2014) 

UK 2014 3 4 3 1 2 3.22 Poor quality 

Recycling of end of life 
tyres 

Baeyens et 
al. (2010) 

Global 2010 2 5 2 3 4 4.00 Poor quality 

Large vehicle 
tyres* 

Tyre recycling, multi-
function plant 

Eldan 
Recycling 
(2014) 

UK 2014 3 4 3 1 2 3.22 Poor quality 

Recycling of end of life 
tyres 

Baeyens et 
al. (2010) 

Global 2010 2 5 2 3 4 4.00 Poor quality 

Mixed tyres* Tyre recycling, multi-
function plant 

Eldan 
Recycling 
(2014) 

UK 2014 3 4 3 1 2 3.22 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Recycling of end of life 
tyres 

Baeyens et 
al. (2010) 

Global 2010 2 5 2 3 4 4.00 Poor quality 

Furniture Furniture Composite wood materials 
recycling, microrelease 
process 

Mitchell and 
Stevens 
(2009) 

UK 2008 2 4 2 1 4 3.22 Poor quality 

Rubble Rubble* “Buiding rubble recycling, 
Tarmac” 

EA (2010) UK 2004 1 4 4 1 2 3.11 Poor quality 

Soil Soil - Boldrin et al. 
(2009) 

Europe 2009 2 3 2 2 2 2.56 Fair quality 

- Bruun et al. 
(2006) 

Denmark 2006 1 4 3 3 4 3.44 Poor quality 

- Hansen 
(2006) 

Europe 2006 2 4 3 2 4 3.44 Poor quality 

Plasterboard Plasterboard* Plasterboard recycling WRAP 
(2008) 

UK 2007 2 4 1 1 4 3.11 Poor quality 

Oil Vegetable oil - Morais et al. 
(2010) 

Europe 2010 2 3 3 1 2 2.56 Fair quality 

Mineral oil - Morais et al. 
(2010) 

Europe 2010 1 3 2 2 2 2.44 Fair quality 

Composite Composite food 
& beverage 
cartons* 

“Waste paper, sorted, for 
further treatment” 

Hischier 
(2007) 

Europe 2007 1 2 3 2 4 3.11 Poor quality 

Composite packaging waste 
recycling 

Xie et al. 
(2012) 

China 2013 2 3 1 4 3 3.22 Poor quality 

Mattresses* Textiles recovery, 
reclamation and processing, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Paint Paint* “Scrap metal sorting and 
preparation” 

EAA (2008) Europe 2002 1 2 4 2 4 3.22 Poor quality 

“Treatment, sewage, to 
wastewater treatment, class 
5” 

Doka (2009) Switzerland 2000 1 2 4 2 4 3.22 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Textiles Textiles & 
footwear 

Textiles recovery, 
reclamation and processing, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Textiles recycling, 
production of filling fibre, 
Edward Clay & Sons Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Textiles reprocessing, 
production of wiping cloths, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Textiles only Textiles recovery, 
reclamation and processing, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Textiles recycling, 
production of filling fibre, 
Edward Clay & Sons Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Textiles reprocessing, 
production of wiping cloths, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Footwear only Textiles recovery, 
reclamation and processing, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 2 3.00 Fair quality 

Textiles recycling, 
production of filling fibre, 
Edward Clay & Sons Ltd 

EA (2010) UK 2005 1 4 3 1 4 3.22 Poor quality 

Textiles reprocessing, 
production of wiping cloths, 
Jmp Wilcox & Co Ltd 

EA (2010) UK 2005 1 4 3 1 4 3.22 Poor quality 

Carpets* Carpet recycling, 
Blackwater Ltd. 

WRAP (no 
date) 

UK Unknown 2 4 5 1 2 3.78 Poor quality 

Other AHPs* “Waste paper, sorted, for 
further treatment” 

Hischier 
(2007) 

Europe 2007 1 2 3 2 4 3.11 Poor quality 
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Waste 
material 
group 

Waste material 
type Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Nappy recycling, Knowaste Freyberg 
(2012) 

UK 2012 4 4 1 1 1 3.00 Fair quality 

*For composite materials, only data sources used for material pre-processing (e.g. dismantlement, disassembly, and sorting) and the recycling (reprocessing) of components 
particular to that composite material are presented. Data sources used for the recycling of component material types are detailed individually. 
PET, polyethylene terephthalate; LDPE, low-density polyethylene; HDPE, high-density polyethylene; PVC, polyvinyl chloride; PP, polypropylene; MDF, medium-density 
fibreboard; WEEE, waste electrical and electronic equipment; LDA, large domestic appliance; SDA, small domestic appliance; CRT, cathode ray tube; AHP, absorbent 
hygiene product. 
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Table D.3. Avoided primary production process data used and data quality rating. 

Secondary 
product 

Avoided primary 
product 

Name of primary 
production data set used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Secondary 
container glass 

Primary 
container glass 

Container glass 
manufacture using 
recycled glass 

Enviros 
Consulting Ltd 
(2003) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

Glass production using 
glass waste as cullet 

Larsen et al. 
(2009) 

Europe 2009 2 3 2 2 2 2.56 Fair quality 

Secondary 
newsprint 

Primary 
newsprint 

“Paper, newsprint, 0% 
DIP, at plant” 

Hischier 
(2007) 

Europe 2000 1 3 4 2 2 3.11 Poor quality 

Testliner Kraftliner "Corrugated board base 
paper, kraftliner, at 
plant" 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

Wellenstoff Semi-chemical 
fluting 

"Corrugated board base 
paper, semichemical 
fluting, at plant" 

Hischier 
(2007) 

Europe 2005 1 1 3 2 2 2.33 Fair quality 

Crude steel Steel "Steel, converter, 
unalloyed, at plant" 

Classen et al. 
(2009) 

Europe 2001 1 2 4 2 2 3.00 Fair quality 

Aluminium Aluminium "Aluminium, primary, 
at plant" 

Classen et al. 
(2009) 

Europe 2002 1 2 4 2 2 3.00 Fair quality 

PET flakes PET flakes "Polyethylene 
terephthalate, granulate, 
amorphous, at plant" 

Hischier 
(2007) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

HDPE granulate HDPE granulate "Polyethylene, HDPE, 
granulate, at plant" 

Hischier 
(2007) 

Europe 2001 1 1 4 2 2 2.89 Fair quality 

PVC pellets PVC pellets " Polyvinylchloride, 
suspension 
polymerised, at plant" 

Hischier 
(2007) 

Europe 2001 1 1 4 2 2 2.89 Fair quality 

  "Polyvinylchloride, 
emulsion polymerised, 
at plant" 

Hischier 
(2007) 

Europe 2001 1 1 4 2 2 2.89 Fair quality 

PP granulate PP granulate "Polypropylene 
granulate (PP), 

JRC (2008) Europe 2001 1 1 4 2 2 2.89 Fair quality 
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Secondary 
product 

Avoided primary 
product 

Name of primary 
production data set used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

production mix, at 
plant" 

LDPE pellets LDPE pellets "Polyethylene, LDPE, 
granulate, at plant" 

Hischier 
(2007) 

Europe 2001 1 1 4 2 2 2.89 Fair quality 

Recycled MDF Virgin MDF 
fibre 

- Shonfield 
(2008) 

UK 2008 1 4 2 1 3 3.00 Fair quality 

Zinc Zinc "Zinc, primary, at 
regional storage" 

Classen et al. 
(2009) 

Europe 2003 1 1 4 2 2 2.89 Fair quality 

Manganese Manganese "Manganese, at regional 
storage" 

Classen et al. 
(2009) 

Europe 2003 4 4 4 2 3 3.67 Poor quality 

Mercury Mercury "Mercury, liquid, at 
plant" 

Classen et al. 
(2009) 

Global 2000 2 4 4 2 2 3.33 Poor quality 

Ferromanganese  Ferromanganese "Ferromanganese, high-
coal, 74/5% Mn, at 
regional storage" 

Classen et al. 
(2009) 

Europe 2003 2 3 4 3 3 3.44 Poor quality 

Lead Lead "Lead, primary, at 
plant" 

Classen et al. 
(2009) 

Global 2005 2 1 3 2 2 2.44 Fair quality 

Copper Copper "Copper, primary, at 
refinery" 

Classen et al. 
(2009) 

Europe 2003 2 1 4 2 2 3.00 Fair quality 

Rubber granulate 
<3 mm 

Bitumen "Bitumen, at refinery" Jungbluth 
(2007) 

Europe 2000 2 3 4 2 2 3.22 Poor quality 

Rubber crumb 
<20 mm 

Synthetic rubber "Synthetic rubber, at 
plant" 

Hischier 
(2007) 

Europe 2003 2 3 4 2 3 3.33 Poor quality 

Aggregate  Gravel "Gravel, unspecified, at 
mine" 

Kellenberger 
et al. (2007) 

Switzerland 2001 1 3 4 3 2 3.22 Poor quality 

Gypsum Mineral gypsum "Gypsum, mineral, at 
mine" 

Kellenberger 
et al. (2007) 

Switzerland 2003 2 3 4 3 2 3.33 Poor quality 

- WRAP (2008) UK 2007 2 3 3 1 2 2.56 Fair quality 

Biodiesel Fossil diesel - DEFRA et al. 
(2014) 

UK 2013 1 1 1 1 1 1.00 High quality 
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Secondary 
product 

Avoided primary 
product 

Name of primary 
production data set used Data source 

Geographic 
coverage 

Reference 
year 

Reliability 
DQR score 

Completeness 
DQR score 

Temporal 
correlation 
DQR score 

Geographical 
correlation 
DQR score 

Technological 
correlation   
DQR score 

Overall 
DQR 
score 

Overall 
DQR 
description 

Mattress filling 
fibre 

Flocking 
material 

"Polyurethane, flexible 
foam, at plant" 

Hischier 
(2007) 

Europe 1997 1 2 5 2 2 3.56 Poor quality 

Natural fibre 
wiping cloths 

Paper wiping 
cloths 

"Kraft paper, bleached, 
at plant" 

Hischier 
(2007) 

Europe 1993 1 4 5 3 2 3.89 Poor quality 

Artificial fibre 
wiping cloths 

Artificial wiping 
cloths 

- DEFRA et al. 
(2014) 

UK 2013 1 1 1 1 1 1.00 High quality 

PET, polyethylene terephthalate; LDPE, low-density polyethylene; HDPE, high-density polyethylene; PVC, polyvinyl chloride; PP, polypropylene; MDF, medium-density 
fibreboard. 
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Appendix E Comparison of GHG emissions 
factor data from the literature (Paper II) 

An overview of material recycling GHG emission factors reported in the literature is 

presented in Table E.1. 
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Table E.1. Overview of material recycling GHG emissions literature data. 
Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Glass Green glass Pratt (2014) Scotland 2012 56% primary glass; 44% primary aggregates -201 
WRAP (2012) England 2011 Unknown -392 
Larsen et al. 
(2009) 

Northern 
Europe 

2009 Primary glass -506 to -445 

Fisher (2006) UK 2006 Primary glass -762 
Smith et al. (2001) Europe 2001 Primary glass -253 
US EPA (2015) USA 2015 Primary glass -309 

Brown glass Pratt (2014) Scotland 2012 56% primary glass; 44% primary aggregates -201 
WRAP (2012) England 2011 Unknown -392 
Larsen et al. 
(2009) 

Northern 
Europe 

2009 Primary glass -506 to -445 

Fisher (2006) UK 2006 Primary glass -762 
Smith et al. (2001) Europe 2001 Primary glass -253 
US EPA (2015) USA 2015 Primary glass -309 

Clear glass Pratt (2014) Scotland 2012 56% primary glass; 44% primary aggregates -201 
WRAP (2012) England 2011 Unknown -392 
Larsen et al. 
(2009) 

Northern 
Europe 

2009 Primary glass -506 to -445 

Fisher (2006) UK 2006 Primary glass -762 
Smith et al. (2001) Europe 2001 Primary glass -253 
US EPA (2015) USA 2015 Primary glass -309 

Mixed glass Pratt (2014) Scotland 2012 56% primary glass; 44% primary aggregates -201 
WRAP (2012) England 2011 Unknown -233 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Larsen et al. 
(2009) 

Northern 
Europe 

2009 Primary glass -506 to -445 

Fisher (2006) UK 2006 Primary glass -762 
Smith et al. (2001) Europe 2001 Primary glass -253 
US EPA (2015) USA 2015 Primary glass -309 

Paper & card Paper Pratt (2014) Scotland 2012 Unknown – assumed primary paper and card -888 
WRAP (2012) England 2011 Unknown -811 
Merrild et al. 
(2009) 

Northern 
Europe 

2009 Virgin paper -1269 to 390 

Fisher et al. 
(2006) 

UK 2006 Virgin paper -620 to -280 

Fisher (2006) UK 2006 Virgin thermo-mechanical pulp -496 
Smith et al. (2001) Europe 2001 Virgin newsprint -600 
US EPA (2015) USA 2015 Virgin newspaper -3031 
US EPA (2015) USA 2015 Virgin office paper -3153 
US EPA (2015) USA 2015 48% virgin fibre corrugated containers; 8% primary 

magazines, 24% primary newspaper; 20% primary 
office paper 

-3891 

Card Pratt (2014) Scotland 2012 Unknown – assumed primary paper and card -888 
Fisher et al. 
(2006) 

UK 2006 Virgin paper -620 to -280 

WRAP (2012) England 2011 Unknown -894 
Fisher (2006) UK 2006 Virgin thermo-mechanical pulp -496 
US EPA (2015) USA 2015 Virgin corrugated containers -3439 

Books Pratt (2014) Scotland 2012 Unknown – assumed primary paper and card -888 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

WRAP (2012) England 2011 Unknown -811 
US EPA (2015) USA 2015 Virgin fibre textbooks -3428 

Mixed paper & card Pratt (2014) Scotland 2012 Unknown – assumed primary paper and card -888 
WRAP (2012) England 2011 Unknown -873 
Fisher et al. 
(2006) 

UK 2006 Virgin paper -620 to -280 

Fisher (2006) UK 2006 Virgin thermo-mechanical pulp -496 
Yellow pages Pratt (2014) Scotland 2012 Unknown – assumed primary paper and card -888 

US EPA (2015) USA 2015 Virgin fibre phone books -2910 
Metal Steel cans Pratt (2014) Scotland 2012 Unknown – assumed primary ferrous metals -1806 

 WRAP (2012) England 2011 Unknown -1799 
 Damgaard et al. 

(2009) 
Northern 
Europe 

2009 Primary steel -2360 to -560 

 Fisher et al. 
(2006) 

UK 2006 Pig iron (max) 
Primary steel (min) 

-830 to -580 

 Fisher (2006) UK 2006 Pig iron -496 
 Smith et al. (2001) Europe 2001 Primary tin plate -1487 
 US EPA (2015) USA 2015 Primary steel -1995 
Aluminium cans Pratt (2014) Scotland 2012 Unknown – assumed primary non-ferrous metals -9985 
 WRAP (2012) England 2011 Unknown -9267 
 Damgaard et al. 

(2009) 
Northern 
Europe 

2009 Primary aluminium -19340 to -5040 

 Fisher et al. 
(2006) 

UK 2006 Primary aluminium -13100 to -12300 

 Fisher (2006) UK 2006 Primary aluminium -11634 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

 Smith et al. (2001) Europe 2001 Primary aluminium -9074 
 US EPA (2015) USA 2015 Primary aluminium -10042 
Mixed cans Pratt (2014) Scotland 2012 Unknown – assumed primary ferrous and non-ferrous 

metals 
-2573 

 WRAP (2012) England 2011 Unknown -3965 
 US EPA (2015) USA 2015 Primary steel and aluminium (unknown proportion) -4828 
Other scrap metal Pratt (2014) Scotland 2012 Unknown – assumed primary ferrous and non-ferrous 

metals 
-2573 

 WRAP (2012) England 2011 Unknown -2239 
 US EPA (2015) USA 2015 Primary steel and aluminium (unknown proportion) -4828 
Aluminium foil WRAP (2012) England 2011 Unknown -9267 

Plastic Mixed plastics Pratt (2014) Scotland 2012 Unknown -566 
WRAP (2012) England 2011 Unknown -1215 
Astrup et al. 
(2009) 

Northern 
Europe 

2009 Virgin plastic -1574 to -838 

Astrup et al. 
(2009) 

Northern 
Europe 

2009 Virgin wood lumber -108 to -58 

Fisher et al. 
(2006) 

UK 2006 Primary PET (max) 
Primary plastic (LDPE) lumber (min) 

-1820 to 1470 

Fisher (2006) UK 2006 Primary PET -2324 
US EPA (2015) USA 2015 Primary HDPE (35%) and PET (65%) -1135 

Mixed plastic bottles Pratt (2014) Scotland 2012 Unknown -566 
WRAP (2012) England 2011 Unknown -1156 
Fisher et al. 
(2006) 

UK 2006 Primary PET (max) 
Primary Plastic (LDPE) lumber (min) 

-1820 to 1470 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Fisher (2006) UK 2006 Primary PET -2324 
US EPA (2015) USA 2015 Primary HDPE (35%) and PET (65%) -1135 

PET Pratt (2014) Scotland 2012 Unknown -566 
WRAP (2012) England 2011 Unknown -1705 
Fisher et al. 
(2006) 

UK 2006 Primary PET -1820 

Fisher (2006) UK 2006 Primary PET -2324 
Smith et al. (2001) Europe 2001 Primary PET granules -1761 
US EPA (2015) USA 2015 Primary PET -1246 

HDPE Pratt (2014) Scotland 2012 Unknown -566 
WRAP (2012) England 2011 Unknown -1161 
Fisher (2006) UK 2006 Primary PET -2324 
Smith et al. (2001) Europe 2001 Primary HDPE granules -253 
US EPA (2015) USA 2015 Primary HDPE -970 

PVC Pratt (2014) Scotland 2012 Unknown -566 
WRAP (2012) England 2011 Unknown -888 
Fisher (2006) UK 2006 Primary PET -2324 

LDPE Pratt (2014) Scotland 2012 Unknown -566 
WRAP (2012) England 2011 Unknown -948 
Fisher et al. 
(2006) 

UK 2006 Primary LDPE (max) 
Virgin timber (min) 

-1470 to 850 

Fisher (2006) UK 2006 Primary polyethylene  -1586 
PP Pratt (2014) Scotland 2012 Unknown -566 

WRAP (2012) England 2011 Unknown -948 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Fisher (2006) UK 2006 Primary PET -2324 
PS WRAP (2012) England 2011 Unknown -1240 
Other plastics WRAP (2012) England 2011 Unknown -688 

Wood Wood Pratt (2014) Scotland 2012 N, P, and K fertilisers (unknown proportions) -265 
WRAP (2012) England 2011 Unknown -1276 
Merrild and 
Christensen 
(2009) 

Northern 
Europe 

2009 Virgin wood chips -665 to -125 

Fisher et al. 
(2006) 

UK 2006 Virgin timber -90 to 1.2 

US EPA (2015) USA 2015 Virgin timber -2712 
Chipboard & MDF Pratt (2014) Scotland 2012 N, P, and K fertilisers (unknown proportions) -265 

WRAP (2012) England 2011 Unknown -1276 
Merrild and 
Christensen 
(2009) 

Northern 
Europe 

2009 Virgin wood chips -665 to -125 

Fisher et al. 
(2006) 

UK 2006 Virgin timber -90 to 1.2 

US EPA (2015) USA 2015 Virgin MDF -2723 
Composite wood 
materials 

Pratt (2014) Scotland 2012 N, P, and K fertilisers (unknown proportions) -265 
WRAP (2012) England 2011 Unknown -1276 
Merrild and 
Christensen 
(2009) 

Northern 
Europe 

2009 Virgin wood chips -665 to -125 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Fisher et al. 
(2006) 

UK 2006 Virgin timber -90 to 1.2 

WEEE WEEE – LDAs Pratt (2014) Scotland 2012 Primary ferrous and non-ferrous metals (unknown 
proportions) 

-181 

WRAP (2012) England 2011 Unknown -1266 
WEEE – SDAs  WRAP (2012) England 2011 Unknown -1482 
WEEE – CRTs  US EPA (2015) USA 2015 Primary asphalt (38%), steel sheet (27%, lead bullion 

(10%), CRT glass (2%), copper wire (5%), and 
aluminium sheet (18%) 

-2767 

WEEE – fridges & 
freezers 

Pratt (2014) Scotland 2012 Primary ferrous and non-ferrous metals (unknown 
proportions) 

-181 

WRAP (2012) England 2011 Unknown -656 
Smith et al. (2001) Europe 2001 Primary tin plate; primary aluminium, primary copper; 

marginal heat and electricity (plastics incineration) 
(unknown proportions) 

-1042 

Batteries Automotive batteries Pratt (2014) Scotland 2012 Unknown -487 
WRAP (2012) England 2011 Unknown -563 

Post-consumer, non-
automotive batteries 

Pratt (2014) Scotland 2012 Unknown -487 
WRAP (2012) England 2011 Unknown -563 

Tyres Car tyres WRAP (2012) England 2011 Unknown -1910 
US EPA (2015) USA 2015 Sand (42%) and synthetic rubber (58%) -430 

Van tyres WRAP (2012) England 2011 Unknown -1910 
US EPA (2015) USA 2015 Sand (42%) and synthetic rubber (58%) -430 

Large vehicle tyres WRAP (2012) England 2011 Unknown -1910 
US EPA (2015) USA 2015 Sand (42%) and synthetic rubber (58%) -430 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Mixed tyres WRAP (2012) England 2011 Unknown -1910 
US EPA (2015) USA 2015 Sand (42%) and synthetic rubber (58%) -430 

Furniture Furniture WRAP (2012) England 2011 Unknown -921 
Rubble Rubble Pratt (2014) Scotland 2012 Unknown 2 

WRAP (2012) England 2011 Unknown -9 
Fisher et al. 
(2006) 

UK 2006 Gravel (max) 
No substitution (min) 

-2.3 to 2.1 

Fisher (2006) UK 2006 Gravel -2.7 
Soil Soil Pratt (2014) Scotland 2012 Unknown 1 

Fisher et al. 
(2006) 

UK 2006 Gravel (max) 
No substitution (min) 

-2.3 to 2.1 

Plasterboard Plasterboard WRAP (2012) England 2011 Unknown -139 
US EPA (2015) USA 2015 Virgin gypsum drywall 33 

Oil Vegetable oil Pratt (2014) Scotland 2012 Unknown -725 
Mineral oil Pratt (2014) Scotland 2012 Unknown -725 

WRAP (2012) England 2011 Unknown -725 
Composite Composite food & 

beverage cartons 
WRAP (2012) England 2011 Unknown -1730 

Mattresses Mattresses      
Paint Paint WRAP (2012) England 2011 Unknown -2840 
Textiles Textiles & footwear Pratt (2014) Scotland 2012 46% primary textiles; 32% virgin paper; 22% primary 

shoes  
-5891 

WRAP (2012) England 2011 Unknown -2028 
Fisher et al. 
(2006) 

UK 2006 50% cotton cloth; 50% primary PET (max) 
Kraft paper (min) 

-1750 to -930 
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Waste material 
group Waste material type Reference 

Geographic 
coverage 

Reference 
year Substituted production 

GHG emissions (net) 
kg CO2-eq. 

Fisher (2006) UK 2006 50% cotton cloth; 50% primary PET -7869 
Smith et al. (2001) Europe 2001 Woollen rags -3169 

Textiles only Pratt (2014) Scotland 2012 46% primary textiles; 32% virgin paper; 22% primary 
shoes  

-5891 

WRAP (2012) England 2011 Unknown -5987 
Fisher et al. 
(2006) 

UK 2006 50% cotton cloth; 50% primary PET (max) 
Kraft paper (min) 

-1750 to -930 

Fisher (2006) UK 2006 50% cotton cloth; 50% primary PET -7869 
Smith et al. (2001) Europe 2001 Woollen rags -3169 

Footwear only Pratt (2014) Scotland 2012 46% primary textiles; 32% virgin paper; 22% primary 
shoes  

-5891 

WRAP (2012) England 2011 Unknown -4385 
Carpets US EPA (2015) USA 2015 Primary Nylon 6, Nylon 6-6, PET, and PP plastic resins -2601 

GHG, greenhouse gas; PET, polyethylene terephthalate; LDPE, low-density polyethylene; HDPE, high-density polyethylene; PVC, polyvinyl chloride; PP, polypropylene; 
PS, polystyrene; MDF, medium-density fibreboard; WEEE, waste electrical and electronic equipment; LDA, large domestic appliance; SDA, small domestic appliance; CRT, 
cathode ray tube. 
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Appendix F Perturbation analysis – detailed 
results (Paper II) 

Detailed results of the perturbation analysis undertaken to test the sensitivity of 

calculated results to the market substitution ratio parameter are presented in Table F.1. 
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Table F.1. Market substitution parameter sensitivity ratios (SR) of the material recycling systems investigated – detailed results. 

Material type Secondary material 
Avoided primary 
material 

Initial 
market 
substitution 
rate 

Initial result 
Parameter 
contribution 

Test market 
substitution 
rate ∆Parameter 

Test result 

Test 
parameter 
contribution ∆Result 

SR kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

Green glass Glass Glass 1 -314 -709 0.9 0.10 -243 -638 71 -2.26 

Brown glass Glass Glass 1 -314 -709 0.9 0.10 -243 -638 71 -2.26 

Clear glass Glass Glass 1 -314 -709 0.9 0.10 -243 -638 71 -2.26 

Mixed glass Glass Glass 1 -314 -709 0.9 0.10 -243 -638 71 -2.26 

Paper Newsprint Newsprint 1 -459 -2033 0.9 0.10 -255 -1830 203 -4.43 

Card Testliner Kraftliner 1 -120 -320 0.9 0.10 -88 -288 32 -2.66 

Wellenstoff SCF 1 -120 -358 0.9 0.10 -85 -322 36 -2.97 

Total avoided production 1 -120 -678 0.9 0.10 -53 -610 68 -5.63 

Books Testliner Kraftliner 1 -117 -320 0.9 0.10 -85 -288 32 -2.72 

Wellenstoff SCF 1 -117 -358 0.9 0.10 -82 -322 36 -3.04 

Total avoided production 1 -117 -678 0.9 0.10 -50 -610 68 -5.77 

Mixed paper & card Testliner Kraftliner 1 -123 -320 0.9 0.10 -91 -288 32 -2.61 

Wellenstoff SCF 1 -123 -358 0.9 0.10 -87 -322 36 -2.92 

Total avoided production 1 -123 -678 0.9 0.10 -55 -610 68 -5.52 

Yellow Pages Testliner Kraftliner 1 -117 -320 0.9 0.10 -85 -288 32 -2.72 

Wellenstoff SCF 1 -117 -358 0.9 0.10 -82 -322 36 -3.04 

Total avoided production 1 -117 -678 0.9 0.10 -50 -610 68 -5.77 

Steel cans Steel Steel 1 -862 -1391 0.9 0.10 -723 -1252 139 -1.61 

Aluminium cans Aluminium Aluminium 1 -8143 -9256 0.9 0.10 -7218 -8330 926 -1.14 

Mixed cans Steel Steel 1 -3577 -766 0.9 0.10 -3500 -690 77 -0.21 

Aluminium Aluminium 1 -3577 -3693 0.9 0.10 -3208 -3324 369 -1.03 

Total avoided production 1 -3577 -4460 0.9 0.10 -3131 -4014 446 -1.25 

Other scrap metal 
 

Steel Steel 1 -3577 -766 0.9 0.10 -3500 -690 77 -0.21 

Aluminium Aluminium 1 -3577 -3693 0.9 0.10 -3208 -3324 369 -1.03 
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Material type Secondary material 
Avoided primary 
material 

Initial 
market 
substitution 
rate 

Initial result 
Parameter 
contribution 

Test market 
substitution 
rate ∆Parameter 

Test result 

Test 
parameter 
contribution ∆Result 

SR kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

 Total avoided production 1 -3577 -4460 0.9 0.10 -3131 -4014 446 -1.25 

Aluminium foil Aluminium Aluminium 1 -8143 -9256 0.9 0.10 -7218 -8330 926 -1.14 

Aerosols Steel Steel 1 -3577 -766 0.9 0.10 -3500 -690 77 -0.21 

Aluminium Aluminium 1 -3577 -3693 0.9 0.10 -3208 -3324 369 -1.03 

Total avoided production 1 -3577 -4460 0.9 0.10 -3131 -4014 446 -1.25 

Fire extinguishers Steel Steel 1 -673 -1324 0.9 0.10 -541 -1192 132 -1.97 

Gas bottles Steel Steel 1 -673 -1324 0.9 0.10 -541 -1192 132 -1.97 

Bicycles Steel Steel 1 -3577 -766 0.9 0.10 -3500 -690 77 -0.21 

Aluminium Aluminium 1 -3577 -3693 0.9 0.10 -3208 -3324 369 -1.03 

Total avoided production 1 -3577 -4460 0.9 0.10 -3131 -4014 446 -1.25 

Mixed plastics HDPE HDPE 1 -1024 -339 0.9 0.10 -990 -305 34 -0.33 

PVC PVC 1 -1024 -62 0.9 0.10 -1018 -56 6 -0.06 

PP PP 1 -1024 -114 0.9 0.10 -1012 -103 11 -0.11 

Total avoided production 1 -1024 -1363 0.9 0.10 -888 -1227 136 -1.33 

Mixed plastic bottles PET PET 1 -1084 -814 0.9 0.10 -1003 -732 81 -0.75 

HDPE HDPE 1 -1084 -574 0.9 0.10 -1027 -516 57 -0.53 

PVC PVC 1 -1084 -15 0.9 0.10 -1083 -13 1 -0.01 

PP PP 1 -1084 -18 0.9 0.10 -1083 -16 2 -0.02 

Total avoided production 1 -1084 -1420 0.9 0.10 -942 -1278 142 -1.31 

PET PET PET 1 -2192 -2347 0.9 0.10 -1957 -2112 235 -1.07 

HDPE HDPE HDPE 1 -1149 -1528 0.9 0.10 -996 -1375 153 -1.33 

PVC PVC PVC 1 -1549 -1928 0.9 0.10 -1356 -1735 193 -1.24 

LDPE LDPE LDPE 1 -972 -1001 0.9 0.10 -872 -901 100 -1.03 

PP PP PP 1 -1184 -1563 0.9 0.10 -1027 -1407 156 -1.32 

Wood rMDF vMDF 1 -351 -981 0.9 0.10 -253 -883 98 -2.79 
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Material type Secondary material 
Avoided primary 
material 

Initial 
market 
substitution 
rate 

Initial result 
Parameter 
contribution 

Test market 
substitution 
rate ∆Parameter 

Test result 

Test 
parameter 
contribution ∆Result 

SR kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

Chipboard and MDF rMDF vMDF 1 -351 -981 0.9 0.10 -253 -883 98 -2.79 

Composite wood materials rMDF vMDF 1 -177 -785 0.9 0.10 -98 -706 78 -4.44 

WEEE - large domestic appliances Steel Steel 1 -866 -716 0.9 0.10 -795 -645 72 -0.83 

Aluminium Aluminium 1 -866 -566 0.9 0.10 -810 -509 57 -0.65 

PP PP 1 -866 -12 0.9 0.10 -865 -11 1 -0.01 

Total avoided production 1 -866 -1294 0.9 0.10 -737 -1165 129 -1.49 

WEEE - small domestic appliances Steel Steel 1 -1350 -542 0.9 0.10 -1295 -488 54 -0.40 

Aluminium Aluminium 1 -1350 -1223 0.9 0.10 -1227 -1101 122 -0.91 

PP PP 1 -1350 -34 0.9 0.10 -1346 -31 3 -0.03 

Zinc (from batteries) Zinc 1 -1350 -7 0.9 0.10 -1349 -6 1 -0.01 

Manganese (from batteries) Manganese 1 -1350 -3 0.9 0.10 -1349 -3 0 0.00 

Mercury (from batteries) Mercury 1 -1350 0 0.9 0.10 -1350 0 0 0.00 

Mercury (from batteries) Ferromanganese 1 -1350 -1 0.9 0.10 -1349 -1 0 0.00 

Steel (from batteries) Steel 1 -1350 -3 0.9 0.10 -1349 -2 0 0.00 

Total avoided production 1 -1350 -1812 0.9 0.10 -1168 -1631 181 -1.34 

WEEE - CRTs Steel Steel 1 -228 -133 0.9 0.10 -214 -120 13 -0.59 

Aluminium Aluminium 1 -228 -151 0.9 0.10 -213 -136 15 -0.66 

Copper Copper 1 -228 -13 0.9 0.10 -226 -12 1 -0.06 

Lead Lead 1 -228 -198 0.9 0.10 -208 -178 20 -0.87 

Copper (from cables) Copper 1 -228 -3 0.9 0.10 -227 -2 0 -0.01 

Total avoided production 1 -228 -499 0.9 0.10 -178 -449 50 -2.19 

WEEE - fluorescent tubes & other light bulbs Steel Steel 1 -779 -33 0.9 0.10 -776 -30 3 -0.04 

Aluminium Aluminium 1 -779 -518 0.9 0.10 -728 -467 52 -0.66 

Glass Glass 1 -779 -745 0.9 0.10 -705 -671 75 -0.96 

Total avoided production 1 -779 -1297 0.9 0.10 -650 -1167 130 -1.66 
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Material type Secondary material 
Avoided primary 
material 

Initial 
market 
substitution 
rate 

Initial result 
Parameter 
contribution 

Test market 
substitution 
rate ∆Parameter 

Test result 

Test 
parameter 
contribution ∆Result 

SR kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

WEEE - fridges & freezers Steel Steel 1 -853 -851 0.9 0.10 -768 -766 85 -1.00 

Aluminium Aluminium 1 -853 -459 0.9 0.10 -807 -413 46 -0.54 

PP PP 1 -853 -13 0.9 0.10 -852 -11 1 -0.01 

Total avoided production 1 -853 -1322 0.9 0.10 -721 -1190 132 -1.55 

Automotive batteries Lead Lead 1 -435 -1373 0.9 0.10 -298 -1236 137 -3.15 

Post-consumer, non-automotive batteries Zinc Zinc 1 -204 -682 0.9 0.10 -136 -614 68 -3.35 

Manganese Manganese 1 -204 -294 0.9 0.10 -174 -265 29 -1.45 

Mercury Mercury 1 -204 -2 0.9 0.10 -204 -2 0 -0.01 

Ferromanganese Ferromanganese 1 -204 -104 0.9 0.10 -193 -94 10 -0.51 

Steel Steel 1 -204 -250 0.9 0.10 -179 -225 25 -1.23 

Total avoided production 1 -204 -1333 0.9 0.10 -70 -1199 133 -6.54 

Car tyres Steel Steel 1 -636 -213 0.9 0.10 -614 -192 21 -0.33 

Rubber crumb Synthetic rubber 1 -636 -419 0.9 0.10 -594 -377 42 -0.66 

Rubber granulate Bitumen 1 -636 -209 0.9 0.10 -615 -188 21 -0.33 

Total avoided production 1 -636 -841 0.9 0.10 -551 -757 84 -1.32 

Van tyres Steel Steel 1 -671 -188 0.9 0.10 -653 -169 19 -0.28 

Rubber crumb Synthetic rubber 1 -671 -453 0.9 0.10 -626 -408 45 -0.68 

Rubber granulate Bitumen 1 -671 -227 0.9 0.10 -649 -205 23 -0.34 

Total avoided production 1 -671 -868 0.9 0.10 -584 -782 87 -1.29 

Large vehicle tyres Steel Steel 1 -671 -188 0.9 0.10 -653 -169 19 -0.28 

Rubber crumb Synthetic rubber 1 -671 -453 0.9 0.10 -626 -408 45 -0.68 

Rubber granulate Bitumen 1 -671 -227 0.9 0.10 -649 -205 23 -0.34 

Total avoided production 1 -671 -868 0.9 0.10 -584 -782 87 -1.29 

Mixed tyres 
 

Steel Steel 1 -640 -210 0.9 0.10 -619 -189 21 -0.33 

Rubber crumb Synthetic rubber 1 -640 -423 0.9 0.10 -598 -381 42 -0.66 
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Material type Secondary material 
Avoided primary 
material 

Initial 
market 
substitution 
rate 

Initial result 
Parameter 
contribution 

Test market 
substitution 
rate ∆Parameter 

Test result 

Test 
parameter 
contribution ∆Result 

SR kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

 Rubber granulate Bitumen 1 -640 -211 0.9 0.10 -619 -190 21 -0.33 

Total avoided production 1 -640 -845 0.9 0.10 -555 -760 84 -1.32 

Furniture rMDF vMDF 1 -177 -785 0.9 0.10 -98 -706 78 -4.44 

Rubble Aggregate Gravel 1 -2 -3 0.9 0.10 -1 -2 0 -1.65 

Steel Steel 1 -2 -14 0.9 0.10 0 -13 1 -8.81 

Total avoided production 1 -2 -17 0.9 0.10 0 -15 2 -10.45 

Soil - - - - - - - - - - - 

Plasterboard Gypsum Gypsum 1 4 -35 0.9 0.10 7 -32 4 9.95 

Testliner Kraftliner 1 4 -7 0.9 0.10 4 -6 1 1.99 

Wellenstoff SCF 1 4 -8 0.9 0.10 4 -7 1 2.22 

Total avoided production 1 4 -50 0.9 0.10 9 -45 5 14.16 

Vegetable oil Biodiesel Fossil diesel 1 -2759 -3406 0.9 0.10 -2418 -3065 341 -1.23 

Mineral oil Biodiesel Fossil diesel 1 -2759 -3406 0.9 0.10 -2418 -3065 341 -1.23 

Composite food & beverage cartons Testliner Kraftliner 1 -242 -189 0.9 0.10 -223 -170 19 -0.78 

Wellenstoff SCF 1 -242 -212 0.9 0.10 -220 -191 21 -0.88 

HDPE HDPE 1 -242 -199 0.9 0.10 -222 -179 20 -0.82 

Aluminium Aluminium 1 -242 -454 0.9 0.10 -196 -408 45 -1.88 

Total avoided production 1 -242 -1054 0.9 0.10 -136 -948 105 -4.36 

Mattresses Steel Steel 1 -1241 -661 0.9 0.10 -1175 -595 66 -0.53 

Mattress filling fibre PE foam 1 -1241 -410 0.9 0.10 -1200 -369 41 -0.33 

Synthetic cloths Polyester cloths 1 -1241 -551 0.9 0.10 -1186 -496 55 -0.44 

Natural fibre cloths Kraft paper 1 -1241 -97 0.9 0.10 -1231 -87 10 -0.08 

Total avoided production 1 -1241 -1718 0.9 0.10 -1069 -1546 172 -1.38 

Paint Steel Steel 1 86 -278 0.9 0.10 114 -250 28 3.24 

Textiles & footwear Mattress filling fibre PE foam 1 -3376 -1463 0.9 0.10 -3230 -1317 146 -0.43 
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Material type Secondary material 
Avoided primary 
material 

Initial 
market 
substitution 
rate 

Initial result 
Parameter 
contribution 

Test market 
substitution 
rate ∆Parameter 

Test result 

Test 
parameter 
contribution ∆Result 

SR kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. kg CO2-eq. 

 Synthetic cloths Polyester cloths 1 -3376 -1969 0.9 0.10 -3179 -1772 197 -0.58 

Natural fibre cloths Kraft paper 1 -3376 -345 0.9 0.10 -3342 -311 35 -0.10 

Total avoided production 1 -3376 -3777 0.9 0.10 -2999 -3399 378 -1.12 

Textiles only Mattress filling fibre PE foam 1 -3376 -1463 0.9 0.10 -3230 -1317 146 -0.43 

Synthetic cloths Polyester cloths 1 -3376 -1969 0.9 0.10 -3179 -1772 197 -0.58 

Natural fibre cloths Kraft paper 1 -3376 -345 0.9 0.10 -3342 -311 35 -0.10 

Total avoided production 1 -3376 -3777 0.9 0.10 -2999 -3399 378 -1.12 

Footwear only Mattress filling fibre PE foam 1 -3376 -1463 0.9 0.10 -3230 -1317 146 -0.43 

Synthetic cloths Polyester cloths 1 -3376 -1969 0.9 0.10 -3179 -1772 197 -0.58 

Natural fibre cloths Kraft paper 1 -3376 -345 0.9 0.10 -3342 -311 35 -0.10 

Total avoided production 1 -3376 -3777 0.9 0.10 -2999 -3399 378 -1.12 

Carpets PP PP 1 -9 -152 0.9 0.10 6 -137 15 -17.15 

AHPs Testliner Kraftliner 1 14 -13 0.9 0.10 15 -11 1 0.93 

Wellenstoff SCF 1 14 -14 0.9 0.10 15 -13 1 1.04 

PET PET 1 14 -9 0.9 0.10 14 -8 1 0.65 

PP PP 1 14 -14 0.9 0.10 15 -13 1 1.06 

Total avoided production 1 14 -50 0.9 0.10 19 -45 5 3.68 

PET, polyethylene terephthalate; HDPE, high-density polyethylene; PVC, polyvinyl chloride; LDPE, low-density polyethylene; PP, polypropylene; MDF, medium-density 
fibreboard; WEEE, waste electrical and electronic equipment; CRT, cathode-ray tube; AHP, absorbent hygiene product. 

351 



  Appendix F 

 

352 



  Appendix G 

Appendix G Details of background system data 
used for each foreground system process 
(Paper III) 

G.1 Anaerobic digestion 

Table G.1. Inventory data sources used in the anaerobic digestion process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage Reference year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

G.2 In-vessel composting 

Table G.2. Inventory data sources used in the in-vessel composting process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

G.3 Windrow composting 

Table G.3. Inventory data sources used in the windrow composting process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

G.4 Mechanical biological treatment  

Table G.4. Inventory data sources used in the mechanical biological treatment process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 
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G.5 Application to land 

Table G.5. Inventory data sources used in the application to land process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Transport, road, 
lorry 

Intermodal road 
transport 

EA (2010) UK 2007 

Diesel - Defra et al. (2013) UK 2013 
Nitrogen 
fertiliser 

- Evangelisti et al. (2014) UK 2013 

Phosphorous 
fertiliser 

- Evangelisti et al. (2014) UK 2013 

Potassium 
fertiliser 

- Evangelisti et al. (2014) UK 2013 

Peat - Brinkmann et al. (2004); 
Kranert and Gottschall (2007); 
EA (2010) 

Germany 2004 

 

G.6 Single stream commingled material recovery facility 

Table G.6. Inventory data sources used in the single stream commingled material recovery facility 
process model. 

Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

G.7 Merchant/exporter 

Table G.7. Inventory data sources used in the merchant/exporter process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

G.8 Transfer station 

Table G.8. Inventory data sources used in the transfer station process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

  

354 



  Appendix G 

G.9 Residual waste MRF 

Table G.9. Inventory data sources used in the residual waste MRF process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 

 

G.10 Non-hazardous landfill 

Table G.10. Inventory data sources used in the non-hazardous landfill process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Diesel - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 
Water - Defra et al. (2013) UK 2013 
HDPE (liner) Polyethylene, HDPE, 

granulate, at plant 
ecoinvent data 
v2.2 

Europe 2001 

Gravel Gravel, unspecified, at mine ecoinvent data 
v2.2 

Switzerland 2001 

Steel Steel, low-alloyed, at plant ecoinvent data 
v2.2 

Europe 2002 

Synthetic rubber Synthetic rubber, at plant ecoinvent data 
v2.2 

Europe 2003 

Lubricating oil - Defra et al. (2013) UK 2013 
 

G.11 Incineration 

Table G.11. Inventory data sources used in the incineration process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Water - Defra et al. (2013) UK 2013 
Electricity - Defra et al. (2013) UK 2013 
Heat, heavy 
fuel oil 

- Defra et al. (2013) UK 2013 

Ammonia Ammonia, liquid, at regional 
storehouse 

ecoinvent data 
v2.2 

Europe 2000 

Lime Lime, hydrated, packed, at 
plant 

ecoinvent data 
v2.2 

Switzerland 2002 

Sodium 
hydroxide 

Sodium hydroxide, 50% in 
H20, production mix, at plant 

ecoinvent data 
v2.2 

Europe 2000 

Activated 
carbon 

Carbon black, at plant ecoinvent data 
v2.2 

Global 2000 
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G.12 Reuse 

G.12.1 Books 

Table G.12. Inventory data sources used in the books reuse process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 

G.12.2 Paint reuse 

Table G.13. Inventory data sources used in the paint reuse process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Transport, road, 
lorry 

Intermodal road transport EA (2010) UK 2007 

Steel Sheet rolling, steel ecoinvent data v2.2 Europe 2002 
Steel, converter, 
unalloyed, at plant 

ecoinvent data v2.2 Europe 2001 

 

G.12.3 Textiles and footwear reuse 

Table G.14. Inventory data sources used in the textiles and footwear sorting process model. 
Inventory item 
name Name of dataset used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
Liquefied 
petroleum gas 

- Defra et al. (2013) UK 2013 

Light fuel oil - Defra et al. (2013) UK 2013 
Water supply - Defra et al. (2013) UK 2013 
Steel Steel, low-alloyed, at plant ecoinvent data 

v2.2 
Europe 2002 

Polypropylene  Polypropylene granulate (PP), 
production mix, at plant 

ELCD database 
2.0 

Europe 1999 

Wastewater 
treatment 

- Defra et al. (2013) UK 2013 

 

G.12.4 WEEE – large domestic appliances 

Table G.15. Inventory data sources used in the books reuse process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
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G.12.5 Bric-a-brac 

Table G.16. Inventory data sources used in the books reuse process model. 
Inventory item 
name 

Name of dataset 
used Data source 

Geographic 
coverage 

Reference 
year 

Electricity - Defra et al. (2013) UK 2013 
 

G.13 Reprocessing 

Details of background data used to model material reprocessing are presented in 

Appendix C. 
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Appendix H Database of facilities engaged in the 
management of LACW from Cardiff in 
2012/2013 (Paper III) 

Table H.1 presents a database of facilities that managed LACW generated in Cardiff in 

2012/2013. Note that: (1) the facility code refers to the processes in the MFA systems 

presented in Appendix I; and (2) The facility reject rate is inferred from the facility-

specific data provided by the facility operator to local government and that is reported to 

WasteDataFlow. Where a facility-specific reject rate is available, the transfer 

coefficients, derived from the LCI process models, used in the MFA modelling were 

adjusted to reflect the facility-specific information. 
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Table H.1. Database of facilities engaged in the management of LACW from Cardiff in 2012/2013. 
Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

AD01 Anaerobic digestion Poplars Anaerobic 
Digestion Facility 

Biffa Waste Services Ltd. England Staffordshire WS11 8NQ 4.5%  

AD02 Anaerobic digestion Swang Farm Cannington Enterprises 
Ltd. 

England Somerset TA5 2NJ 0.5%  

AD03 Anaerobic digestion Bourne Park Estate Eco Sustainable Solutions 
Ltd. 

England Dorset DT2 7TU 0.5%  

AD04 Anaerobic digestion Bore Hill Farm 
Biodigester 

Malaby Biogas Ltd. England Wiltshire BA12 8BD 0.5%  

EFW-
D01 

Incineration with 
energy recovery 
(domestic) 

Newport plant ENERGOS England Isle of Wight PO30 5YS  Gasification plant; modelled as 
incineration 

EFW-
D02 

Incineration with 
energy recovery 
(domestic) 

 Leeds Paper Recycling 
Ltd. 

England West Yorkshire LS10 1SD   

EFW-
F01 

Incineration with 
energy recovery 
(foreign) 

AVR Rozenburg AVR Afvalverwerking 
B.V. 

Netherlands South Holland Rotterdam  Supplier of district heating to Rotterdam 
and electricity to the grid 

EFW-
F02 

Incineration with 
energy recovery 
(foreign) 

Afvalcentrale HVC Groep Netherlands South Holland Dordrecht  Supplier of district heating and electricity 
to the grid 

EFW-
F03 

Incineration with 
energy recovery 
(foreign) 

 Vattenfall AB Värme 
Nyköping 

Sweden Södermanland Nyköping  Supplier of district heating and electricity 
to the grid 

EFW-
G01 

Incineration with 
energy recovery 
(generic) 

Incineration with 
energy recovery 

n/a n/a n/a n/a  Generic process representing RDF 
combustion in an incinerator with energy 
recovery (electricity only)  

EXP01 Exporter  Berryman (Reuse 
Collections Ltd.) 

Wales Swansea SA5 1SF   

EXP02 Exporter  Failand Paper Services 
Ltd. 

England Bristol BS8 1EY   

EXP03 Exporter  Visy Recycling England West Midlands B3 1UP   
EXP04 Exporter  Stobart Biomass Products 

Ltd. 
Wales Cardiff CF10 4LY   

IVC01 In-vessel composting Highwood Farm Aston Compost Services England Warwickshire CV23 0NJ  Defined as a windrow composting facility 
in WDF but actually IVC 
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

IVC02 In-vessel composting  Eco Sustainable Solutions 
Ltd. 

England Dorset BH23 6BG 0.9%  

IVC03 In-vessel composting  Hinton Organics 
(Wessex) Ltd. 

England Bristol BS31 2TN 1.0%  

IVC04 In-vessel composting  MF Bennion (Potatoes) 
Ltd. 

England Gloucestershire GL18 2EF 1.0%  

IVC05 In-vessel composting Sharpness New Earth Solutions Ltd. England Gloucestershire GL13 9UD  Rotating drum in-vessel composting & 
recycling centre 

IVC06 In-vessel composting Blaise New Earth Solutions Ltd. England Kent ME19 4PN  Defined as a windrow composting facility 
in WDF but actually IVC 

LF01 Non-hazardous landfill Trecatti landfill site Biffa Waste Services Ltd. Wales Caerphilly CF48 4AB   
LF02 Non-hazardous landfill Poplars Landfill Site Biffa Waste Services Ltd. England Staffordshire WS11 3NQ   
LF03 Non-hazardous landfill Lamby Way landfill 

site 
Cardiff County Council Wales Cardiff CF3 8EQ   

LF04 Non-hazardous landfill Chapel Farm 
Landfill Site 

Hills Waste Solutions 
Ltd. 

England Wiltshire SN26 4DD   

LF05 Non-hazardous landfill Lower Compton 
Landfill Site 

Hills Waste Solutions 
Ltd. 

England Wiltshire SN11 8RE   

LF06 Non-hazardous landfill Hill & Moor 
Landfill Site 

Severn Waste Services England Worcestershire WR10 2LW   

LF07 Non-hazardous landfill Packington Landfill 
Site 

SITA UK England West Midlands CV7 7HN   

LF08 Non-hazardous landfill  T Watts Waste Ltd. England Leicestershire LE4 7LG  Not a landfill site, only a transfer station; 
destination of residual unknown 

LF09 Non-hazardous landfill Walpole Landfill 
Site 

Viridor Waste 
Management Ltd. 

England Somerset TA6 4TF  Defined as an 'inert landfill' in WDF but 
assumed to be a non-hazardous landfill 

LF10 Non-hazardous landfill Trigon Landfill Site Viridor Waste 
Management Ltd. 

England Dorset BH20 7PB   

LF11 Non-hazardous landfill Sands Farm Landfill 
Site 

Viridor Waste 
Management Ltd. 

England Wiltshire SN11 8TR   

LF12 Non-hazardous landfill  Wiltshire Waste 
(Reecycling) Ltd. 

England Wiltshire SN10 2EY  Defined as an 'inert landfill' in WDF but 
assumed to be a non-hazardous landfill 

LF-G01 Non-hazardous landfill 
(generic) 

Non-hazardous 
landfill 

n/a n/a n/a n/a  Generic process 

MBT01 MBT Avonmouth New Earth Solutions Ltd. England Bristol BS11 8AZ 19.1% MBT with IVC 
MER01 Merchant  DS Smith Recycling UK 

Ltd. 
Wales Caerphilly CF83 2AX   
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

MER02 Merchant  Neal Soil Suppliers Ltd. Wales Cardiff CF3 2EJ  Producers of recycled aggregates; 
operators of composting facilities 

MER03 Merchant Kingshill Recycling 
Centre 

Thamesdown Recycling England Wiltshire SN6 6JR 11.7%  

MRF01 Commingled MRF Lamby Way Depot Cardiff County Council Wales Cardiff CF3 2HP 16.4%  
MRF02 Commingled MRF Casepak MRF GAE Smith (Holdings) 

Ltd. 
England Leicestershire LE3 1UX 8.5%  

MRF03 Commingled MRF  SCA Recycling (UK) 
Ltd. 

England Hampshire SO40 9LX 6.2%  

MRF04 Residual waste MRF  Atlantic Recycling Ltd. Wales Cardiff CF3 2EJ   
MRF05 Residual waste MRF Bristol (Avonmouth) 

Depot  
Biffa Waste Services Ltd. England Bristol BS11 9HW   

MRF06 Residual waste MRF  Siteserv Recycling Ltd. Wales Vale of Glamorgan CF71 7PB   
MRF-
G01 

Commingled MRF 
[generic] 

Commingled MRF n/a n/a n/a n/a   

OWC01 Windrow composting Hay Lane Biffa Waste Services Ltd. England Wiltshire SN4 9QT   
OWC02 Windrow composting  Eco Sustainable Solutions 

Ltd. 
England Dorset BH23 6BG 1.0%  

OWC03 Windrow composting Chavenage House 
Farm 

n/a England Gloucestershire GL8 8XP   

OWC04 Windrow composting Farleys End n/a England Gloucestershire GL2 8HH   
OWC05 Windrow composting Perch Farm n/a England Gloucestershire GL2 8HH   
OWC06 Windrow composting  Neal Soil Suppliers Ltd. Wales Cardiff CF3 2EJ   
RDF01 RDF production  Neath Port Talbot 

Recycling Ltd. 
Wales Neath Port Talbot SA1 8PT  Production of RDF for export to European 

incinerators 
RDF02 RDF production  Sitec Ltd. England Greater London BR5 3JB  Destination of RDF post-production 

unknown 
RDF03 RDF production  T Watts Waste Ltd. England Leicestershire LE4 9LG  RDF production facility only; destination 

of RDF unknown 
RDF04 RDF production  Transwaste Ltd. England East Riding of 

Yorkshire 
HU14 3HH  Destination of RDF post-production 

unknown 
REP-D01 Reprocessor 

(domestic) 
 Alutrade Ltd. England West Midlands B69 4NH   

REP-D02 Reprocessor 
(domestic) 

 Alutrade Ltd. England Worcestershire B98 7SE   

REP-D03 Reprocessor 
(domestic) 

Bryn Pica Amgen Cymru Wales Rhondda Cynon 
Taf 

CF44 0BX  Not a reprocessing facility; actually a 
MRF 
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REP-D04 Reprocessor 
(domestic) 

 Axion Consulting n/a n/a n/a  UK-based WRAP trial 

REP-D05 Reprocessor 
(domestic) 

 Aylesford Newsprint Ltd. England Kent ME20 7DL   

REP-D06 Reprocessor 
(domestic) 

 Biffa Polymers Ltd. England North Yorkshire TS10 4RG   

REP-D07 Reprocessor 
(domestic) 

 BW Riddle England Lincolnshire PE10 0DN   

REP-D08 Reprocessor 
(domestic) 

 Celsa Manufacturing 
(UK) Ltd . 

Wales Cardiff CF24 5TH   

REP-D09 Reprocessor 
(domestic) 

 Choice Waste 
Management Ltd. 

England Bedfordshire SG18 8QB   

REP-D10 Reprocessor 
(domestic) 

 Churngold Recycling 
Ltd. 

England Bristol BS11 9DQ   

REP-D11 Reprocessor 
(domestic) 

 Closed Loop Recycling 
Ltd. 

England Greater London RM9 6LF   

REP-D12 Reprocessor 
(domestic) 

 Conlon Plant Ltd. England Wiltshire SN6 6JR   

REP-D13 Reprocessor 
(domestic) 

 Cooper Metal Recycling 
Ltd. 

Wales Cardiff CF24 5EE   

REP-D14 Reprocessor 
(domestic) 

 Creigiau Tyres Ltd. Wales Vale of Glamorgan CF71 7PB   

REP-D15 Reprocessor 
(domestic) 

 CSG Lanstar England Greater 
Manchester 

M44 5DT   

REP-D16 Reprocessor 
(domestic) 

 Derwen Plant Ltd. Wales Neath Port Talbot SA10 6BL   

REP-D17 Reprocessor 
(domestic) 

 DS Smith Packaging Ltd. England Somerset BS20 7XR   

REP-D18 Reprocessor 
(domestic) 

 DS Smith Paper Ltd. England Somerset TA23 0AY   

REP-D19 Reprocessor 
(domestic) 

 Econ Global Recycling 
Ltd. 

Wales Newport NP18 2LH   

REP-D20 Reprocessor 
(domestic) 

 Eco-Oil Ltd. Wales Newport NP19 4PL   

REP-D21 Reprocessor 
(domestic) 

 EcoPlastics Recycling 
Ltd. 

England Lincolnshire DN21 5TH   
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REP-D22 Reprocessor 
(domestic) 

 EcoPlastics Recycling 
Ltd. 

England Tyne and Wear NE28 6HA   

REP-D23 Reprocessor 
(domestic) 

 Eurokey Recycling Ltd. England Leicestershire LE10 3BQ   

REP-D24 Reprocessor 
(domestic) 

 European Metal 
Recycling Ltd. 

England Hampshire CF10 4ED   

REP-D25 Reprocessor 
(domestic) 

 European Metal 
Recycling Ltd. 

England Hampshire SO14 5AP   

REP-D26 Reprocessor 
(domestic) 

 European Metal 
Recycling Ltd. 

England Cheshire WA5 7NS   

REP-D27 Reprocessor 
(domestic) 

 European Metal 
Recycling Ltd. 

England West Yorkshire LS9 0SW   

REP-D28 Reprocessor 
(domestic) 

 Glass Recycling (UK) 
Ltd. 

England South Yorkshire S71 3HX   

REP-D29 Reprocessor 
(domestic) 

 Glasstech Recycling Ltd. Wales Neath Port Talbot SA10 6EN   

REP-D30 Reprocessor 
(domestic) 

 Green Circle Aggregates 
Ltd. 

Wales Vale of Glamorgan CF64 4HG   

REP-D31 Reprocessor 
(domestic) 

 Groveport Logistics Ltd. England Lincolnshire DN15 8UA   

REP-D32 Reprocessor 
(domestic) 

 Grundon Waste 
Management Ltd. 

England Oxfordshire OX10 6PJ   

REP-D33 Reprocessor 
(domestic) 

 Hanbury Plastics 
Recycling Ltd. 

England Staffordshire ST2 7ER   

REP-D34 Reprocessor 
(domestic) 

 International Forest 
Products (UK) Ltd. 

England Berkshire RG14 1JQ   

REP-D35 Reprocessor 
(domestic) 

 International Recycling 
Ltd. 

England Norfolk NR2 4AP   

REP-D36 Reprocessor 
(domestic) 

 J&A Young (Leicester) 
Ltd. 

England Rutmand LE15 8AE   

REP-D37 Reprocessor 
(domestic) 

 J&A Young (Leicester) 
Ltd. 

England Derbyshire DE55 2FT   

REP-D38 Reprocessor 
(domestic) 

 Jmp Wilcox & Co. Ltd.  Wales Merthyr Tydfil CF48 2TD 2.2%  

REP-D39 Reprocessor 
(domestic) 

 Knowaste (Midlands) 
Ltd. 

England West Midlands B11 2BH   
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REP-D40 Reprocessor 
(domestic) 

 Knowaste (Midlands) 
Ltd. 

England West Midlands B70 7JR   

REP-D41 Reprocessor 
(domestic) 

 Leeds Paper Recycling 
Ltd. 

England West Yorkshire LS10 1SD   

REP-D42 Reprocessor 
(domestic) 

 M & M Oils Ltd. England Greater 
Manchester 

M25 2SB   

REP-D43 Reprocessor 
(domestic) 

 Mark Lyndon Paper 
Enterprises UK Ltd. 

England Nottinghamshire NG2 1AE   

REP-D44 Reprocessor 
(domestic) 

 Mekatek Ltd. Wales Rhondda Cynon 
Taf 

CF40 1HZ   

REP-D45 Reprocessor 
(domestic) 

 Mercury Recycling Ltd. England Greater 
Manchester 

M17 1HW   

REP-D46 Reprocessor 
(domestic) 

 Mid UK Recycling Ltd. England Lincolnshire NG32 3EW   

REP-D47 Reprocessor 
(domestic) 

 MLM Ltd. England Greater 
Manchester 

M20 2DX   

REP-D48 Reprocessor 
(domestic) 

 Moore's Recycling Ltd. England Somerset BA11 4BG   

REP-D49 Reprocessor 
(domestic) 

 Morris & Co Handlers 
Ltd. 

England South Yorkshire DN11 0PS   

REP-D50 Reprocessor 
(domestic) 

 Morris & Co Ltd. Wales Vale of Glamorgan CF71 7PB   

REP-D51 Reprocessor 
(domestic) 

 N Brookes & Brothers 
Ltd. 

England West Midlands B64 5PT   

REP-D52 Reprocessor 
(domestic) 

 Nationwide Recycling 
Ltd. 

Wales Neath Port Talbot SA10 6EN   

REP-D53 Reprocessor 
(domestic) 

Canford New Earth Solutions Ltd. England Hampshire BH21 3AP  Defined as a reprocessor in WDF but 
actually an MBT facility 

REP-D54 Reprocessor 
(domestic) 

 Norbord Ltd. England Devon EX36 4HP   

REP-D55 Reprocessor 
(domestic) 

 Northern Trading 
Cumbria Ltd. 

England Cumbria CA10 1XR   

REP-D56 Reprocessor 
(domestic) 

 Novelis UK Ltd. England Cheshire WA4 1NP   

REP-D57 Reprocessor 
(domestic) 

 Oceala Ltd. England Leicestershire LE19 4SD  Actually an exporter but export 
destination(s) unknown 
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REP-D58 Reprocessor 
(domestic) 

 Palm Paper Ltd. England Norfolk PE34 3AL   

REP-D59 Reprocessor 
(domestic) 

 Parry & Evans Ltd. Wales Powys SY21 7DF   

REP-D60 Reprocessor 
(domestic) 

 Pontypool Steel Ltd. Wales Torfaen NP4 0TW   

REP-D61 Reprocessor 
(domestic) 

 Recresco Ltd. England Hampshire SO15 1HJ 11.7%  

REP-D62 Reprocessor 
(domestic) 

 Recresco Ltd. England Nottinghamshire NG17 8AP   

REP-D63 Reprocessor 
(domestic) 

 Recycling UK Ltd. England Cheshire CW5 6PF   

REP-D64 Reprocessor 
(domestic) 

 Remax Recycling Ltd. Wales Blaenau Gwent NP22 3AA   

REP-D65 Reprocessor 
(domestic) 

 Reparco UK Ltd. England Greater 
Manchester 

BL3 2NZ   

REP-D66 Reprocessor 
(domestic) 

 Rexam PLC England Cheshire WA7 1SN   

REP-D67 Reprocessor 
(domestic) 

 Roba Metals Ltd. England Warwickshire B49 6EH   

REP-D68 Reprocessor 
(domestic) 

 Sait Systems Ltd. England South Yorkshire S71 3HJ   

REP-D69 Reprocessor 
(domestic) 

 SCA Recycling (UK) 
Ltd. 

Wales Monmouthshire NP26 5PW   

REP-D70 Reprocessor 
(domestic) 

 SCA Recycling (UK) 
Ltd. 

Wales Caerphilly CF83 2AX   

REP-D71 Reprocessor 
(domestic) 

 Severnside Recycling Wales Newport NP1 8YQ   

REP-D72 Reprocessor 
(domestic) 

 Sims Group UK Ltd. Wales Newport NP20 2WE   

REP-D73 Reprocessor 
(domestic) 

 Sims Group UK Ltd. Wales Cardiff CF24 5EE   

REP-D74 Reprocessor 
(domestic) 

 Sims Group UK Ltd. England Bristol BS11 9HP   

REP-D75 Reprocessor 
(domestic) 

 Sims Group UK Ltd. Wales Cardiff CF24 2RX   

366 



  Appendix H 

Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REP-D76 Reprocessor 
(domestic) 

 Sita Metal Recycling Ltd. England Norfolk NR9 5SN   

REP-D77 Reprocessor 
(domestic) 

 St Regis Paper Co Ltd. England Kent ME10 2GT   

REP-D78 Reprocessor 
(domestic) 

 T Watts Scrap Metal 
Merchants Ltd. 

England Leicestershire LE4 9LG  Not a reprocessing facility; actually a 
transfer station 

REP-D79 Reprocessor 
(domestic) 

 Tata Steel UK Ltd. Wales Flintshire CH5 2LL   

REP-D80 Reprocessor 
(domestic) 

 TJL Industries England Gloucestershire GL12 8SR   

REP-D81 Reprocessor 
(domestic) 

 Tradebe Gwent Ltd. Wales Newport NP19 4RD   

REP-D82 Reprocessor 
(domestic) 

 Tradpak Ltd. England West Yorkshire HD6 1PW   

REP-D83 Reprocessor 
(domestic) 

 Transwaste Ltd. England East Riding of 
Yorkshire 

HU14 3HH   

REP-D84 Reprocessor 
(domestic) 

 UPM-Kymmene (UK) 
Ltd. 

Wales Flintshire CH5 2LL   

REP-D85 Reprocessor 
(domestic) 

 Viridor Waste 
Management Ltd. 

England South Yorkshire S4 7WT   

REP-D86 Reprocessor 
(domestic) 

 Neal Soil Suppliers Ltd. Wales Cardiff CF3 2EJ   

REP-F01 Reprocessor (foreign)  Fuyang Hualong Paper 
Industry Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Fuyang   

REP-F02 Reprocessor (foreign)  Hangzhou Chunsheng 
Paper Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Fuyang   

REP-F03 Reprocessor (foreign)  Hangzhou Dongda Paper 
Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Hangzhou   

REP-F04 Reprocessor (foreign)  Hangzhou Lanno Paper 
Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Fuyang   

REP-F05 Reprocessor (foreign)  Hangzhou Yongli Paper 
Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Hangzhou   
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REP-F06 Reprocessor (foreign)  Hangzhou Zhong YI 
Paper Industry Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Hangzhou   

REP-F07 Reprocessor (foreign)  Lee & Man Paper 
Manufacturing Ltd. 

People's 
Republic of 
China 

Jiangsu Changshu   

REP-F08 Reprocessor (foreign)  Maltha Glass Recycling Netherlands North Brabant Heijningen   
REP-F09 Reprocessor (foreign)  Oceala Ltd. Malaysia Selangor Klang   
REP-F10 Reprocessor (foreign)  PT. Aspex Kumbong Indonesia West Java Bogor   
REP-F11 Reprocessor (foreign)  PT. Pakerin Indonesia East Java Surabaya   
REP-F12 Reprocessor (foreign)  REVATECH Belgium Liège Engis   
REP-F13 Reprocessor (foreign)  Servalakshmi Paper Ltd. India Tamil Nadu Kodaganallur   
REP-F14 Reprocessor (foreign)  Zhejian Jindong Paper 

Co. Ltd. 
People's 
Republic of 
China 

Zhejiang Hangzhou   

REP-F15 Reprocessor (foreign)  Zhejiang Wanzhong 
Paper Industry Co. Ltd. 

People's 
Republic of 
China 

Zhejiang Fuyang   

REP-G01 Reprocessor (generic) Gas bottles 
reprocessor 

n/a n/a n/a n/a  Generic process 

REP-G02 Reprocessor (generic) Aluminium 
reprocessor 

n/a n/a n/a n/a  Generic process 

REP-G03 Reprocessor (generic) Secondary copper 
smelter 

n/a n/a n/a n/a  Generic process 

REP-G04 Reprocessor (generic) Secondary steel 
smelter 

n/a n/a n/a n/a  Generic process 

REP-G05 Reprocessor (generic) Paper (ONP) 
reprocessor 

n/a n/a n/a n/a   

REP-G06 Reprocessor (generic) Card (RMP & OCC) 
reprocessor 

n/a n/a n/a n/a   

REP-G07 Reprocessor (generic) Glass reprocessor n/a n/a n/a n/a   
REP-G08 Reprocessor (generic) Mixed plastics 

reprocessor 
n/a n/a n/a n/a   

REP-G09 Reprocessor (generic) Plastic film (LDPE) 
reprocessor 

n/a n/a n/a n/a   

REP-G10 Reprocessor (generic) HDPE reprocessor n/a n/a n/a n/a   
REP-G11 Reprocessor (generic) PET reprocessor n/a n/a n/a n/a   
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Facility 
code Facility type Facility name Facility operator 

Facility location 
(country) 

Facility location 
(county) 

Facility 
postcode/town 

Facility 
reject rate Comments 

REU01 Reuse Lamby Way Depot Cardiff County Council Wales Cardiff CF3 2HP   
REU02 Reuse  Greenworld Recycling 

Ltd. 
England West Midlands DY9 8RG   

REU03 Reuse  Jmp Wilcox & Co. Ltd.  Wales Merthyr Tydfil CF48 2TD 2.2%  
REU04 Reuse  Oxfam England Bristol BS20 7BF   
REU05 Reuse  Track 2000 Community 

& Resources 
Wales Cardiff CF11 6NG   

TS-G01 Transfer station Transfer station n/a n/a n/a n/a  Generic process 
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Appendix I Results of the material flow analysis 
(Paper III) 

I.1 Introduction 

In this appendix, the results of the mass balances for the local authority collected waste 

(LACW) primary waste stream systems (residual waste, commingled materials, source-

segregated dry recyclables, source-segregated garden waste, and source-segregated food 

waste) for each scenario are presented in the form of mass flow diagrams. Note that 

processes highlighted in light grey represent processes containing subprocesses/ 

subsystems. Processes are grouped based on process type. Processes that represent a 

specific facility are classified using an identification code that corresponds to an 

individual facility (see Appendix H). 

Flow values are expressed as reconciled values and associated uncertainty, expressed as 

a percentage. In this study, data uncertainty (standard deviation) was derived based on 

the asymmetric uncertainty intervals method outlined by Hedbrant and Sörme (2001). 

Input data sources were classified into five uncertainty levels based on their reliability, 

representativeness, and appropriateness. The different uncertainty levels correspond to 

an uncertainty factor, which is here expressed in terms of coefficient of variance. Table 

I.1 shows the uncertainty levels and associated coefficient of variance values assigned 

to different reference flows.  
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Table I.1. Classification of data uncertainties (coefficient of variance [CV]) based on uncertainty levels. 
Uncertainty 
level 

CV 
(%) 

Data source Reference flows 

0 0 WasteDataFlow Import flows; waste collection data 
1 1.5 WasteDataFlow Primary flows; data supplied by local government on mass flows 

of waste following collection to a primary destination 
2 4.5 WasteDataFlow Secondary flows; data supplied by facility operators (companies 

and entrepreneurs) to local government on mass flows of waste 
from waste management facilities 

3 13.75 Research 
studies 

Export flows & tertiary flows; data from high quality 
(representative and appropriate) literature studies used to 
estimate transfer coefficients for unit processes where data were 
not available directly from WasteDataFlow 

4 41.5 Research 
studies 

Export flows & tertiary flows; data from low quality literature 
studies used to estimate transfer coefficients for unit processes 
where data were not available directly from WasteDataFlow 

5 50 Educated guess - 
Source: adapted from Hedbrant and Sörme (2001) and Laner et al. (in press). 

I.2 Scenario 1 (baseline scenario) 

I.2.1 Residual waste 

Mass flow diagrams for the residual waste management system (including subsystems) 

for scenario 1 (baseline scenario) are presented in Figures I.1-I.11. 
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Figure I.1. Mass flow diagram for the residual waste management system (Scenario 1). 
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Figure I.2. Mass flow diagram for the subsystem “Collection” in the residual waste management system (Scenario 1).
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Figure I.3. Mass flow diagram for the subsystem “Household kerbside collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 1). 
 
 

 
Figure I.4. Mass flow diagram for the subsystem “Fly-tipped materials collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 1). 
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Figure I.5. Mass flow diagram for the subsystem “Non-hazardous landfill” in the residual waste 
management system (Scenario 1). 
 
 

 
Figure I.6. Mass flow diagram for the subsystem “Exportation” in the residual waste management system 
(Scenario 1).
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Figure I.7. Mass flow diagram for the subsystem “Reprocessing” in the residual waste management system (Scenario 1). 
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Figure I.8. Mass flow diagram for the subsystem “Reprocessing of materials from MRF06” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 1). 
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Figure I.9. Mass flow diagram for the subsystem “Reprocessing of materials from MRF04” in the 
subsystem “Reprocessing” in the residual waste management system (Scenario 1). 
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Figure I.10. Mass flow diagram for the subsystem “Reprocessing of materials from MRF05” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 1).
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Figure I.11. Mass flow diagram for the subsystem “Thermal treatment (EFW-G01” in the residual waste 
management system (Scenario 1). 

I.2.2 Commingled materials 

Mass flow diagrams for the commingled materials management system (including 

subsystems) for scenario 1 (baseline scenario) are presented in Figures I.12-I.38.
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Figure I.12. Mass flow diagram for the commingled materials management system (Scenario 1). 
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Figure I.13. Mass flow diagram for the subsystem “Collection” in the commingled materials management 
system (Scenario 1). 
 
 
 

 
Figure I.14. Mass flow diagram for the subsystem “Merchant/exportation” in the commingled materials 
management system (Scenario 1).   
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Figure I.15. Mass flow diagram for the subsystem “Commingled materials MRF (MRF03)” in the 
commingled materials management system (Scenario 1). 
 
 
 

 
Figure I.16. Mass flow diagram for the subsystem “Commingled materials MRF (MRF02)” in the 
commingled materials management system (Scenario 1). 
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Figure I.17. Mass flow diagram for the subsystem “RDF production” in the commingled materials 
management system (Scenario 1). 
 
 
 

 
Figure I.18. Mass flow diagram for the subsystem “Thermal treatment” in the commingled materials 
management system (Scenario 1). 
 
 
 

 
Figure I.19. Mass flow diagram for the subsystem “EFW-G01” in the subsystem “Thermal treatment” in 
the commingled materials management system (Scenario 1). 
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Figure I.20. Mass flow diagram for the subsystem “Convergence of output: bottom ash” in the subsystem 
“Thermal treatment” in the commingled materials management system (Scenario 1). 
 
 
 

 
Figure I.21. Mass flow diagram for the subsystem “Non-hazardous landfill” in the commingled materials 
management system (Scenario 1).
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Figure I.22. Mass flow diagram for the subsystem “Reprocessing” in the commingled materials management system (Scenario 1). 
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Figure I.23. Mass flow diagram for the subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the commingled materials management 
system (Scenario 1).
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Figure I.24. Mass flow diagram for the subsystem “Distribution of outputs of PET from MRF03” in the 
subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 1). 
 
 
 

 
Figure I.25. Mass flow diagram for the subsystem “Distribution of outputs of mixed glass from MRF03” 
in the subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the 
commingled materials management system (Scenario 1). 
 
 
 

 
Figure I.26. Mass flow diagram for the subsystem “Distribution of outputs of paper from MRF03” in the 
subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 1). 
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Figure I.27. Mass flow diagram for the subsystem “Distribution of outputs of aluminium cans from 
MRF03” in the subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in 
the commingled materials management system (Scenario 1). 
 
 
 

 
Figure I.28. Mass flow diagram for the subsystem “Reprocessing of materials from MRF02” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 1). 
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Figure I.29. Mass flow diagram for the subsystem “Reprocessing of paper from MRF02” in the subsystem 
“Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled materials 
management system (Scenario 1). 
 
 
 

 
Figure I.30. Mass flow diagram for the subsystem “Reprocessing of card from MRF02” in the subsystem 
“Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled materials 
management system (Scenario 1).
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Figure I.31. Mass flow diagram for the subsystem “Reprocessing of steel cans from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the subsystem 
“Reprocessing” in the commingled materials management system (Scenario 1). 
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Figure I.32. Mass flow diagram for the subsystem “Reprocessing of aluminium cans from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 1). 
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Figure I.33. Mass flow diagram for the subsystem “Reprocessing of mixed plastics from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 1). 
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Figure I.34. Mass flow diagram for the subsystem “Reprocessing of PET from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the subsystem 
“Reprocessing” in the commingled materials management system (Scenario 1).
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Figure I.35. Mass flow diagram for the subsystem “Reprocessing of HDPE from MRF02” in the 
subsystem “Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 1). 
 
 
 

 
Figure I.36. Mass flow diagram for the subsystem “Reprocessing of LDPE from MRF02” in the 
subsystem “Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 1).
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Figure I.37. Mass flow diagram for the subsystem “Reprocessing of materials from MRF01” in the subsystem “Reprocessing” in the commingled materials management 
system (Scenario 1). 
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Figure I.38. Mass flow diagram for the subsystem “Reprocessing of mixed glass from MRF01” in the subsystem “Reprocessing of materials from MRF01” in the subsystem 
“Reprocessing” in the commingled materials management system (Scenario 1). 
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Figure I.38. Mass flow diagram for the subsystem “Reprocessing of materials from merchant/exportation” in the subsystem “Reprocessing” in the commingled materials 
management system (Scenario 1).
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I.2.3 Source-segregated dry recyclables 

Mass flow diagrams for the source-segregated dry recyclables management system 

(including subsystems) for scenario 1 (baseline scenario) are presented in Figures I.39-

I.43. 
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Figure I.39. Mass flow diagram for the source-segregated dry recyclables management system (Scenario 1). 
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Figure I.40. Mass flow diagram for the subsystem “Transfer” in the source-segregated dry recyclables management system (Scenario 1).
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Figure I.41. Mass flow diagram for the subsystem “Windrow composting (OWC06)” in the source-
segregated dry recyclables management system (Scenario 1). 
 
 
 

 
Figure I.42. Mass flow diagram for the subsystem “Reparation for reuse” in the source-segregated dry 
recyclables management system (Scenario 1). 
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Figure I.43. Mass flow diagram for the subsystem “Reprocessing” in the source-segregated dry 
recyclables management system (Scenario 1). 

I.2.4 Source-segregated garden waste 

Mass flow diagrams for the source-segregated garden waste management system 

(including subsystems) for scenario 1 (baseline scenario) are presented in Figures I.44-

I.58. 
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Figure I.44. Mass flow diagram for the source-segregated garden waste management system (Scenario 1). 
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Figure I.45. Mass flow diagram for the subsystem “Collection” in the source-segregated garden waste management system (Scenario 1). 
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Figure I.46. Mass flow diagram for the subsystem “In-vessel composting” in the source-segregated garden waste management system (Scenario 1).
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Figure I.47. Mass flow diagram for the subsystem “IVC05” in the subsystem “In-vessel composting” in 
the source-segregated garden waste management system (Scenario 1). 
 
 
 

 
Figure I.48. Mass flow diagram for the subsystem “IVC02” in the subsystem “In-vessel composting” in 
the source-segregated garden waste management system (Scenario 1).
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Figure I.49. Mass flow diagram for the subsystem “Windrow composting” in the source-segregated garden waste management system (Scenario 1).
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Figure I.50. Mass flow diagram for the subsystem “Thermal treatment” in the source-segregated garden 
waste management system (Scenario 1). 
 
 
 

 
Figure I.51. Mass flow diagram for the subsystem “Convergence of output: bottom ash” in the subsystem 
“Thermal treatment” in the source-segregated garden waste management system (Scenario 1). 
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Figure I.52. Mass flow diagram for the subsystem “EFW-D02” in the subsystem “Thermal treatment” in 
the source-segregated garden waste management system (Scenario 1). 
 
 
 

 
Figure I.53. Mass flow diagram for the subsystem “Mechanical biological treatment (MBT01)” in the 
source-segregated garden waste management system (Scenario 1). 
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Figure I.54. Mass flow diagram for the subsystem “Reprocessing” in the source-segregated garden waste 
management system (Scenario 1). 
 
 
 

 
Figure I.55. Mass flow diagram for the subsystem “Reprocessing of HDPE from MBT01” in the 
subsystem “Reprocessing” in the source-segregated garden waste management system (Scenario 1).
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Figure I.56. Mass flow diagram for the subsystem “Reprocessing of metals from MBT01” in the subsystem “Reprocessing” in the source-segregated garden waste 
management system (Scenario 1).
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Figure I.57. Mass flow diagram for the subsystem “Reprocessing of other materials from MBT01” in the 
subsystem “Reprocessing” in the source-segregated garden waste management system (Scenario 1). 
 
 
 

 
Figure I.58. Mass flow diagram for the subsystem “Non-hazardous landfill” in the source-segregated 
garden waste management system (Scenario 1). 

I.2.5 Source-segregated food waste 

Mass flow diagrams for the source-segregated food waste management system 

(including subsystems) for scenario 1 (baseline scenario) are presented in Figures I.59-

I.63.
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Figure I.59. Mass flow diagram for the source-segregated food waste management system (Scenario 1). 

415 



  Appendix I 

 
Figure I.60. Mass flow diagram for the subsystem “Collection” in the source-segregated food waste management system (Scenario 1). 
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Figure I.61. Mass flow diagram for the subsystem “Anaerobic digestion” in the source-segregated food waste management system (Scenario 1). 
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Figure I.62. Mass flow diagram for the subsystem “In-vessel composting” in the source-segregated food waste management system (Scenario 1).
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Figure I.63. Mass flow diagram for the subsystem “Non-hazardous landfill” in the source-segregated food 
waste management system (Scenario 1). 

I.3 Scenario 2 (enhanced food waste capture) 

I.3.1 Residual waste 

Mass flow diagrams for the residual waste management system (including subsystems) 

for scenario 2 (enhanced food waste capture) are presented in Figures I.64-I.74.
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Figure I.64. Mass flow diagram for the residual waste management system (Scenario 2). 
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Figure I.65. Mass flow diagram for subsystem “Collection” in the residual waste management system (Scenario 2).
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Figure I.66. Mass flow diagram for subsystem “Household kerbside collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 2). 
 
 
 

 
Figure I.67. Mass flow diagram for the subsystem “Fly-tipped materials collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 2). 
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Figure I.68. Mass flow diagram for the subsystem “Non-hazardous landfill” in the residual waste 
management system (Scenario 2). 
 
 
 

 
Figure I.69. Mass flow diagram for the subsystem “Exportation” in the residual waste management 
system (Scenario 2).
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Figure I.70. Mass flow diagram for the subsystem “Reprocessing” in the residual waste management system (Scenario 2). 
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Figure I.71. Mass flow diagram for the subsystem “Reprocessing of materials from MRF06” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 2). 
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Figure I.72. Mass flow diagram for the subsystem “Reprocessing of materials from MRF04” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 2). 
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Figure I.73. Mass flow diagram for the subsystem “Reprocessing of materials from MRF05” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 2).
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Figure I.74. Mass flow diagram for the subsystem “Thermal treatment (EFW-G01” in the residual waste 
management system (Scenario 2). 

I.3.2 Commingled materials 

Equivalent to the system described in Section I.2.2. 

I.3.3 Source-segregated dry recyclables 

Equivalent to the system described in Section I.2.3. 

I.3.4 Source-segregated garden waste 

Equivalent to the system described in Section I.2.4. 

I.3.5 Source-segregated food waste 

Mass flow diagrams for the source-segregated food waste management system 

(including subsystems) for scenario 2 (enhanced food waste capture) are presented in 

Figures I.75-I.79. 
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Figure I.75. Mass flow diagram for the source-segregated food waste management system (Scenario 2). 
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Figure I.76. Mass flow diagram for the subsystem “Collection” in the source-segregated food waste management system (Scenario 2). 
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Figure I.78. Mass flow diagram for the subsystem “In-vessel composting” in the source-segregated food waste management system (Scenario 2).
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Figure I.79. Mass flow diagram for the subsystem “Non-hazardous landfill” in the source-segregated food 
waste management system (Scenario 2). 

I.4 Scenario 3 (enhanced thermal treatment) 

I.4.1 Residual waste 

Mass flow diagrams for the residual waste management system (including subsystems) 

for scenario 3 (enhanced thermal treatment) are presented in Figures I.80-I.90.
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Figure I.80. Mass flow diagram for the residual waste management system (Scenario 3). 
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Figure I.81. Mass flow diagram for subsystem “Collection” in the residual waste management system (Scenario 3).
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Figure I.82. Mass flow diagram for subsystem “Household kerbside collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 3). 
 
 
 

 
Figure I.83. Mass flow diagram for the subsystem “Fly-tipped materials collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 3). 
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Figure I.84. Mass flow diagram for the subsystem “Non-hazardous landfill” in the residual waste 
management system (Scenario 3). 
 
 
 

 
Figure I.85. Mass flow diagram for the subsystem “Exportation” in the residual waste management 
system (Scenario 3).
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Figure I.86. Mass flow diagram for the subsystem “Reprocessing” in the residual waste management system (Scenario 3). 

437 



  Appendix I 

 
Figure I.87. Mass flow diagram for the subsystem “Reprocessing of materials from MRF06” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 3). 
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Figure I.88. Mass flow diagram for the subsystem “Reprocessing of materials from MRF04” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 3). 
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Figure I.89. Mass flow diagram for the subsystem “Reprocessing of materials from MRF05” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 3). 
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Figure I.90. Mass flow diagram for the subsystem “Thermal treatment (EFW-G01” in the residual waste 
management system (Scenario 3). 

I.4.2 Commingled materials 

Equivalent to the system described in Section I.2.2. 

I.4.3 Source-segregated dry recyclables 

Equivalent to the system described in Section I.2.3. 

I.4.4 Source-segregated garden waste 

Equivalent to the system described in Section I.2.4. 

I.4.5 Source-segregated food waste 

Equivalent to the system described in Section I.2.5. 

I.5 Scenario 4 (enhanced dry recycling) 

I.5.1 Residual waste 

Mass flow diagrams for the residual waste management system (including subsystems) 

for scenario 4 (enhanced recycling) are presented in Figures I.91-I.101 below. 
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Figure I.91. Mass flow diagram for the residual waste management system (Scenario 4). 
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Figure I.92. Mass flow diagram for the subsystem “Collection” in the residual waste management system (Scenario 4).
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Figure I.93. Mass flow diagram for the subsystem “Household kerbside collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 4). 
 
 
 

 
Figure I.94. Mass flow diagram for the subsystem “Fly-tipped materials collection” in the subsystem 
“Collection” in the residual waste management system (Scenario 4). 
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Figure I.95. Mass flow diagram for the subsystem “Non-hazardous landfill” in the residual waste 
management system (Scenario 4). 
 
 
 

 
Figure I.96. Mass flow diagram for the subsystem “Exportation” in the residual waste management 
system (Scenario 4).
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Figure I.97. Mass flow diagram for the subsystem “Reprocessing” in the residual waste management system (Scenario 4). 
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Figure I.98. Mass flow diagram for the subsystem “Reprocessing of materials from MRF06” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 4). 
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Figure I.99. Mass flow diagram for the subsystem “Reprocessing of materials from MRF04” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 4). 
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Figure I.100. Mass flow diagram for the subsystem “Reprocessing of materials from MRF05” in the subsystem “Reprocessing” in the residual waste management system 
(Scenario 4).
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Fig. C.101. Mass flow diagram for the subsystem “Thermal treatment (EFW-G01” in the residual waste 
management system (Scenario 4). 

I.5.2 Commingled materials 

Mass flow diagrams for the commingled materials management system (including 

subsystems) for scenario 4 (enhanced recycling) are presented in Figures I.102-I.129 

below.
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Figure I.102. Mass flow diagram for the commingled materials management system (Scenario 4).
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Figure I.103. Mass flow diagram for the subsystem “Collection” in the commingled materials 
management system (Scenario 4). 
 
 
 

 
Figure I.104. Mass flow diagram for the subsystem “Merchant/exportation” in the commingled materials 
management system (Scenario 4). 
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Figure I.105. Mass flow diagram for the subsystem “Commingled materials MRF (MRF03)” in the 
commingled materials management system (Scenario 4). 
 
 
 

 
Figure I.106. Mass flow diagram for the subsystem “Commingled materials MRF (MRF02)” in the 
commingled materials management system (Scenario 4). 
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Figure I.107. Mass flow diagram for the subsystem “RDF production” in the commingled materials 
management system (Scenario 4). 
 
 
 

 
Figure I.108. Mass flow diagram for the subsystem “Thermal treatment” in the commingled materials 
management system (Scenario 4). 
 
 
 

 
Figure I.109. Mass flow diagram for the subsystem “EFW-G01” in the subsystem “Thermal treatment” in 
the commingled materials management system (Scenario 4). 
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Figure I.110. Mass flow diagram for the subsystem “Convergence of output: bottom ash” in the 
subsystem “Thermal treatment” in the commingled materials management system (Scenario 4). 
 
 
 

 
Figure I.111. Mass flow diagram for the subsystem “Non-hazardous landfill” in the commingled materials 
management system (Scenario 4).
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Figure I.112. Mass flow diagram for the subsystem “Reprocessing” in the commingled materials management system (Scenario 4). 
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Figure I.113. Mass flow diagram for the subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the commingled materials management 
system (Scenario 4).
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Figure I.114. Mass flow diagram for the subsystem “Distribution of outputs of PET from MRF03” in the 
subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 4). 
 
 
 

 
Figure I.115. Mass flow diagram for the subsystem “Distribution of outputs of mixed glass from MRF03” 
in the subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the 
commingled materials management system (Scenario 4). 
 
 
 

 
Figure I.116. Mass flow diagram for the subsystem “Distribution of outputs of paper from MRF03” in the 
subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 4). 
  

458 



  Appendix I 

 
Figure I.117. Mass flow diagram for the subsystem “Distribution of outputs of aluminium cans from 
MRF03” in the subsystem “Reprocessing of materials from MRF03” in the subsystem “Reprocessing” in 
the commingled materials management system (Scenario 4). 
 
 
 

 
Figure I.118. Mass flow diagram for the subsystem “Reprocessing of materials from MRF02” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 4). 
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Figure I.119. Mass flow diagram for the subsystem “Reprocessing of paper from MRF02” in the 
subsystem “Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 4). 
 
 
 

 
Figure I.120. Mass flow diagram for the subsystem “Reprocessing of card from MRF02” in the subsystem 
“Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled materials 
management system (Scenario 4).
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Figure I.121. Mass flow diagram for the subsystem “Reprocessing of steel cans from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the subsystem 
“Reprocessing” in the commingled materials management system (Scenario 4). 
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Figure I.122. Mass flow diagram for the subsystem “Reprocessing of aluminium cans from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 4). 
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Figure I.123. Mass flow diagram for the subsystem “Reprocessing of mixed plastics from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 4). 
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Figure I.124. Mass flow diagram for the subsystem “Reprocessing of PET from MRF02” in the subsystem “Reprocessing of materials from MRF02” in the subsystem 
“Reprocessing” in the commingled materials management system (Scenario 4).
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Figure I.125. Mass flow diagram for the subsystem “Reprocessing of HDPE from MRF02” in the 
subsystem “Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 4). 
 
 
 

 
Figure I.126. Mass flow diagram for the subsystem “Reprocessing of LDPE from MRF02” in the 
subsystem “Reprocessing of materials from MRF02” in the subsystem “Reprocessing” in the commingled 
materials management system (Scenario 4). 
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Figure I.127. Mass flow diagram for the subsystem “Reprocessing of materials from MRF01” in the subsystem “Reprocessing” in the commingled materials management 
system (Scenario 4). 
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Figure I.128. Mass flow diagram for the subsystem “Reprocessing of mixed glass from MRF01” in the subsystem “Reprocessing of materials from MRF01” in the subsystem 
“Reprocessing” in the commingled materials management system (Scenario 4). 
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Figure I.128. Mass flow diagram for the subsystem “Reprocessing of materials from merchant/exportation” in the subsystem “Reprocessing” in the commingled materials 
management system (Scenario 4).
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Figure I.129. Mass flow diagram for the subsystem “Reprocessing of materials from MRF-G01” in the 
subsystem “Reprocessing” in the commingled materials management system (Scenario 4). 

I.5.3 Source-segregated dry recyclables 

Equivalent to the system described in Section I.2.3. 

I.5.4 Source-segregated garden waste 

Equivalent to the system described in Section I.2.4. 

I.5.5 Source-segregated food waste 

Equivalent to the system described in Section I.2.5. 
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Appendix J Details of waste composition (Paper 
III) 

J.1 Introduction 

This appendix presents information about the waste composition used in this study. For 

each waste stream, the mass flows are structured into two levels of aggregation: the first 

level comprises the material types, and the second, more detailed, level comprises 

characteristics (e.g. moisture content, lower heating value) and elemental composition 

of the material types. Information pertaining to waste stream composition and waste 

material characteristics and elemental composition data used in this study is detailed 

below.  

J.2 Waste stream composition (level 1) 

The waste classification system used by WRAP (2010a) in their municipal solid waste 

(MSW) compositional analysis for Wales was adopted in this study, with the 

composition of each waste stream defined according to 62 waste material types grouped 

into 13 categories. An overview of the data sources used for each waste stream 

composition (i.e. composition by primary waste stream and by collection source) are 

presented in Table J.1, except for commingled materials where further explanation is 

provided in the section below. Detailed waste stream compositions used for scenarios 1-

4 of the present study are presented in Tables J.2-J.5, respectively.  

J.2.1 Commingled materials   

The national average composition of household commingled materials collected in 

Wales was estimated by WRAP (2010a). However, the use of national data in a 

municipality-scale study would be inappropriate, due to the inherent variability of 

commingled materials composition between regions, which differ depending on the 

types of materials targeted, the collection system characteristics, and socio-economic 

factors (Bridgwater and Parfitt, 2010). In this study, the composition of the commingled 

materials waste stream was calculated indirectly through MFA as follows: 1) the 

composition of material recovery facility (MRF) output product and waste streams was 

estimated based on data from WRAP (2009b) that was converted into the WRAP 

(2010a) waste classification system (see Table J.2); and 2) the commingled materials 
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waste stream composition (𝑐𝑐𝐶𝐶𝐶𝐶) was calculated by summarising the mass flows (ṁ) of 

each waste material type in the MRF output waste and product streams and dividing by 

the mass flow of the waste input: 

 𝑐𝑐𝐶𝐶𝐶𝐶.𝑗𝑗 =  
∑ 𝑐𝑐𝑖𝑖𝑖𝑖 ∙ ṁ𝑖𝑖
𝑘𝑘
𝑖𝑖=1

�̇�𝑚𝐶𝐶𝐶𝐶
 (1) 

where k is the number of MRF output flows (i) and j is the waste material type (Brunner 

and Rechberger, 2004). 

Table J.1. Waste composition data sources used for each waste stream. 
Primary waste 
stream 

Collection 
source 

Waste composition data 
source used Comments 

Residual waste Household 
kerbside 
collection 

WRAP (2010a) - 

Street cleaning WRAP (2010a) - 

HWRCs WRAP (2010a) - 

Non-household 
collections 

WRAP (2010a) Household kerbside collection, 
residual waste used as proxy 

Fly-tipped 
materials 

Adapted from WRAP 
(2010a) and Bridgwater 
(2013) 

Based on 50% household kerbside 
collection, residual waste and 50% 
bulky waste, for which composition 
data were adapted from Bridgwater 
(2013) 

Food waste Food waste WRAP (2010a) - 
Garden waste Municipal 

parks/groups 
waste 

WRAP (2010a) - 

Household 
kerbside 
collection 

Adapted from WRAP 
(2010a) and WasteDataFlow 

- 

Bulky waste Adapted from WRAP 
(2010a) and WasteDataFlow 

- 

HWRCs Adapted from WRAP 
(2010a) and WasteDataFlow 

- 

Source-
segregated dry 
recyclables 

- WasteDataFlow - 

Commingled 
materials 

- Adapted from WRAP 
(2009), WRAP (2010a), 
Bridgwater (2013), and 
WasteDataFlow 

See Section J.2.1  
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Table J.2. Detailed material composition by primary waste stream and collection source for Scenario 1. 

Main category 

→ Collection source Household - kerbside collection Bulky waste Fly-tipped materials Street cleaning HWRCs Bring sites Parks/grounds Non-household TOTAL 
→ Primary waste stream Residual Food Garden Commingled Garden Residual Residual Commingled Residual Commingled Garden Commingled Garden Residual  

↓ Sub-category % t % t % t % t % t % t % t % t % t % t % t % t % t % t % t 
1. Paper and card Cardboard packaging; corrugated 1.61 802 0.00 0 0.13 20 5.77 1946 0.13 0 0.86 12 2.64 188 5.77 391 1.97 274 5.77 82 0.13 3 5.77 7 0.13 2 1.61 159 2.49 3886 
1. Paper and card Cardboard packaging; non-corrugated 3.06 1524 0.06 8 0.10 15 3.15 1062 0.10 0 1.55 21 4.44 316 3.15 214 0.86 120 3.15 45 0.10 2 3.15 4 0.10 2 3.06 302 2.33 3635 
1. Paper and card Directories, catalogues and books 0.94 468 0.00 0 0.00 0 1.56 526 0.00 0 0.47 6 0.15 11 1.56 106 1.26 175 1.56 22 0.00 0 1.56 2 0.00 0 0.94 93 0.90 1409 
1. Paper and card Liquid cartons 0.37 184 0.00 0 0.00 0 0.27 91 0.00 0 0.19 3 0.45 32 0.27 18 0.07 10 0.27 4 0.00 0 0.27 0 0.00 0 0.37 37 0.24 379 
1. Paper and card Magazines 1.46 727 0.31 42 0.00 0 12.54 4228 0.00 0 0.73 10 2.74 195 12.54 850 0.90 125 12.54 179 0.00 0 12.54 16 0.00 0 1.46 144 4.17 6516 
1. Paper and card Newspapers 1.86 926 0.57 76 0.01 2 23.10 7789 0.01 0 0.93 13 3.49 248 23.10 1566 1.40 195 23.10 329 0.01 0 23.10 29 0.01 0 1.86 184 7.27 11357 
1. Paper and card Non-packaging cardboard 0.25 124 0.04 5 0.00 0 0.12 40 0.00 0 0.17 2 0.54 38 0.12 8 0.36 50 0.12 2 0.00 0 0.12 0 0.00 0 0.25 25 0.19 294 
1. Paper and card Non-recyclable paper 3.72 1852 0.36 48 0.00 0 0.89 300 0.00 0 1.86 25 3.06 218 0.89 60 0.94 131 0.89 13 0.00 0 0.89 1 0.00 0 3.72 367 1.93 3015 
1. Paper and card Other non-recyclable card 0.31 154 0.00 0 0.00 0 0.44 148 0.00 0 0.16 2 1.22 87 0.44 30 0.35 49 0.44 6 0.00 0 0.44 1 0.00 0 0.31 31 0.33 508 
1. Paper and card Other recyclable paper 2.50 1245 0.14 19 0.04 6 1.61 543 0.04 0 1.26 17 1.99 142 1.61 109 1.26 175 1.61 23 0.04 1 1.61 2 0.04 1 2.50 247 1.62 2530 
1. Paper and card Paper packaging 0.70 349 0.03 4 0.00 0 0.13 44 0.00 0 0.36 5 2.56 182 0.13 9 0.25 35 0.13 2 0.00 0 0.13 0 0.00 0 0.70 69 0.45 699 
1. Paper and card Wall paper 0.69 344 0.00 0 0.00 0 0.18 61 0.00 0 0.35 5 0.01 1 0.18 12 0.87 121 0.18 3 0.00 0 0.18 0 0.00 0 0.69 68 0.39 615 
2. Plastic film Carrier bags 1.29 642 0.21 28 0.00 0 0.60 202 0.00 0 0.65 9 2.14 152 0.60 41 0.27 38 0.60 9 0.00 0 0.60 1 0.00 0 1.29 127 0.80 1249 
2. Plastic film Other packaging film 3.05 1519 0.13 17 0.00 0 1.03 347 0.00 0 1.53 21 3.95 281 1.03 70 0.64 89 1.03 15 0.00 0 1.03 1 0.00 0 3.05 301 1.70 2661 
2. Plastic film Refuse sacks and other plastic film 1.70 846 0.47 63 0.01 2 0.80 270 0.01 0 0.85 11 2.10 150 0.80 54 1.15 160 0.80 11 0.01 0 0.80 1 0.01 0 1.70 168 1.11 1736 
3. Dense plastic Expanded polystyrene (EPS) 0.29 144 0.00 0 0.00 0 0.12 40 0.00 0 0.15 2 1.04 74 0.12 8 0.44 61 0.12 2 0.00 0 0.12 0 0.00 0 0.29 29 0.23 360 
3. Dense plastic HDPE bottles 0.63 314 0.00 0 0.09 14 2.61 880 0.09 0 0.32 4 1.13 81 2.61 177 0.29 40 2.61 37 0.09 2 2.61 3 0.00 0 0.63 62 1.03 1614 
3. Dense plastic Other non-packaging plastic 1.91 951 0.00 0 0.00 0 0.44 148 0.00 0 0.96 13 1.80 128 0.44 30 7.13 992 0.44 6 0.00 0 0.44 1 0.00 0 1.91 189 1.57 2458 
3. Dense plastic Other plastic bottles 0.14 70 0.00 0 0.00 0 0.43 145 0.00 0 0.07 1 0.21 15 0.43 29 0.03 4 0.43 6 0.00 0 0.43 1 0.00 0 0.14 14 0.18 285 
3. Dense plastic Other plastic packaging 2.87 1429 0.02 3 0.00 0 2.96 998 0.00 0 1.44 19 2.37 169 2.96 201 1.09 152 2.96 42 0.00 0 2.96 4 0.00 0 2.87 283 2.11 3300 
3. Dense plastic PET bottles 0.88 438 0.00 0 0.00 0 3.85 1298 0.00 0 0.44 6 6.00 427 3.85 261 0.37 51 3.85 55 0.00 0 3.85 5 0.00 0 0.88 87 1.68 2628 
4. Textile Man-made fibres 2.01 1001 0.00 0 0.00 0 0.77 260 0.00 0 1.01 14 1.12 80 0.77 52 2.84 395 0.77 11 0.00 0 0.77 1 0.00 0 2.01 198 1.29 2012 
4. Textile Natural fibres 1.41 702 0.00 0 0.00 0 0.95 320 0.00 0 0.71 10 0.59 42 0.95 64 1.37 191 0.95 14 0.00 0 0.95 1 0.00 0 1.41 139 0.95 1483 
4. Textile Shoes, bags, belts 1.18 588 0.00 0 0.00 0 0.59 199 0.00 0 0.59 8 1.18 84 0.59 40 1.12 156 0.59 8 0.00 0 0.59 1 0.00 0 1.18 116 0.77 1200 
5. Other combustible Carpet 0.75 373 0.00 0 0.00 0 0.00 0 0.00 0 2.70 36 0.00 0 0.00 0 12.75 1775 0.00 0 0.00 0 0.00 0 0.00 0 0.75 74 1.45 2258 
5. Other combustible Chipboard, MDF 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.11 1 0.00 0 0.00 0 1.46 203 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.13 204 
5. Other combustible Disposable nappies 4.71 2345 0.00 0 0.00 0 0.06 20 0.00 0 2.36 32 0.80 57 0.06 4 0.79 110 0.06 1 0.00 0 0.06 0 0.00 0 4.71 465 1.94 3034 
5. Other combustible Incontinence products 0.57 284 0.00 0 0.00 0 0.00 0 0.00 0 0.29 4 0.00 0 0.00 0 0.02 3 0.00 0 0.00 0 0.00 0 0.00 0 0.57 56 0.22 347 
5. Other combustible Kitchen units 0.05 25 0.00 0 0.00 0 0.00 0 0.00 0 4.63 62 0.00 0 0.00 0 1.42 197 0.00 0 0.00 0 0.00 0 0.00 0 0.05 5 0.19 289 
5. Other combustible Lino/tiles flooring 0.14 70 0.00 0 0.00 0 0.00 0 0.00 0 0.07 1 0.00 0 0.00 0 1.81 252 0.00 0 0.00 0 0.00 0 0.00 0 0.14 14 0.22 337 
5. Other combustible Mattresses 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 8.02 108 0.00 0 0.00 0 3.56 495 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.39 603 
5. Other combustible Other combustible 2.12 1056 0.06 8 0.00 0 0.16 54 0.00 0 2.54 34 1.75 125 0.16 11 2.35 327 0.16 2 0.00 0 0.16 0 0.00 0 2.12 209 1.17 1826 
5. Other combustible Other furniture 0.19 95 0.00 0 0.00 0 0.11 37 0.00 0 22.59 305 0.15 11 0.11 7 7.16 996 0.11 2 0.00 0 0.11 0 0.00 0 0.19 19 0.94 1472 
5. Other combustible Sanitary products 0.57 284 0.00 0 0.00 0 0.09 30 0.00 0 0.29 4 0.24 17 0.09 6 0.11 15 0.09 1 0.00 0 0.09 0 0.00 0 0.57 56 0.26 413 
5. Other combustible Wood and cork non-packaging 0.91 453 0.00 0 0.00 0 0.11 37 0.00 0 0.73 10 0.43 31 0.11 7 3.71 516 0.11 2 0.00 0 0.11 0 0.00 0 0.91 90 0.73 1146 
5. Other combustible Wood and cork packaging 0.03 15 0.00 0 0.00 0 0.00 0 0.00 0 0.02 0 0.07 5 0.00 0 0.14 19 0.00 0 0.00 0 0.00 0 0.00 0 0.03 3 0.03 42 
6. Other non-combustible DIY rubble 2.33 1160 0.00 0 0.00 0 0.04 13 0.00 0 1.42 19 0.99 71 0.04 3 5.23 727 0.04 1 0.00 0 0.04 0 0.00 0 2.33 230 1.42 2224 
6. Other non-combustible Other non-combustible 1.44 717 0.00 0 0.28 42 0.26 88 0.28 0 2.21 30 1.12 80 0.26 18 3.40 473 0.26 4 0.28 5 0.26 0 0.00 0 1.44 142 1.02 1599 
7. Glass Brown glass 0.38 189 0.00 0 0.00 0 3.12 1052 0.00 0 0.19 3 1.11 79 3.12 212 0.30 42 3.12 45 0.00 0 3.12 4 0.00 0 0.38 38 1.07 1664 
7. Glass Clear glass 2.20 1095 0.00 0 0.00 0 12.93 4360 0.00 0 1.10 15 3.87 276 12.93 877 0.59 82 12.93 185 0.00 0 12.93 16 0.00 0 2.20 217 4.56 7123 
7. Glass Green and blue glass 0.89 443 0.00 0 0.00 0 9.30 3136 0.00 0 0.45 6 1.91 136 9.30 631 0.66 92 9.30 133 0.00 0 9.30 12 0.00 0 0.89 88 2.99 4677 
7. Glass Non-packaging glass 0.44 219 0.00 0 0.00 0 0.47 158 0.00 0 0.23 3 0.44 31 0.47 32 2.42 337 0.47 7 0.00 0 0.47 1 0.00 0 0.44 43 0.53 831 
8. Putrescibles Bones 0.64 319 3.27 439 0.00 0 0.04 13 0.00 0 0.32 4 0.46 33 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.64 63 0.57 885 
8. Putrescibles Cooked or prepared food 9.09 4526 30.15 4043 0.36 54 0.70 236 0.36 0 4.54 61 7.00 499 0.70 47 1.68 234 0.70 10 0.36 7 0.70 1 0.00 0 9.09 897 6.80 10615 
8. Putrescibles Cooking oil and grease 0.08 40 0.00 0 0.00 0 0.00 0 0.00 0 0.04 1 0.02 1 0.00 0 0.07 10 0.00 0 0.00 0 0.00 0 0.36 6 0.08 8 0.04 66 
8. Putrescibles Food still in its packaging 6.38 3177 0.39 52 0.00 0 0.16 54 0.00 0 3.18 43 2.90 207 0.16 11 1.15 160 0.16 2 0.00 0 0.16 0 0.00 0 6.38 630 2.78 4336 
8. Putrescibles Garden waste soft 2.06 1026 0.01 1 56.48 8495 0.63 212 56.48 8 1.23 17 5.17 368 0.63 43 3.91 544 0.63 9 56.48 1096 0.63 1 56.78 921 2.06 203 8.29 12944 
8. Putrescibles Garden waste woody 0.25 124 0.00 0 30.09 4526 0.00 0 30.09 5 0.22 3 0.09 6 0.00 0 1.89 263 0.00 0 30.09 584 0.00 0 30.26 491 0.25 25 3.86 6027 
8. Putrescibles Pet excrement and bedding 5.92 2948 0.00 0 0.00 0 0.70 236 0.00 0 2.95 40 6.96 496 0.70 47 1.27 177 0.70 10 0.00 0 0.70 1 0.00 0 5.92 584 2.91 4539 
8. Putrescibles Raw fruit and vegetable matter 10.98 5472 51.83 6951 1.06 159 0.13 44 1.06 0 5.49 74 7.18 512 0.13 9 2.04 284 0.13 2 1.06 21 0.13 0 1.07 17 10.98 1085 9.37 14630 
8. Putrescibles Raw meat and fish 0.57 284 1.12 150 0.00 0 0.04 13 0.00 0 0.29 4 0.16 11 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.57 56 0.34 532 
8. Putrescibles Soil 1.05 523 0.00 0 11.07 1665 0.00 0 11.07 2 0.53 7 0.41 29 0.00 0 1.39 193 0.00 0 11.07 215 0.00 0 11.13 181 1.05 104 1.87 2919 
8. Putrescibles Tea bags, coffee grinds, eggshells 2.28 1135 10.49 1407 0.00 0 0.09 30 0.00 0 1.14 15 0.33 24 0.09 6 0.47 65 0.09 1 0.00 0 0.09 0 0.00 0 2.28 225 1.86 2908 
9. Ferrous metal Aerosols 0.18 90 0.00 0 0.00 0 0.22 74 0.00 0 0.09 1 0.16 11 0.22 15 0.10 14 0.22 3 0.00 0 0.22 0 0.00 0 0.18 18 0.14 226 
9. Ferrous metal Food and beverage cans 1.47 732 0.00 0 0.01 2 3.31 1116 0.01 0 0.74 10 1.83 131 3.31 225 0.34 47 3.31 47 0.01 0 3.31 4 0.00 0 1.47 145 1.57 2459 
9. Ferrous metal Other ferrous metal 0.94 468 0.00 0 0.04 6 0.16 54 0.04 0 0.47 6 1.07 76 0.16 11 2.60 362 0.16 2 0.04 1 0.16 0 0.00 0 0.94 93 0.69 1079 
10. Non-ferrous metal Aerosols 0.11 55 0.00 0 0.00 0 0.09 30 0.00 0 0.06 1 0.10 7 0.09 6 0.04 6 0.09 1 0.00 0 0.09 0 0.00 0 0.11 11 0.08 117 
10. Non-ferrous metal Foil 0.46 229 0.02 3 0.00 0 0.17 57 0.00 0 0.23 3 0.37 26 0.17 12 0.09 13 0.17 2 0.00 0 0.17 0 0.00 0 0.46 45 0.25 390 
10. Non-ferrous metal Food and beverage cans 0.38 189 0.00 0 0.09 14 1.09 368 0.09 0 0.19 3 3.70 263 1.09 74 0.36 50 1.09 16 0.09 2 1.09 1 0.00 0 0.38 38 0.65 1018 
10. Non-ferrous metal Other non-ferrous metal 0.10 50 0.00 0 0.03 5 0.06 20 0.03 0 0.05 1 0.24 17 0.06 4 0.31 43 0.06 1 0.03 1 0.06 0 0.00 0 0.10 10 0.10 152 
11. WEEE WEEE 1.18 588 0.00 0 0.02 3 0.37 125 0.02 0 9.04 122 0.58 41 0.37 25 5.18 720 0.37 5 0.02 0 0.37 0 0.02 0 1.18 116 1.12 1745 
12. HHW HHW 0.69 344 0.00 0 0.00 0 0.11 37 0.00 0 0.35 5 0.11 8 0.11 7 1.29 179 0.11 2 0.00 0 0.11 0 0.00 0 0.69 68 0.42 650 
13. Fine material  < 10 mm Fines 2.68 1334 0.32 43 0.09 14 0.35 118 0.09 0 1.34 18 1.30 93 0.35 24 0.60 83 0.35 5 0.09 2 0.35 0 0.09 1 2.68 265 1.28 2000 
TOTAL 100 49819 100 13410 100 15044 100 33713 100 15 100 1351 100 7119 100 6780 100 13917 100 1429 100 1942 100 123 100 1622 100 9877 100 156161 
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Table J.3. Detailed material composition by primary waste stream and collection source for Scenario 2. 

Main category 

→ Collection source Household - kerbside collection Bulky waste Fly-tipped materials Street cleaning HWRCs Bring sites Parks/grounds Non-household TOTAL 
→ Primary waste stream Residual Food Garden Commingled Garden Residual Residual Commingled Residual Commingled Garden Commingled Garden Residual  

↓ Sub-category % t % t % t % t % t % t % t % t % t % t % t % t % t % t % t 
1. Paper and card Cardboard packaging; corrugated 2.07 802 0.00 0 0.13 20 5.77 1946 0.13 0 0.86 12 2.64 188 5.77 391 1.97 274 5.77 82 0.13 3 5.77 7 0.13 2 1.61 159 2.49 3886 
1. Paper and card Cardboard packaging; non-corrugated 3.94 1524 0.03 8 0.10 15 3.15 1062 0.10 0 1.55 21 4.44 316 3.15 214 0.86 120 3.15 45 0.10 2 3.15 4 0.10 2 3.06 302 2.33 3635 
1. Paper and card Directories, catalogues and books 1.21 468 0.00 0 0.00 0 1.56 526 0.00 0 0.47 6 0.15 11 1.56 106 1.26 175 1.56 22 0.00 0 1.56 2 0.00 0 0.94 93 0.90 1409 
1. Paper and card Liquid cartons 0.48 184 0.00 0 0.00 0 0.27 91 0.00 0 0.19 3 0.45 32 0.27 18 0.07 10 0.27 4 0.00 0 0.27 0 0.00 0 0.37 37 0.24 379 
1. Paper and card Magazines 1.88 727 0.17 42 0.00 0 12.54 4228 0.00 0 0.73 10 2.74 195 12.54 850 0.90 125 12.54 179 0.00 0 12.54 16 0.00 0 1.46 144 4.17 6516 
1. Paper and card Newspapers 2.39 926 0.31 76 0.01 2 23.10 7789 0.01 0 0.93 13 3.49 248 23.10 1566 1.40 195 23.10 329 0.01 0 23.10 29 0.01 0 1.86 184 7.27 11357 
1. Paper and card Non-packaging cardboard 0.32 124 0.02 5 0.00 0 0.12 40 0.00 0 0.17 2 0.54 38 0.12 8 0.36 50 0.12 2 0.00 0 0.12 0 0.00 0 0.25 25 0.19 294 
1. Paper and card Non-recyclable paper 4.78 1852 0.20 48 0.00 0 0.89 300 0.00 0 1.86 25 3.06 218 0.89 60 0.94 131 0.89 13 0.00 0 0.89 1 0.00 0 3.72 367 1.93 3015 
1. Paper and card Other non-recyclable card 0.40 154 0.00 0 0.00 0 0.44 148 0.00 0 0.16 2 1.22 87 0.44 30 0.35 49 0.44 6 0.00 0 0.44 1 0.00 0 0.31 31 0.33 508 
1. Paper and card Other recyclable paper 3.22 1245 0.08 19 0.04 6 1.61 543 0.04 0 1.26 17 1.99 142 1.61 109 1.26 175 1.61 23 0.04 1 1.61 2 0.04 1 2.50 247 1.62 2530 
1. Paper and card Paper packaging 0.90 349 0.02 4 0.00 0 0.13 44 0.00 0 0.36 5 2.56 182 0.13 9 0.25 35 0.13 2 0.00 0 0.13 0 0.00 0 0.70 69 0.45 699 
1. Paper and card Wall paper 0.89 344 0.00 0 0.00 0 0.18 61 0.00 0 0.35 5 0.01 1 0.18 12 0.87 121 0.18 3 0.00 0 0.18 0 0.00 0 0.69 68 0.39 615 
2. Plastic film Carrier bags 1.66 642 0.11 28 0.00 0 0.60 202 0.00 0 0.65 9 2.14 152 0.60 41 0.27 38 0.60 9 0.00 0 0.60 1 0.00 0 1.29 127 0.80 1249 
2. Plastic film Other packaging film 3.92 1519 0.07 17 0.00 0 1.03 347 0.00 0 1.53 21 3.95 281 1.03 70 0.64 89 1.03 15 0.00 0 1.03 1 0.00 0 3.05 301 1.70 2661 
2. Plastic film Refuse sacks and other plastic film 2.18 846 0.26 63 0.01 2 0.80 270 0.01 0 0.85 11 2.10 150 0.80 54 1.15 160 0.80 11 0.01 0 0.80 1 0.01 0 1.70 168 1.11 1736 
3. Dense plastic Expanded polystyrene (EPS) 0.37 144 0.00 0 0.00 0 0.12 40 0.00 0 0.15 2 1.04 74 0.12 8 0.44 61 0.12 2 0.00 0 0.12 0 0.00 0 0.29 29 0.23 360 
3. Dense plastic HDPE bottles 0.81 314 0.00 0 0.09 14 2.61 880 0.09 0 0.32 4 1.13 81 2.61 177 0.29 40 2.61 37 0.09 2 2.61 3 0.00 0 0.63 62 1.03 1614 
3. Dense plastic Other non-packaging plastic 2.46 951 0.00 0 0.00 0 0.44 148 0.00 0 0.96 13 1.80 128 0.44 30 7.13 992 0.44 6 0.00 0 0.44 1 0.00 0 1.91 189 1.57 2458 
3. Dense plastic Other plastic bottles 0.18 70 0.00 0 0.00 0 0.43 145 0.00 0 0.07 1 0.21 15 0.43 29 0.03 4 0.43 6 0.00 0 0.43 1 0.00 0 0.14 14 0.18 285 
3. Dense plastic Other plastic packaging 3.69 1429 0.01 3 0.00 0 2.96 998 0.00 0 1.44 19 2.37 169 2.96 201 1.09 152 2.96 42 0.00 0 2.96 4 0.00 0 2.87 283 2.11 3300 
3. Dense plastic PET bottles 1.13 438 0.00 0 0.00 0 3.85 1298 0.00 0 0.44 6 6.00 427 3.85 261 0.37 51 3.85 55 0.00 0 3.85 5 0.00 0 0.88 87 1.68 2628 
4. Textile Man-made fibres 2.58 1001 0.00 0 0.00 0 0.77 260 0.00 0 1.01 14 1.12 80 0.77 52 2.84 395 0.77 11 0.00 0 0.77 1 0.00 0 2.01 198 1.29 2012 
4. Textile Natural fibres 1.81 702 0.00 0 0.00 0 0.95 320 0.00 0 0.71 10 0.59 42 0.95 64 1.37 191 0.95 14 0.00 0 0.95 1 0.00 0 1.41 139 0.95 1483 
4. Textile Shoes, bags, belts 1.52 588 0.00 0 0.00 0 0.59 199 0.00 0 0.59 8 1.18 84 0.59 40 1.12 156 0.59 8 0.00 0 0.59 1 0.00 0 1.18 116 0.77 1200 
5. Other combustible Carpet 0.96 373 0.00 0 0.00 0 0.00 0 0.00 0 2.70 36 0.00 0 0.00 0 12.75 1775 0.00 0 0.00 0 0.00 0 0.00 0 0.75 74 1.45 2258 
5. Other combustible Chipboard, MDF 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.11 1 0.00 0 0.00 0 1.46 203 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.13 204 
5. Other combustible Disposable nappies 6.06 2345 0.00 0 0.00 0 0.06 20 0.00 0 2.36 32 0.80 57 0.06 4 0.79 110 0.06 1 0.00 0 0.06 0 0.00 0 4.71 465 1.94 3034 
5. Other combustible Incontinence products 0.73 284 0.00 0 0.00 0 0.00 0 0.00 0 0.29 4 0.00 0 0.00 0 0.02 3 0.00 0 0.00 0 0.00 0 0.00 0 0.57 56 0.22 347 
5. Other combustible Kitchen units 0.06 25 0.00 0 0.00 0 0.00 0 0.00 0 4.63 62 0.00 0 0.00 0 1.42 197 0.00 0 0.00 0 0.00 0 0.00 0 0.05 5 0.19 289 
5. Other combustible Lino/tiles flooring 0.18 70 0.00 0 0.00 0 0.00 0 0.00 0 0.07 1 0.00 0 0.00 0 1.81 252 0.00 0 0.00 0 0.00 0 0.00 0 0.14 14 0.22 337 
5. Other combustible Mattresses 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 8.02 108 0.00 0 0.00 0 3.56 495 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.39 603 
5. Other combustible Other combustible 2.73 1056 0.03 8 0.00 0 0.16 54 0.00 0 2.54 34 1.75 125 0.16 11 2.35 327 0.16 2 0.00 0 0.16 0 0.00 0 2.12 209 1.17 1826 
5. Other combustible Other furniture 0.25 95 0.00 0 0.00 0 0.11 37 0.00 0 22.59 305 0.15 11 0.11 7 7.16 996 0.11 2 0.00 0 0.11 0 0.00 0 0.19 19 0.94 1472 
5. Other combustible Sanitary products 0.73 284 0.00 0 0.00 0 0.09 30 0.00 0 0.29 4 0.24 17 0.09 6 0.11 15 0.09 1 0.00 0 0.09 0 0.00 0 0.57 56 0.26 413 
5. Other combustible Wood and cork non-packaging 1.17 453 0.00 0 0.00 0 0.11 37 0.00 0 0.73 10 0.43 31 0.11 7 3.71 516 0.11 2 0.00 0 0.11 0 0.00 0 0.91 90 0.73 1146 
5. Other combustible Wood and cork packaging 0.04 15 0.00 0 0.00 0 0.00 0 0.00 0 0.02 0 0.07 5 0.00 0 0.14 19 0.00 0 0.00 0 0.00 0 0.00 0 0.03 3 0.03 42 
6. Other non-combustible DIY rubble 3.00 1160 0.00 0 0.00 0 0.04 13 0.00 0 1.42 19 0.99 71 0.04 3 5.23 727 0.04 1 0.00 0 0.04 0 0.00 0 2.33 230 1.42 2224 
6. Other non-combustible Other non-combustible 1.85 717 0.00 0 0.28 42 0.26 88 0.28 0 2.21 30 1.12 80 0.26 18 3.40 473 0.26 4 0.28 5 0.26 0 0.00 0 1.44 142 1.02 1599 
7. Glass Brown glass 0.49 189 0.00 0 0.00 0 3.12 1052 0.00 0 0.19 3 1.11 79 3.12 212 0.30 42 3.12 45 0.00 0 3.12 4 0.00 0 0.38 38 1.07 1664 
7. Glass Clear glass 2.83 1095 0.00 0 0.00 0 12.93 4360 0.00 0 1.10 15 3.87 276 12.93 877 0.59 82 12.93 185 0.00 0 12.93 16 0.00 0 2.20 217 4.56 7123 
7. Glass Green and blue glass 1.14 443 0.00 0 0.00 0 9.30 3136 0.00 0 0.45 6 1.91 136 9.30 631 0.66 92 9.30 133 0.00 0 9.30 12 0.00 0 0.89 88 2.99 4677 
7. Glass Non-packaging glass 0.57 219 0.00 0 0.00 0 0.47 158 0.00 0 0.23 3 0.44 31 0.47 32 2.42 337 0.47 7 0.00 0 0.47 1 0.00 0 0.44 43 0.53 831 
8. Putrescibles Bones 0.27 104 2.67 654 0.00 0 0.04 13 0.00 0 0.32 4 0.46 33 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.64 63 0.57 885 
8. Putrescibles Cooked or prepared food 3.02 1170 30.19 7399 0.36 54 0.70 236 0.36 0 4.54 61 7.00 499 0.70 47 1.68 234 0.70 10 0.36 7 0.70 1 0.00 0 9.09 897 6.80 10615 
8. Putrescibles Cooking oil and grease 0.10 40 0.00 0 0.00 0 0.00 0 0.00 0 0.04 1 0.02 1 0.00 0 0.07 10 0.00 0 0.00 0 0.00 0 0.36 6 0.08 8 0.04 66 
8. Putrescibles Food still in its packaging 1.14 441 11.38 2788 0.00 0 0.16 54 0.00 0 3.18 43 2.90 207 0.16 11 1.15 160 0.16 2 0.00 0 0.16 0 0.00 0 6.38 630 2.78 4336 
8. Putrescibles Garden waste soft 2.65 1026 0.00 1 56.48 8495 0.63 212 56.48 8 1.23 17 5.17 368 0.63 43 3.91 544 0.63 9 56.48 1096 0.63 1 56.78 921 2.06 203 8.29 12944 
8. Putrescibles Garden waste woody 0.32 124 0.00 0 30.09 4526 0.00 0 30.09 5 0.22 3 0.09 6 0.00 0 1.89 263 0.00 0 30.09 584 0.00 0 30.26 491 0.25 25 3.86 6027 
8. Putrescibles Pet excrement and bedding 7.61 2948 0.00 0 0.00 0 0.70 236 0.00 0 2.95 40 6.96 496 0.70 47 1.27 177 0.70 10 0.00 0 0.70 1 0.00 0 5.92 584 2.91 4539 
8. Putrescibles Raw fruit and vegetable matter 4.38 1697 43.77 10726 1.06 159 0.13 44 1.06 0 5.49 74 7.18 512 0.13 9 2.04 284 0.13 2 1.06 21 0.13 0 1.07 17 10.98 1085 9.37 14630 
8. Putrescibles Raw meat and fish 0.15 59 1.53 375 0.00 0 0.04 13 0.00 0 0.29 4 0.16 11 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.57 56 0.34 532 
8. Putrescibles Soil 1.35 523 0.00 0 11.07 1665 0.00 0 11.07 2 0.53 7 0.41 29 0.00 0 1.39 193 0.00 0 11.07 215 0.00 0 11.13 181 1.05 104 1.87 2919 
8. Putrescibles Tea bags, coffee grinds, eggshells 0.90 347 8.96 2195 0.00 0 0.09 30 0.00 0 1.14 15 0.33 24 0.09 6 0.47 65 0.09 1 0.00 0 0.09 0 0.00 0 2.28 225 1.86 2908 
9. Ferrous metal Aerosols 0.23 90 0.00 0 0.00 0 0.22 74 0.00 0 0.09 1 0.16 11 0.22 15 0.10 14 0.22 3 0.00 0 0.22 0 0.00 0 0.18 18 0.14 226 
9. Ferrous metal Food and beverage cans 1.89 732 0.00 0 0.01 2 3.31 1116 0.01 0 0.74 10 1.83 131 3.31 225 0.34 47 3.31 47 0.01 0 3.31 4 0.00 0 1.47 145 1.57 2459 
9. Ferrous metal Other ferrous metal 1.21 468 0.00 0 0.04 6 0.16 54 0.04 0 0.47 6 1.07 76 0.16 11 2.60 362 0.16 2 0.04 1 0.16 0 0.00 0 0.94 93 0.69 1079 
10. Non-ferrous metal Aerosols 0.14 55 0.00 0 0.00 0 0.09 30 0.00 0 0.06 1 0.10 7 0.09 6 0.04 6 0.09 1 0.00 0 0.09 0 0.00 0 0.11 11 0.08 117 
10. Non-ferrous metal Foil 0.59 229 0.01 3 0.00 0 0.17 57 0.00 0 0.23 3 0.37 26 0.17 12 0.09 13 0.17 2 0.00 0 0.17 0 0.00 0 0.46 45 0.25 390 
10. Non-ferrous metal Food and beverage cans 0.49 189 0.00 0 0.09 14 1.09 368 0.09 0 0.19 3 3.70 263 1.09 74 0.36 50 1.09 16 0.09 2 1.09 1 0.00 0 0.38 38 0.65 1018 
10. Non-ferrous metal Other non-ferrous metal 0.13 50 0.00 0 0.03 5 0.06 20 0.03 0 0.05 1 0.24 17 0.06 4 0.31 43 0.06 1 0.03 1 0.06 0 0.00 0 0.10 10 0.10 152 
11. WEEE WEEE 1.52 588 0.00 0 0.02 3 0.37 125 0.02 0 9.04 122 0.58 41 0.37 25 5.18 720 0.37 5 0.02 0 0.37 0 0.02 0 1.18 116 1.12 1745 
12. HHW HHW 0.89 344 0.00 0 0.00 0 0.11 37 0.00 0 0.35 5 0.11 8 0.11 7 1.29 179 0.11 2 0.00 0 0.11 0 0.00 0 0.69 68 0.42 650 
13. Fine material  < 10 mm Fines 3.44 1334 0.18 43 0.09 14 0.35 118 0.09 0 1.34 18 1.30 93 0.35 24 0.60 83 0.35 5 0.09 2 0.35 0 0.09 1 2.68 265 1.28 2000 
TOTAL 100 38724 100 24505 100 15044 100 33713 100 15 100 1351 100 7119 100 6780 100 13917 100 1429 100 1942 100 123 100 1622 100 9877 100 156161 
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  Appendix J 

Table J.4. Detailed material composition by primary waste stream and collection source for Scenario 3. 

Main category 

→ Collection source Household - kerbside collection Bulky waste Fly-tipped materials Street cleaning HWRCs Bring sites Parks/grounds Non-household TOTAL 
→ Primary waste stream Residual Food Garden Commingled Garden Residual Residual Commingled Residual Commingled Garden Commingled Garden Residual  

↓ Sub-category % t % t % t % t % t % t % t % t % t % t % t % t % t % t % t 
1. Paper and card Cardboard packaging; corrugated 1.61 802 0.00 0 0.13 20 5.77 1946 0.13 0 0.86 12 2.64 188 5.77 391 1.97 274 5.77 82 0.13 3 5.77 7 0.13 2 1.61 159 2.49 3886 
1. Paper and card Cardboard packaging; non-corrugated 3.06 1524 0.06 8 0.10 15 3.15 1062 0.10 0 1.55 21 4.44 316 3.15 214 0.86 120 3.15 45 0.10 2 3.15 4 0.10 2 3.06 302 2.33 3635 
1. Paper and card Directories, catalogues and books 0.94 468 0.00 0 0.00 0 1.56 526 0.00 0 0.47 6 0.15 11 1.56 106 1.26 175 1.56 22 0.00 0 1.56 2 0.00 0 0.94 93 0.90 1409 
1. Paper and card Liquid cartons 0.37 184 0.00 0 0.00 0 0.27 91 0.00 0 0.19 3 0.45 32 0.27 18 0.07 10 0.27 4 0.00 0 0.27 0 0.00 0 0.37 37 0.24 379 
1. Paper and card Magazines 1.46 727 0.31 42 0.00 0 12.54 4228 0.00 0 0.73 10 2.74 195 12.54 850 0.90 125 12.54 179 0.00 0 12.54 16 0.00 0 1.46 144 4.17 6516 
1. Paper and card Newspapers 1.86 926 0.57 76 0.01 2 23.10 7789 0.01 0 0.93 13 3.49 248 23.10 1566 1.40 195 23.10 329 0.01 0 23.10 29 0.01 0 1.86 184 7.27 11357 
1. Paper and card Non-packaging cardboard 0.25 124 0.04 5 0.00 0 0.12 40 0.00 0 0.17 2 0.54 38 0.12 8 0.36 50 0.12 2 0.00 0 0.12 0 0.00 0 0.25 25 0.19 294 
1. Paper and card Non-recyclable paper 3.72 1852 0.36 48 0.00 0 0.89 300 0.00 0 1.86 25 3.06 218 0.89 60 0.94 131 0.89 13 0.00 0 0.89 1 0.00 0 3.72 367 1.93 3015 
1. Paper and card Other non-recyclable card 0.31 154 0.00 0 0.00 0 0.44 148 0.00 0 0.16 2 1.22 87 0.44 30 0.35 49 0.44 6 0.00 0 0.44 1 0.00 0 0.31 31 0.33 508 
1. Paper and card Other recyclable paper 2.50 1245 0.14 19 0.04 6 1.61 543 0.04 0 1.26 17 1.99 142 1.61 109 1.26 175 1.61 23 0.04 1 1.61 2 0.04 1 2.50 247 1.62 2530 
1. Paper and card Paper packaging 0.70 349 0.03 4 0.00 0 0.13 44 0.00 0 0.36 5 2.56 182 0.13 9 0.25 35 0.13 2 0.00 0 0.13 0 0.00 0 0.70 69 0.45 699 
1. Paper and card Wall paper 0.69 344 0.00 0 0.00 0 0.18 61 0.00 0 0.35 5 0.01 1 0.18 12 0.87 121 0.18 3 0.00 0 0.18 0 0.00 0 0.69 68 0.39 615 
2. Plastic film Carrier bags 1.29 642 0.21 28 0.00 0 0.60 202 0.00 0 0.65 9 2.14 152 0.60 41 0.27 38 0.60 9 0.00 0 0.60 1 0.00 0 1.29 127 0.80 1249 
2. Plastic film Other packaging film 3.05 1519 0.13 17 0.00 0 1.03 347 0.00 0 1.53 21 3.95 281 1.03 70 0.64 89 1.03 15 0.00 0 1.03 1 0.00 0 3.05 301 1.70 2661 
2. Plastic film Refuse sacks and other plastic film 1.70 846 0.47 63 0.01 2 0.80 270 0.01 0 0.85 11 2.10 150 0.80 54 1.15 160 0.80 11 0.01 0 0.80 1 0.01 0 1.70 168 1.11 1736 
3. Dense plastic Expanded polystyrene (EPS) 0.29 144 0.00 0 0.00 0 0.12 40 0.00 0 0.15 2 1.04 74 0.12 8 0.44 61 0.12 2 0.00 0 0.12 0 0.00 0 0.29 29 0.23 360 
3. Dense plastic HDPE bottles 0.63 314 0.00 0 0.09 14 2.61 880 0.09 0 0.32 4 1.13 81 2.61 177 0.29 40 2.61 37 0.09 2 2.61 3 0.00 0 0.63 62 1.03 1614 
3. Dense plastic Other non-packaging plastic 1.91 951 0.00 0 0.00 0 0.44 148 0.00 0 0.96 13 1.80 128 0.44 30 7.13 992 0.44 6 0.00 0 0.44 1 0.00 0 1.91 189 1.57 2458 
3. Dense plastic Other plastic bottles 0.14 70 0.00 0 0.00 0 0.43 145 0.00 0 0.07 1 0.21 15 0.43 29 0.03 4 0.43 6 0.00 0 0.43 1 0.00 0 0.14 14 0.18 285 
3. Dense plastic Other plastic packaging 2.87 1429 0.02 3 0.00 0 2.96 998 0.00 0 1.44 19 2.37 169 2.96 201 1.09 152 2.96 42 0.00 0 2.96 4 0.00 0 2.87 283 2.11 3300 
3. Dense plastic PET bottles 0.88 438 0.00 0 0.00 0 3.85 1298 0.00 0 0.44 6 6.00 427 3.85 261 0.37 51 3.85 55 0.00 0 3.85 5 0.00 0 0.88 87 1.68 2628 
4. Textile Man-made fibres 2.01 1001 0.00 0 0.00 0 0.77 260 0.00 0 1.01 14 1.12 80 0.77 52 2.84 395 0.77 11 0.00 0 0.77 1 0.00 0 2.01 198 1.29 2012 
4. Textile Natural fibres 1.41 702 0.00 0 0.00 0 0.95 320 0.00 0 0.71 10 0.59 42 0.95 64 1.37 191 0.95 14 0.00 0 0.95 1 0.00 0 1.41 139 0.95 1483 
4. Textile Shoes, bags, belts 1.18 588 0.00 0 0.00 0 0.59 199 0.00 0 0.59 8 1.18 84 0.59 40 1.12 156 0.59 8 0.00 0 0.59 1 0.00 0 1.18 116 0.77 1200 
5. Other combustible Carpet 0.75 373 0.00 0 0.00 0 0.00 0 0.00 0 2.70 36 0.00 0 0.00 0 12.75 1775 0.00 0 0.00 0 0.00 0 0.00 0 0.75 74 1.45 2258 
5. Other combustible Chipboard, MDF 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.11 1 0.00 0 0.00 0 1.46 203 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.13 204 
5. Other combustible Disposable nappies 4.71 2345 0.00 0 0.00 0 0.06 20 0.00 0 2.36 32 0.80 57 0.06 4 0.79 110 0.06 1 0.00 0 0.06 0 0.00 0 4.71 465 1.94 3034 
5. Other combustible Incontinence products 0.57 284 0.00 0 0.00 0 0.00 0 0.00 0 0.29 4 0.00 0 0.00 0 0.02 3 0.00 0 0.00 0 0.00 0 0.00 0 0.57 56 0.22 347 
5. Other combustible Kitchen units 0.05 25 0.00 0 0.00 0 0.00 0 0.00 0 4.63 62 0.00 0 0.00 0 1.42 197 0.00 0 0.00 0 0.00 0 0.00 0 0.05 5 0.19 289 
5. Other combustible Lino/tiles flooring 0.14 70 0.00 0 0.00 0 0.00 0 0.00 0 0.07 1 0.00 0 0.00 0 1.81 252 0.00 0 0.00 0 0.00 0 0.00 0 0.14 14 0.22 337 
5. Other combustible Mattresses 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 8.02 108 0.00 0 0.00 0 3.56 495 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.39 603 
5. Other combustible Other combustible 2.12 1056 0.06 8 0.00 0 0.16 54 0.00 0 2.54 34 1.75 125 0.16 11 2.35 327 0.16 2 0.00 0 0.16 0 0.00 0 2.12 209 1.17 1826 
5. Other combustible Other furniture 0.19 95 0.00 0 0.00 0 0.11 37 0.00 0 22.59 305 0.15 11 0.11 7 7.16 996 0.11 2 0.00 0 0.11 0 0.00 0 0.19 19 0.94 1472 
5. Other combustible Sanitary products 0.57 284 0.00 0 0.00 0 0.09 30 0.00 0 0.29 4 0.24 17 0.09 6 0.11 15 0.09 1 0.00 0 0.09 0 0.00 0 0.57 56 0.26 413 
5. Other combustible Wood and cork non-packaging 0.91 453 0.00 0 0.00 0 0.11 37 0.00 0 0.73 10 0.43 31 0.11 7 3.71 516 0.11 2 0.00 0 0.11 0 0.00 0 0.91 90 0.73 1146 
5. Other combustible Wood and cork packaging 0.03 15 0.00 0 0.00 0 0.00 0 0.00 0 0.02 0 0.07 5 0.00 0 0.14 19 0.00 0 0.00 0 0.00 0 0.00 0 0.03 3 0.03 42 
6. Other non-combustible DIY rubble 2.33 1160 0.00 0 0.00 0 0.04 13 0.00 0 1.42 19 0.99 71 0.04 3 5.23 727 0.04 1 0.00 0 0.04 0 0.00 0 2.33 230 1.42 2224 
6. Other non-combustible Other non-combustible 1.44 717 0.00 0 0.28 42 0.26 88 0.28 0 2.21 30 1.12 80 0.26 18 3.40 473 0.26 4 0.28 5 0.26 0 0.00 0 1.44 142 1.02 1599 
7. Glass Brown glass 0.38 189 0.00 0 0.00 0 3.12 1052 0.00 0 0.19 3 1.11 79 3.12 212 0.30 42 3.12 45 0.00 0 3.12 4 0.00 0 0.38 38 1.07 1664 
7. Glass Clear glass 2.20 1095 0.00 0 0.00 0 12.93 4360 0.00 0 1.10 15 3.87 276 12.93 877 0.59 82 12.93 185 0.00 0 12.93 16 0.00 0 2.20 217 4.56 7123 
7. Glass Green and blue glass 0.89 443 0.00 0 0.00 0 9.30 3136 0.00 0 0.45 6 1.91 136 9.30 631 0.66 92 9.30 133 0.00 0 9.30 12 0.00 0 0.89 88 2.99 4677 
7. Glass Non-packaging glass 0.44 219 0.00 0 0.00 0 0.47 158 0.00 0 0.23 3 0.44 31 0.47 32 2.42 337 0.47 7 0.00 0 0.47 1 0.00 0 0.44 43 0.53 831 
8. Putrescibles Bones 0.64 319 3.27 439 0.00 0 0.04 13 0.00 0 0.32 4 0.46 33 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.64 63 0.57 885 
8. Putrescibles Cooked or prepared food 9.09 4526 30.15 4043 0.36 54 0.70 236 0.36 0 4.54 61 7.00 499 0.70 47 1.68 234 0.70 10 0.36 7 0.70 1 0.00 0 9.09 897 6.80 10615 
8. Putrescibles Cooking oil and grease 0.08 40 0.00 0 0.00 0 0.00 0 0.00 0 0.04 1 0.02 1 0.00 0 0.07 10 0.00 0 0.00 0 0.00 0 0.36 6 0.08 8 0.04 66 
8. Putrescibles Food still in its packaging 6.38 3177 0.39 52 0.00 0 0.16 54 0.00 0 3.18 43 2.90 207 0.16 11 1.15 160 0.16 2 0.00 0 0.16 0 0.00 0 6.38 630 2.78 4336 
8. Putrescibles Garden waste soft 2.06 1026 0.01 1 56.48 8495 0.63 212 56.48 8 1.23 17 5.17 368 0.63 43 3.91 544 0.63 9 56.48 1096 0.63 1 56.78 921 2.06 203 8.29 12944 
8. Putrescibles Garden waste woody 0.25 124 0.00 0 30.09 4526 0.00 0 30.09 5 0.22 3 0.09 6 0.00 0 1.89 263 0.00 0 30.09 584 0.00 0 30.26 491 0.25 25 3.86 6027 
8. Putrescibles Pet excrement and bedding 5.92 2948 0.00 0 0.00 0 0.70 236 0.00 0 2.95 40 6.96 496 0.70 47 1.27 177 0.70 10 0.00 0 0.70 1 0.00 0 5.92 584 2.91 4539 
8. Putrescibles Raw fruit and vegetable matter 10.98 5472 51.83 6951 1.06 159 0.13 44 1.06 0 5.49 74 7.18 512 0.13 9 2.04 284 0.13 2 1.06 21 0.13 0 1.07 17 10.98 1085 9.37 14630 
8. Putrescibles Raw meat and fish 0.57 284 1.12 150 0.00 0 0.04 13 0.00 0 0.29 4 0.16 11 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.57 56 0.34 532 
8. Putrescibles Soil 1.05 523 0.00 0 11.07 1665 0.00 0 11.07 2 0.53 7 0.41 29 0.00 0 1.39 193 0.00 0 11.07 215 0.00 0 11.13 181 1.05 104 1.87 2919 
8. Putrescibles Tea bags, coffee grinds, eggshells 2.28 1135 10.49 1407 0.00 0 0.09 30 0.00 0 1.14 15 0.33 24 0.09 6 0.47 65 0.09 1 0.00 0 0.09 0 0.00 0 2.28 225 1.86 2908 
9. Ferrous metal Aerosols 0.18 90 0.00 0 0.00 0 0.22 74 0.00 0 0.09 1 0.16 11 0.22 15 0.10 14 0.22 3 0.00 0 0.22 0 0.00 0 0.18 18 0.14 226 
9. Ferrous metal Food and beverage cans 1.47 732 0.00 0 0.01 2 3.31 1116 0.01 0 0.74 10 1.83 131 3.31 225 0.34 47 3.31 47 0.01 0 3.31 4 0.00 0 1.47 145 1.57 2459 
9. Ferrous metal Other ferrous metal 0.94 468 0.00 0 0.04 6 0.16 54 0.04 0 0.47 6 1.07 76 0.16 11 2.60 362 0.16 2 0.04 1 0.16 0 0.00 0 0.94 93 0.69 1079 
10. Non-ferrous metal Aerosols 0.11 55 0.00 0 0.00 0 0.09 30 0.00 0 0.06 1 0.10 7 0.09 6 0.04 6 0.09 1 0.00 0 0.09 0 0.00 0 0.11 11 0.08 117 
10. Non-ferrous metal Foil 0.46 229 0.02 3 0.00 0 0.17 57 0.00 0 0.23 3 0.37 26 0.17 12 0.09 13 0.17 2 0.00 0 0.17 0 0.00 0 0.46 45 0.25 390 
10. Non-ferrous metal Food and beverage cans 0.38 189 0.00 0 0.09 14 1.09 368 0.09 0 0.19 3 3.70 263 1.09 74 0.36 50 1.09 16 0.09 2 1.09 1 0.00 0 0.38 38 0.65 1018 
10. Non-ferrous metal Other non-ferrous metal 0.10 50 0.00 0 0.03 5 0.06 20 0.03 0 0.05 1 0.24 17 0.06 4 0.31 43 0.06 1 0.03 1 0.06 0 0.00 0 0.10 10 0.10 152 
11. WEEE WEEE 1.18 588 0.00 0 0.02 3 0.37 125 0.02 0 9.04 122 0.58 41 0.37 25 5.18 720 0.37 5 0.02 0 0.37 0 0.02 0 1.18 116 1.12 1745 
12. HHW HHW 0.69 344 0.00 0 0.00 0 0.11 37 0.00 0 0.35 5 0.11 8 0.11 7 1.29 179 0.11 2 0.00 0 0.11 0 0.00 0 0.69 68 0.42 650 
13. Fine material  < 10 mm Fines 2.68 1334 0.32 43 0.09 14 0.35 118 0.09 0 1.34 18 1.30 93 0.35 24 0.60 83 0.35 5 0.09 2 0.35 0 0.09 1 2.68 265 1.28 2000 
TOTAL 100 49819 100 13410 100 15044 100 33713 100 15 100 1351 100 7119 100 6780 100 13917 100 1429 100 1942 100 123 100 1622 100 9877 100 156161 
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  Appendix J 

Table J.5. Detailed material composition by primary waste stream and collection source for Scenario 4. 

Main category 

→ Collection source Household - kerbside collection Bulky waste Fly-tipped materials Street cleaning HWRCs Bring sites Parks/grounds Non-household TOTAL 
→ Primary waste stream Residual Food Garden Commingled Garden Residual Residual Commingled Residual Commingled Garden Commingled Garden Residual  

↓ Sub-category % t % t % t % t % t % t % t % t % t % t % t % t % t % t % t 
1. Paper and card Cardboard packaging; corrugated 0.71 325 0.00 0 0.13 20 6.39 2423 0.13 0 0.86 12 2.64 188 5.77 391 1.97 274 5.77 82 0.13 3 5.77 7 0.13 2 1.61 159 2.49 3886 
1. Paper and card Cardboard packaging; non-corrugated 2.71 1238 0.06 8 0.10 15 3.56 1348 0.10 0 1.55 21 4.44 316 3.15 214 0.86 120 3.15 45 0.10 2 3.15 4 0.10 2 3.06 302 2.33 3635 
1. Paper and card Directories, catalogues and books 0.91 417 0.00 0 0.00 0 1.52 577 0.00 0 0.47 6 0.15 11 1.56 106 1.26 175 1.56 22 0.00 0 1.56 2 0.00 0 0.94 93 0.90 1409 
1. Paper and card Liquid cartons 0.38 173 0.00 0 0.00 0 0.27 102 0.00 0 0.19 3 0.45 32 0.27 18 0.07 10 0.27 4 0.00 0 0.27 0 0.00 0 0.37 37 0.24 379 
1. Paper and card Magazines 0.67 305 0.31 42 0.00 0 12.26 4650 0.00 0 0.73 10 2.74 195 12.54 850 0.90 125 12.54 179 0.00 0 12.54 16 0.00 0 1.46 144 4.17 6516 
1. Paper and card Newspapers 0.86 390 0.57 76 0.01 2 21.95 8322 0.01 0 0.93 13 3.49 248 23.10 1566 1.40 195 23.10 329 0.01 0 23.10 29 0.01 0 1.86 184 7.27 11354 
1. Paper and card Non-packaging cardboard 0.25 114 0.04 5 0.00 0 0.13 50 0.00 0 0.17 2 0.54 38 0.12 8 0.36 50 0.12 2 0.00 0 0.12 0 0.00 0 0.25 25 0.19 294 
1. Paper and card Non-recyclable paper 4.00 1823 0.36 48 0.00 0 0.87 329 0.00 0 1.86 25 3.06 218 0.89 60 0.94 131 0.89 13 0.00 0 0.89 1 0.00 0 3.72 367 1.93 3015 
1. Paper and card Other non-recyclable card 0.30 137 0.00 0 0.00 0 0.43 165 0.00 0 0.16 2 1.22 87 0.44 30 0.35 49 0.44 6 0.00 0 0.44 1 0.00 0 0.31 31 0.33 508 
1. Paper and card Other recyclable paper 2.22 1015 0.14 19 0.04 6 2.04 773 0.04 0 1.26 17 1.99 142 1.61 109 1.26 175 1.61 23 0.04 1 1.61 2 0.04 1 2.50 247 1.62 2530 
1. Paper and card Paper packaging 0.72 327 0.03 4 0.00 0 0.17 66 0.00 0 0.36 5 2.56 182 0.13 9 0.25 35 0.13 2 0.00 0 0.13 0 0.00 0 0.70 69 0.45 699 
1. Paper and card Wall paper 0.73 335 0.00 0 0.00 0 0.18 70 0.00 0 0.35 5 0.01 1 0.18 12 0.87 121 0.18 3 0.00 0 0.18 0 0.00 0 0.69 68 0.39 615 
2. Plastic film Carrier bags 1.32 601 0.21 28 0.00 0 0.64 243 0.00 0 0.65 9 2.14 152 0.60 41 0.27 38 0.60 9 0.00 0 0.60 1 0.00 0 1.29 127 0.80 1249 
2. Plastic film Other packaging film 3.17 1444 0.13 17 0.00 0 1.11 422 0.00 0 1.53 21 3.95 281 1.03 70 0.64 89 1.03 15 0.00 0 1.03 1 0.00 0 3.05 301 1.70 2661 
2. Plastic film Refuse sacks and other plastic film 1.74 792 0.47 63 0.01 2 0.86 324 0.01 0 0.85 11 2.10 150 0.80 54 1.15 160 0.80 11 0.01 0 0.80 1 0.01 0 1.70 168 1.11 1736 
3. Dense plastic Expanded polystyrene (EPS) 0.30 136 0.00 0 0.00 0 0.13 48 0.00 0 0.15 2 1.04 74 0.12 8 0.44 61 0.12 2 0.00 0 0.12 0 0.00 0 0.29 29 0.23 360 
3. Dense plastic HDPE bottles 0.39 178 0.00 0 0.09 14 2.68 1016 0.09 0 0.32 4 1.13 81 2.61 177 0.29 40 2.61 37 0.09 2 2.61 3 0.00 0 0.63 62 1.03 1614 
3. Dense plastic Other non-packaging plastic 2.02 920 0.00 0 0.00 0 0.47 179 0.00 0 0.96 13 1.80 128 0.44 30 7.13 992 0.44 6 0.00 0 0.44 1 0.00 0 1.91 189 1.57 2458 
3. Dense plastic Other plastic bottles 0.09 40 0.00 0 0.00 0 0.46 175 0.00 0 0.07 1 0.21 15 0.43 29 0.03 4 0.43 6 0.00 0 0.43 1 0.00 0 0.14 14 0.18 285 
3. Dense plastic Other plastic packaging 2.76 1257 0.02 3 0.00 0 3.09 1170 0.00 0 1.44 19 2.37 169 2.96 201 1.09 152 2.96 42 0.00 0 2.96 4 0.00 0 2.87 283 2.11 3300 
3. Dense plastic PET bottles 0.57 259 0.00 0 0.00 0 3.89 1477 0.00 0 0.44 6 6.00 427 3.85 261 0.37 51 3.85 55 0.00 0 3.85 5 0.00 0 0.88 87 1.68 2628 
4. Textile Man-made fibres 2.14 974 0.00 0 0.00 0 0.76 287 0.00 0 1.01 14 1.12 80 0.77 52 2.84 395 0.77 11 0.00 0 0.77 1 0.00 0 2.01 198 1.29 2012 
4. Textile Natural fibres 1.46 668 0.00 0 0.00 0 0.93 354 0.00 0 0.71 10 0.59 42 0.95 64 1.37 191 0.95 14 0.00 0 0.95 1 0.00 0 1.41 139 0.95 1483 
4. Textile Shoes, bags, belts 1.24 567 0.00 0 0.00 0 0.58 220 0.00 0 0.59 8 1.18 84 0.59 40 1.12 156 0.59 8 0.00 0 0.59 1 0.00 0 1.18 116 0.77 1200 
5. Other combustible Carpet 0.81 371 0.00 0 0.00 0 0.01 3 0.00 0 2.70 36 0.00 0 0.00 0 12.75 1775 0.00 0 0.00 0 0.00 0 0.00 0 0.75 74 1.45 2259 
5. Other combustible Chipboard, MDF 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.11 1 0.00 0 0.00 0 1.46 203 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.13 204 
5. Other combustible Disposable nappies 5.12 2335 0.00 0 0.00 0 0.08 30 0.00 0 2.36 32 0.80 57 0.06 4 0.79 110 0.06 1 0.00 0 0.06 0 0.00 0 4.71 465 1.94 3034 
5. Other combustible Incontinence products 0.62 284 0.00 0 0.00 0 0.00 0 0.00 0 0.29 4 0.00 0 0.00 0 0.02 3 0.00 0 0.00 0 0.00 0 0.00 0 0.57 56 0.22 347 
5. Other combustible Kitchen units 0.05 23 0.00 0 0.00 0 0.01 2 0.00 0 4.63 62 0.00 0 0.00 0 1.42 197 0.00 0 0.00 0 0.00 0 0.00 0 0.05 5 0.19 289 
5. Other combustible Lino/tiles flooring 0.15 68 0.00 0 0.00 0 0.01 2 0.00 0 0.07 1 0.00 0 0.00 0 1.81 252 0.00 0 0.00 0 0.00 0 0.00 0 0.14 14 0.22 337 
5. Other combustible Mattresses 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 8.02 108 0.00 0 0.00 0 3.56 495 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.39 603 
5. Other combustible Other combustible 2.30 1048 0.06 8 0.00 0 0.16 62 0.00 0 2.54 34 1.75 125 0.16 11 2.35 327 0.16 2 0.00 0 0.16 0 0.00 0 2.12 209 1.17 1826 
5. Other combustible Other furniture 0.20 91 0.00 0 0.00 0 0.11 41 0.00 0 22.59 305 0.15 11 0.11 7 7.16 996 0.11 2 0.00 0 0.11 0 0.00 0 0.19 19 0.94 1472 
5. Other combustible Sanitary products 0.61 280 0.00 0 0.00 0 0.09 34 0.00 0 0.29 4 0.24 17 0.09 6 0.11 15 0.09 1 0.00 0 0.09 0 0.00 0 0.57 56 0.26 413 
5. Other combustible Wood and cork non-packaging 0.98 448 0.00 0 0.00 0 0.11 42 0.00 0 0.73 10 0.43 31 0.11 7 3.71 516 0.11 2 0.00 0 0.11 0 0.00 0 0.91 90 0.73 1146 
5. Other combustible Wood and cork packaging 0.03 14 0.00 0 0.00 0 0.00 1 0.00 0 0.02 0 0.07 5 0.00 0 0.14 19 0.00 0 0.00 0 0.00 0 0.00 0 0.03 3 0.03 42 
6. Other non-combustible DIY rubble 2.54 1156 0.00 0 0.00 0 0.04 17 0.00 0 1.42 19 0.99 71 0.04 3 5.23 727 0.04 1 0.00 0 0.04 0 0.00 0 2.33 230 1.42 2224 
6. Other non-combustible Other non-combustible 1.55 706 0.00 0 0.28 42 0.26 99 0.28 0 2.21 30 1.12 80 0.26 18 3.40 473 0.26 4 0.28 5 0.26 0 0.00 0 1.44 142 1.02 1599 
7. Glass Brown glass 0.27 125 0.00 0 0.00 0 2.94 1116 0.00 0 0.19 3 1.11 79 3.12 212 0.30 42 3.12 45 0.00 0 3.12 4 0.00 0 0.38 38 1.07 1664 
7. Glass Clear glass 1.42 647 0.00 0 0.00 0 12.68 4809 0.00 0 1.10 15 3.87 276 12.93 877 0.59 82 12.93 185 0.00 0 12.93 16 0.00 0 2.20 217 4.56 7124 
7. Glass Green and blue glass 0.72 329 0.00 0 0.00 0 8.57 3251 0.00 0 0.45 6 1.91 136 9.30 631 0.66 92 9.30 133 0.00 0 9.30 12 0.00 0 0.89 88 3.00 4678 
7. Glass Non-packaging glass 0.33 152 0.00 0 0.00 0 0.60 226 0.00 0 0.23 3 0.44 31 0.47 32 2.42 337 0.47 7 0.00 0 0.47 1 0.00 0 0.44 43 0.53 832 
8. Putrescibles Bones 0.69 316 3.27 439 0.00 0 0.04 16 0.00 0 0.32 4 0.46 33 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.64 63 0.57 885 
8. Putrescibles Cooked or prepared food 9.84 4488 30.15 4043 0.36 54 0.72 275 0.36 0 4.54 61 7.00 499 0.70 47 1.68 234 0.70 10 0.36 7 0.70 1 0.00 0 9.09 897 6.80 10616 
8. Putrescibles Cooking oil and grease 0.09 40 0.00 0 0.00 0 0.00 0 0.00 0 0.04 1 0.02 1 0.00 0 0.07 10 0.00 0 0.00 0 0.00 0 0.36 6 0.08 8 0.04 66 
8. Putrescibles Food still in its packaging 6.93 3162 0.39 52 0.00 0 0.18 69 0.00 0 3.18 43 2.90 207 0.16 11 1.15 160 0.16 2 0.00 0 0.16 0 0.00 0 6.38 630 2.78 4336 
8. Putrescibles Garden waste soft 2.19 1001 0.01 1 56.48 8495 0.63 237 56.48 8 1.23 17 5.17 368 0.63 43 3.91 544 0.63 9 56.48 1096 0.63 1 56.78 921 2.06 203 8.29 12944 
8. Putrescibles Garden waste woody 0.27 122 0.00 0 30.09 4526 0.00 2 30.09 5 0.22 3 0.09 6 0.00 0 1.89 263 0.00 0 30.09 584 0.00 0 30.26 491 0.25 25 3.86 6027 
8. Putrescibles Pet excrement and bedding 6.39 2916 0.00 0 0.00 0 0.71 268 0.00 0 2.95 40 6.96 496 0.70 47 1.27 177 0.70 10 0.00 0 0.70 1 0.00 0 5.92 584 2.91 4539 
8. Putrescibles Raw fruit and vegetable matter 11.95 5451 51.83 6951 1.06 159 0.17 64 1.06 0 5.49 74 7.18 512 0.13 9 2.04 284 0.13 2 1.06 21 0.13 0 1.07 17 10.98 1085 9.37 14629 
8. Putrescibles Raw meat and fish 0.61 280 1.12 150 0.00 0 0.04 17 0.00 0 0.29 4 0.16 11 0.04 3 0.07 10 0.04 1 0.00 0 0.04 0 0.00 0 0.57 56 0.34 532 
8. Putrescibles Soil 1.14 520 0.00 0 11.07 1665 0.01 3 11.07 2 0.53 7 0.41 29 0.00 0 1.39 193 0.00 0 11.07 215 0.00 0 11.13 181 1.05 104 1.87 2919 
8. Putrescibles Tea bags, coffee grinds, eggshells 2.48 1129 10.49 1407 0.00 0 0.09 36 0.00 0 1.14 15 0.33 24 0.09 6 0.47 65 0.09 1 0.00 0 0.09 0 0.00 0 2.28 225 1.86 2908 
9. Ferrous metal Aerosols 0.17 78 0.00 0 0.00 0 0.23 86 0.00 0 0.09 1 0.16 11 0.22 15 0.10 14 0.22 3 0.00 0 0.22 0 0.00 0 0.18 18 0.14 226 
9. Ferrous metal Food and beverage cans 1.06 484 0.00 0 0.01 2 3.60 1364 0.01 0 0.74 10 1.83 131 3.31 225 0.34 47 3.31 47 0.01 0 3.31 4 0.00 0 1.47 145 1.57 2459 
9. Ferrous metal Other ferrous metal 1.01 461 0.00 0 0.04 6 0.16 61 0.04 0 0.47 6 1.07 76 0.16 11 2.60 362 0.16 2 0.04 1 0.16 0 0.00 0 0.94 93 0.69 1079 
10. Non-ferrous metal Aerosols 0.10 46 0.00 0 0.00 0 0.10 39 0.00 0 0.06 1 0.10 7 0.09 6 0.04 6 0.09 1 0.00 0 0.09 0 0.00 0 0.11 11 0.07 117 
10. Non-ferrous metal Foil 0.49 222 0.02 3 0.00 0 0.17 64 0.00 0 0.23 3 0.37 26 0.17 12 0.09 13 0.17 2 0.00 0 0.17 0 0.00 0 0.46 45 0.25 390 
10. Non-ferrous metal Food and beverage cans 0.23 104 0.00 0 0.09 14 1.19 453 0.09 0 0.19 3 3.70 263 1.09 74 0.36 50 1.09 16 0.09 2 1.09 1 0.00 0 0.38 38 0.65 1018 
10. Non-ferrous metal Other non-ferrous metal 0.10 46 0.00 0 0.03 5 0.06 24 0.03 0 0.05 1 0.24 17 0.06 4 0.31 43 0.06 1 0.03 1 0.06 0 0.00 0 0.10 10 0.10 152 
11. WEEE WEEE 1.26 575 0.00 0 0.02 3 0.36 138 0.02 0 9.04 122 0.58 41 0.37 25 5.18 720 0.37 5 0.02 0 0.37 0 0.02 0 1.18 116 1.12 1745 
12. HHW HHW 0.74 339 0.00 0 0.00 0 0.11 42 0.00 0 0.35 5 0.11 8 0.11 7 1.29 179 0.11 2 0.00 0 0.11 0 0.00 0 0.69 68 0.42 650 
13. Fine material  < 10 mm Fines 2.89 1320 0.32 43 0.09 14 0.35 132 0.09 0 1.34 18 1.30 93 0.35 24 0.60 83 0.35 5 0.09 2 0.35 0 0.09 1 2.68 265 1.28 2000 
TOTAL 100 45612 100 13410 100 15044 100 37915 100 15 100 1351 100 7119 100 6780 100 13917 100 1429 100 1942 100 123 100 1622 100 9877 100 156156 
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  Appendix J 

Table J.6. Single-stream commingled material recovery facility (MRF) output waste and product stream material compositions. 

Main category Sub-category Mixed glass (%) Paper (%) Card (%) Steel cans (%) Al cans (%) Mixed plastics (%) HDPE (%) 
LDPE (plastic 

film) (%) PET (%) Residual (%) 
1. Paper and card Newspapers 0.05 55.41 1.97 0.37 0.10 1.56 0.04 1.73 0.01 9.59 
1. Paper and card Magazines 0.02 30.11 1.07 0.20 0.05 0.85 0.02 0.94 0.00 5.21 
1. Paper and card Directories, catalogues and books 0.14 2.51 1.05 0.16 0.03 1.08 0.12 0.78 0.15 2.61 
1. Paper and card Wall paper 0.00 0.18 0.44 0.05 0.00 0.12 0.00 0.02 0.00 0.46 
1. Paper and card Paper packaging 0.02 0.21 0.09 0.01 0.00 0.09 0.01 0.06 0.01 0.22 
1. Paper and card Other recyclable paper 0.15 2.59 1.08 0.17 0.03 1.11 0.12 0.80 0.15 2.69 
1. Paper and card Non-recyclable paper 0.01 0.88 2.21 0.22 0.02 0.62 0.01 0.10 0.02 2.28 
1. Paper and card Liquid cartons 0.00 0.16 0.43 0.13 0.03 0.81 0.01 0.06 0.01 0.88 
1. Paper and card Other non-recyclable card 0.01 0.43 1.08 0.11 0.01 0.30 0.00 0.05 0.01 1.12 
1. Paper and card Cardboard packaging; non-corrugated 0.01 3.18 16.54 0.56 0.09 2.52 0.14 1.14 0.22 4.73 
1. Paper and card Cardboard packaging; corrugated 0.00 2.04 69.83 0.34 0.04 0.97 0.03 0.81 0.01 4.45 
1. Paper and card Non-packaging cardboard 0.00 0.12 0.64 0.02 0.00 0.10 0.01 0.04 0.01 0.18 
2. Plastic film Carrier bags 0.00 0.08 0.17 0.23 0.03 0.47 0.08 15.06 0.08 1.70 
2. Plastic film Other packaging film  0.00 0.14 0.28 0.40 0.06 0.81 0.14 25.63 0.14 2.90 
2. Plastic film Refuse sacks and other plastic film 0.00 0.11 0.22 0.31 0.04 0.63 0.11 19.86 0.11 2.25 
3. Dense plastic PET bottles 0.00 0.12 0.15 0.23 0.04 28.96 1.02 8.35 91.22 3.57 
3. Dense plastic HDPE bottles 0.00 0.13 0.24 0.23 0.05 22.12 95.59 7.53 0.57 2.34 
3. Dense plastic Other plastic bottles 0.00 0.03 0.12 0.10 0.00 8.57 1.17 0.12 0.51 0.45 
3. Dense plastic Expanded polystyrene (EPS) 0.01 0.01 0.03 0.02 0.01 0.84 0.01 0.48 0.20 0.43 
3. Dense plastic Other plastic packaging 0.26 0.28 0.70 0.51 0.14 19.81 0.34 11.42 4.70 10.15 
3. Dense plastic Other non-plastic packaging 0.04 0.04 0.10 0.08 0.02 2.93 0.05 1.69 0.69 1.50 
4. Textile Man-made fibres 0.00 0.02 0.02 0.01 0.00 0.11 0.00 0.02 0.00 4.47 
4. Textile Natural fibres 0.00 0.02 0.02 0.02 0.00 0.14 0.00 0.02 0.00 5.52 
4. Textile Shoes, bags, belts 0.00 0.01 0.01 0.01 0.00 0.08 0.00 0.01 0.00 3.42 
5. Other combustible Wood and cork packaging 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Wood and cork non-packaging 0.02 0.02 0.02 0.04 0.01 0.07 0.02 0.03 0.02 0.56 
5. Other combustible Chipboard & MDF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Carpet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Mattresses 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Kitchen units 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Other furniture 0.02 0.02 0.02 0.04 0.01 0.07 0.02 0.03 0.02 0.56 
5. Other combustible Lino/tiles flooring 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Disposable nappies 0.01 0.01 0.01 0.02 0.01 0.04 0.01 0.02 0.01 0.32 
5. Other combustible Incontinence products 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5. Other combustible Sanitary products 0.00 0.03 0.03 0.05 0.01 0.06 0.02 0.06 0.03 0.42 
5. Other combustible Other combustible 0.03 0.02 0.03 0.05 0.02 0.10 0.03 0.05 0.03 0.80 
6. Other non-combustible DIY rubble 0.01 0.01 0.01 0.01 0.00 0.02 0.01 0.01 0.01 0.16 
6. Other non-combustible Other non-combustible 0.05 0.04 0.04 0.08 0.03 0.16 0.05 0.07 0.05 1.29 
7. Glass Brown glass 11.93 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.30 
7. Glass Green and blue glass 35.47 0.01 0.00 0.01 0.00 0.06 0.00 0.00 0.00 0.90 
7. Glass Clear glass 49.33 0.01 0.01 0.01 0.00 0.09 0.00 0.00 0.00 1.25 
7. Glass Non-packaging glass 1.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
8. Putrescibles Garden waste soft 0.11 0.09 0.10 0.20 0.08 0.40 0.13 0.18 0.12 3.14 
8. Putrescibles Garden waste woody 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8. Putrescibles Soil 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8. Putrescibles Pet excrement and bedding 0.00 0.20 0.25 0.38 0.06 0.44 0.15 0.44 0.22 3.34 
8. Putrescibles Raw fruit and vegetable matter 0.00 0.04 0.05 0.07 0.01 0.08 0.03 0.08 0.04 0.63 
8. Putrescibles Raw meat and fish 0.00 0.01 0.02 0.02 0.00 0.03 0.01 0.03 0.01 0.21 
8. Putrescibles Cooked or prepared food 0.00 0.20 0.25 0.38 0.06 0.44 0.15 0.44 0.22 3.34 
8. Putrescibles Tea bags, coffee grinds, eggshells 0.00 0.03 0.03 0.05 0.01 0.06 0.02 0.06 0.03 0.42 
8. Putrescibles Bones 0.00 0.01 0.02 0.02 0.00 0.03 0.01 0.03 0.01 0.21 
8. Putrescibles Cooking oil and grease 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8. Putrescibles Food still in its packaging 0.03 0.02 0.03 0.05 0.02 0.10 0.03 0.05 0.03 0.80 
9. Ferrous metal Food and beverage cans (Fe) 0.00 0.14 0.19 87.08 0.27 0.13 0.04 0.71 0.01 1.54 
9. Ferrous metal Aerosols (Fe) 0.00 0.01 0.01 5.73 0.02 0.01 0.00 0.05 0.00 0.10 
9. Ferrous metal Other ferrous metal 0.03 0.02 0.03 0.05 0.02 0.10 0.03 0.05 0.03 0.80 
10. Non-ferrous metal Food and beverage cans (non-Fe) 0.03 0.07 0.18 0.62 89.44 0.85 0.03 0.39 0.07 0.97 
10. Non-ferrous metal Aerosols (non-Fe) 0.00 0.01 0.01 0.05 7.03 0.07 0.00 0.03 0.01 0.08 
10. Non-ferrous metal Foil 0.32 0.01 0.02 0.13 1.98 0.42 0.00 0.10 0.01 0.28 
10. Non-ferrous metal Other non-ferrous metal 0.01 0.01 0.01 0.02 0.01 0.04 0.01 0.02 0.01 0.32 
11. WEEE WEEE 0.07 0.05 0.06 0.12 0.05 0.23 0.07 0.11 0.07 1.85 
12. HHW HHW 0.02 0.02 0.02 0.04 0.01 0.07 0.02 0.03 0.02 0.56 
13. Fine material  < 10 mm Fines 0.00 0.10 0.13 0.19 0.03 0.22 0.07 0.22 0.11 1.67 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Source: adapted from WRAP (2009b). 
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J.3 Waste material composition (level 2) 

Waste material characteristics and elemental composition data specific to the UK 

situation are limited. The only comprehensive dataset available is provided by the 

Department of the Environment (DoE; now defunct), based on a national study 

conducted in 1994 (Department of the Environment, 1994b, 1994a, 1994c). The quality 

of these data is questionable, with a number of flaws have been identified in the DoE 

study methodology (see Bridgwater and Parfitt, 2011; Hogg, 2001; Parfitt and 

Flowerdew, 1997) and the temporal correlation of the data. In this study, waste material 

characteristic and elemental composition data from the literature were critically 

reviewed (see Section J.3.1) and the highest quality data identified. In general, data 

from the EASETECH database (see Riber et al., 2009) were used as far as possible. 

Details of the material characteristic and elemental composition data used per waste 

material type are presented in Table J.7. 
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Table J.7. Material characteristic and elemental composition data used in this study. 
Main category Sub-category Modelled fraction name Source(s) Assumptions 
1. paper and 
card 

Newspapers and magazines Newsprints EASETECH database HH residual, 56% (based on Bridgwater 2013, Table 5.1); 
commingled, 65% (based on Bridgwater 2013, Table 5.2); 
HWRC residual, 61% (based on Bridgwater 2013, Table 
5.4); street cleaning residual, 56% (based on Bridgwater 
2013, Table 5.8) 

Magazines EASETECH database HH residual, 44% (based on Bridgwater 2013, Table 5.1); 
commingled, 35% (based on Bridgwater 2013, Table 5.2); 
HWRC residual, 39% (based on Bridgwater 2013, Table 
5.4); street cleaning residual, 44% (based on Bridgwater 
2013, Table 5.8) 

Directories, catalogues and 
books 

Books- phone books EASETECH database  

Wall paper Dirty paper EASETECH database  
Paper packaging Other clean paper EASETECH database  
Other recyclable paper Other clean paper EASETECH database  
Non-recyclable paper Dirty paper EASETECH database  
Liquid cartons Juice cartons 

(carton/plastic/aluminium) 
EASETECH database  

Other non-recyclable card Dirty cardboard EASETECH database  
Cardboard packaging; non-
corrugated 

Other clean cardboard EASETECH database  

Cardboard packaging; 
corrugated 

Other clean cardboard EASETECH database  

Non-packaging cardboard Other clean cardboard EASETECH database  
2. Plastic film 
 

Carrier bags Soft plastic EASETECH database  
Other packaging film  Soft plastic EASETECH database  
Refuse sacks and other plastic 
film 

Soft plastic EASETECH database  
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Main category Sub-category Modelled fraction name Source(s) Assumptions 
3. Dense 
plastic 

 
PET bottles 

 
Plastic bottles 

 
EASETECH database 

 

HDPE bottles Plastic bottles EASETECH database  
Other plastic bottles Plastic bottles EASETECH database  
Expanded polystyrene (EPS) Hard plastic EASETECH database  
Other plastic packaging Hard plastic EASETECH database  
Other non-plastic packaging Hard plastic EASETECH database  

4. textile Man-made fibres Textiles EASETECH database 100% C = fossil C (author estimate) 
Natural fibres Textiles EASETECH database 100% C = biogenic C (author estimate) 
Shoes, bags, belts Shoes, leather EASETECH database  

5. Other 
combustible 

Wood and cork packaging Wood EASETECH database  
Wood and cork non-packaging Wood EASETECH database  
Chipboard, MDF Wood EASETECH database  
Carpet Other combustibles EASETECH database  
Mattresses Textiles EASETECH database Mattress composition: 35% (based on Bartlett et al., 2013) 

Steel EASETECH database Mattress composition: 50% (based on Bartlett et al., 2013) 
Other combustibles EASETECH database Mattress composition: 5% (based on Bartlett et al., 2013) 
Other non-combustible EASETECH database Mattress composition: 10% (based on Bartlett et al., 2013) 

Kitchen units Other combustibles EASETECH database  
Other furniture Wood EASETECH database Furniture composition: 40% (author estimate) 

Other combustibles EASETECH database Furniture composition: 60% (author estimate) 
Lino/tiles flooring Other combustibles EASETECH database  
Disposable nappies Diapers sanitary towels 

tampons 
EASETECH database  

Incontinence products Diapers sanitary towels 
tampons 

EASETECH database  
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Main category Sub-category Modelled fraction name Source(s) Assumptions 
Sanitary products Disposable sanitary products 

(cloths gloves) 
EASETECH database  

Other combustible Other combustibles EASETECH database  
6. Other non-
combustible 

DIY rubble Stones, concrete EASETECH database  
Other non-combustible Other non-combustible EASETECH database  

7. Glass Brown glass Brown glass EASETECH database  
Green and blue glass Green glass EASETECH database  
Clear glass Clear glass EASETECH database  
Non-packaging glass Recyclable glass EASETECH database  

8. Putrescibles Garden waste soft Yard waste- flowers EASETECH database  
Garden waste woody Wood EASETECH database  
Soil Soil EASETECH database  
Pet excrement and bedding Animal excrements and 

bedding (straw) 
EASETECH database  

Raw fruit and vegetable matter Vegetable food waste EASETECH database  
Raw meat and fish Animal food waste EASETECH database  
Cooked or prepared food Source segregated food waste Zhang et al., 2012 1.65% VS = lignin (Zhang et al. 2012) 
Tea bags, coffee grinds, 
eggshells 

Source segregated food waste Zhang et al., 2012 1.65% VS = lignin (Zhang et al. 2012) 

Bones Animal food waste EASETECH database  
Cooking oil and grease Fried fats Kaiser, 1966 0% VS = lignin (author estimate) 
Food still in its packaging Source segregated food waste Zhang et al., 2012 Food still in its packaging composition: 90% (author 

estimate); 1.65% VS = lignin (author estimate) 
Paper and carton containers EASETECH database Food still in its packaging composition: 10% (author 

estimate) 
9. Ferrous 
metal 

Food and beverage cans Food cans (tinplate/steel) EASETECH database  
Aerosols Food cans (tinplate/steel) EASETECH database  
Other ferrous metal Food cans (tinplate/steel) EASETECH database  
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Main category Sub-category Modelled fraction name Source(s) Assumptions 
10. Non-
ferrous metal 

Food and beverage cans Beverage cans (aluminium) EASETECH database  
Aerosols Beverage cans (aluminium) EASETECH database  
Foil Aluminium foil and containers EASETECH database  
Other non-ferrous metal Beverage cans (aluminium) EASETECH database  

11. WEEE WEEE Unspecified WEEE DoE, 1994a, b  
12. HHW HHW HHW DoE, 1994a, b  
13. Fine 
material  

< 10 mm Fines Fine material DoEt, 1994a, b 50% VS = lignin (author estimate) 
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J.3.1 Waste material characteristic and elemental composition data literature 

review 

 Heating values 

In this section, a comparison of heating values for different waste material fractions 

reported in the literature is presented in Table J.8. The data quality of each literature 

source was assessed based on Weidema and Wesnæs (1996) and is presented in Section 

J.3.1.4. 

Table J.8. Overview of waste material heating value data reported in the literature. 

Waste material type 
LHV 

(MJ/kgww) 
HHV 

(MJ/kgww) Reference 
Paper and card    
Newspaper  19.3 Sørum et al. (2001a) 
Newspapers 12.0136  Department of the Environment (1994a; b; c) 
Newsprint 18.55 19.72 Kaiser (1966) 
Newsprints 14.57  Riber et al. (2009) 
Newsprints 14.86  EASETECH database 
Magazines 10.62  Riber et al. (2009) 
Magazines 10.76  EASETECH DATABASE 
Magazines 9.97384  Department of the Environment (1994a; b; c) 
Advertisements 14.45  Riber et al. (2009) 
Advertisements 11.91  EASETECH DATABASE 
Plastic coated paper 10.07 17.91 Kaiser (1966) 
Junk mail 14.16 14.83 Kaiser (1966) 
Books and phonebooks 13.37  Riber et al. (2009) 
Books- phone books 14.38  EASETECH DATABASE 
Recycled paper 9.73493  Department of the Environment (1994a; b; c) 
Recycled paper  13.6 Sørum et al. (2001a) 
Unspecified paper 10.9983  Department of the Environment (1994a; b; c) 
Paper 10.4 13.4 Eisted and Christensen (2011) 
Paper  14.874 Guo et al. (2001) 
Other paper 9.73493  Department of the Environment (1994a; b; c) 
Office paper 11.24  Riber et al. (2009) 
Office paper 11.43  EASETECH DATABASE 
Other clean paper 12.01  Riber et al. (2009) 
Other clean paper 12.18  EASETECH DATABASE 
Dirty paper 13.17  Riber et al. (2009) 
Dirty paper 13.72  EASETECH DATABASE 
Paper - mixed  15.75 17.53 Kaiser (1966) 
Paper (mixed) 14.40  Zsigraiova et al. (2009) 
Glossy paper 11.94  Heikkinen et al. (2004) 
Glossy paper  10.4 Sørum et al. (2001a) 
Paper and card 10.7494  Department of the Environment (1994a; b; c) 
Paper and cardboard 13.22  Consonni et al. (2005) 
Paper and cardboard 11.267  Giugliano et al. (2008) 
Paper and cardboard  11.6 Abu-Qudais and Abu-Qdais (2000) 
Paper and carton containers 13.47  Riber et al. (2009) 
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Waste material type 
LHV 

(MJ/kgww) 
HHV 

(MJ/kgww) Reference 
Paper and carton containers 11.64  EASETECH DATABASE 
Milk carton 20.83  Heikkinen et al. (2004) 
Milk cartons and alike 17.35  Riber et al. (2009) 
Milk cartons (carton/plastic) 17.73  EASETECH DATABASE 
Carton with Al-foil 19.56  Riber et al. (2009) 
Juice cartons 
(carton/plastic/aluminium) 

19.93  EASETECH DATABASE 

Juice carton  24.4 Sørum et al. (2001a) 
Waxed milk cartons 26.35 27.29 Kaiser (1966) 
Cardboard 12.22  Riber et al. (2009) 
Other clean cardboard 12.59  EASETECH DATABASE 
Cardboard 13.3 16.3 Eisted and Christensen (2011) 
Cardboard  16.9 Sørum et al. (2001a) 
Cardboard  15.7 Ryu et al. (2007a) 
Cardboard 13.69  Heikkinen et al. (2004) 
Dirty cardboard 14.45  Riber et al. (2009) 
Dirty cardboard 14.75  EASETECH DATABASE 
Card packaging 11.1778  Department of the Environment (1994a; b; c) 
Corrugated boxes 16.38 17.28 Kaiser (1966) 
Other card 11.6127  Department of the Environment (1994a; b; c) 

Plastic film 
   

Bags 21.2786  Department of the Environment (1994a; b; c) 
Packaging film 21.2786  Department of the Environment (1994a; b; c) 
Unspecified plastic film 21.2786  Department of the Environment (1994a; b; c) 
Other film plastic 21.2786  Department of the Environment (1994a; b; c) 
 
Dense plastic 

   

PET 22.07  Heikkinen et al. (2004) 
HDPE 42.20  Heikkinen et al. (2004) 
HDPE  46.4 Sørum et al. (2001a) 
LDPE  46.6 Sørum et al. (2001a) 
Plastic bottles 32.48  Riber et al. (2009) 
Plastic bottles 32.72  EASETECH DATABASE 
Drinks bottles 19.8816  Department of the Environment (1994a; b; c) 
Other bottles 29.6426  Department of the Environment (1994a; b; c) 
PVC 22.59 22.64 Kaiser (1966) 
Polystyrene 38.02 38.09 Kaiser (1966) 
Other packaging 22.92  Department of the Environment (1994a; b; c) 
Non-recyclable plastic 29.16  Riber et al. (2009) 
Non-recyclable plastic 29.68  EASETECH DATABASE 
Soft plastic 34.09  Riber et al. (2009) 
Soft plastic 34.41  EASETECH DATABASE 
WEEE plastics - medium 34.999 36.301 Alston and Arnold (2011) 
WEEE plastics - heavy 34.999 36.301 Alston and Arnold (2011) 
Hard plastic 36.12  Riber et al. (2009) 
Hard plastic 36.19  EASETECH DATABASE 
Plastic  27.89 Abu-Qudais and Abu-Qdais (2000) 
Plastic 22.82  Giugliano et al. (2008) 
Plastic 23.7 38.2 Eisted and Christensen (2011) 
Plastic 26.18  Consonni et al. (2005) 
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Waste material type 
LHV 

(MJ/kgww) 
HHV 

(MJ/kgww) Reference 
Plastic  40.058 Guo et al. (2001) 
Waste plastics 26.775  Inaba et al. (2010) 
Unspecified dense plastic 24.8617  Department of the Environment (1994a; b; c) 
Other dense plastic 26.1026  Department of the Environment (1994a; b; c) 
 
Textiles 

   

Artificial textiles 14.3271  Department of the Environment (1994a; b; c) 
Natural textiles 14.3271  Department of the Environment (1994a; b; c) 
Rags 15.97 17.72 Kaiser (1966) 
Textiles 18.48  Riber et al. (2009) 
Textiles 18.61  EASETECH DATABASE 
Textiles  18.66 Guo et al. (2001) 
Unspecified textiles 14.3271  Department of the Environment (1994a; b; c) 
Textile residues  16.0 Ryu et al. (2007a) 
Shoes 14.0553  Department of the Environment (1994a; b; c) 
Shoes, leather 22.94  Riber et al. (2009) 
Shoes leather 23.09  EASETECH DATABASE 
Leather shoe 16.77 18.12 Kaiser (1966) 
Leather 18.63  Heikkinen et al. (2004) 
Rubber 25.93 26.23 Kaiser (1966) 
Rubber etc. 27.21  Riber et al. (2009) 
Rubber 27.38  EASETECH DATABASE 
 
Other combustibles 

   

Wood 15.1 19.6 Eisted and Christensen (2011) 
Wood  14.791 Guo et al. (2001) 
Wood 15.61  Riber et al. (2009) 
Wood 15.97  EASETECH DATABASE 
Wood 16.336  Giugliano et al. (2008) 
Wood  19.3 Muthuraman et al. (2010) 
Wood 13.87  Consonni et al. (2005) 
Wood 16.838  Department of the Environment (1994a; b; c) 
Waste wood  16.0 Ryu et al. (2007a) 
Waste wood 15.85  Heikkinen et al. (2004) 
Upholstery 16.12 17.32 Kaiser (1966) 
Linoleum 18.87 19.24 Kaiser (1966) 
Carpet/underlay 14.0553  Department of the Environment (1994a; b; c) 
Furniture wood 17.09 18.47 Kaiser (1966) 
Furniture 16.838  Department of the Environment (1994a; b; c) 
Absortent hygiene products 5.52625  Department of the Environment (1994a; b; c) 
Diapers and tampons 11.07  Riber et al. (2009) 
Diapers sanitary towels 
tampons 

12.10  EASETECH DATABASE 

Disposable nappies 5.52625  Department of the Environment (1994a; b; c) 
Kitchen tissues 7.96  Riber et al. (2009) 
Kitchen towels 9.02  EASETECH DATABASE 
Cottonstick etc. 8.64  Riber et al. (2009) 
Cotton bandages 9.89  EASETECH DATABASE 
Other cotton etc. 11.03  Riber et al. (2009) 
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Waste material type 
LHV 

(MJ/kgww) 
HHV 

(MJ/kgww) Reference 
Disposable sanitary 
products (cloths gloves) 

12.10  EASETECH DATABASE 

Cigarette buts 11.57  Riber et al. (2009) 
Cigarette butts 12.34  EASETECH DATABASE 
Combustible 13.5 29.5 Eisted and Christensen (2011) 
Other combustibles 21.9  Riber et al. (2009) 
Other combustibles 22.12  EASETECH DATABASE 
Other combustibles 14.0553  Department of the Environment (1994a; b; c) 
Other combustible wastes 12.447  Inaba et al. (2010) 
 
Other non-combustibles 

   

Bricks, blocks, plaster 3  Department of the Environment (1994a; b; c) 
Ceramics -0.05  Riber et al. (2009) 
Ceramics 0.00  EASETECH DATABASE 
Cat gravel -0.36  Riber et al. (2009) 
Cat litter 0.00  EASETECH DATABASE 
Inorganic pet litter 3  Department of the Environment (1994a; b; c) 
Other non-combustibles 3  Department of the Environment (1994a; b; c) 
Other non-combustibles -0.83  Riber et al. (2009) 
Other non-combustibles 0.00  EASETECH DATABASE 
Non-combustible wastes 3.546  Inaba et al. (2010) 
Non-combustible 1.8 2.2 Eisted and Christensen (2011) 
 
Glass  

   

Brown bottles 1.27  Department of the Environment (1994a; b; c) 
Brown glass -0.11  Riber et al. (2009) 
Brown glass 0.00  EASETECH DATABASE 
Green bottles 0.96  Department of the Environment (1994a; b; c) 
Green glass -0.08  Riber et al. (2009) 
Green glass 0.00  EASETECH DATABASE 
Clear bottles 1.69  Department of the Environment (1994a; b; c) 
Clear glass -0.27  Riber et al. (2009) 
Clear glass 0.00  EASETECH DATABASE 
Other glass -0.23  Riber et al. (2009) 
Non-recyclable glass 0.00  EASETECH DATABASE 
Packaging [glass] 1.41078  Department of the Environment (1994a; b; c) 
Non-packaging glass 1.64361  Department of the Environment (1994a; b; c) 
Glass 0.5 <0.5 Eisted and Christensen (2011) 
Glass 0  Zsigraiova et al. (2009) 
Glass and inert material 0  Giugliano et al. (2008) 
Glass and inert material -0.061  Consonni et al. (2005) 
Unspecified glass 1.41581  Department of the Environment (1994a; b; c) 
 
Putrescibles  

   

Lawn grass 4.76 19.25 Kaiser (1966) 
Leaves 18.49 20.54 Kaiser (1966) 
Green logs 4.87 9.74 Kaiser (1966) 
Evergreen shrubs 6.27 20.23 Kaiser (1966) 
Flowering plants 8.56 18.58 Kaiser (1966) 
Yard waste 5.88  Riber et al. (2009) 
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Waste material type 
LHV 

(MJ/kgww) 
HHV 

(MJ/kgww) Reference 
Yard waste- flowers 6.97  EASETECH DATABASE 
Garden waste 4.21  Department of the Environment (1994a; b; c) 
Wood and bark 19.57 19.94 Kaiser (1966) 
Organic pet bedding 4.21  Department of the Environment (1994a; b; c) 
Animals etc. 4.99  Riber et al. (2009) 
Animal excrements and 
bedding (straw) 

6.35  EASETECH DATABASE 

Animal food 9.23  Riber et al. (2009) 
Animal food waste 10.52  EASETECH DATABASE 
Meat scraps (cooked) 17.73 28.94 Kaiser (1966) 
Veg. food 2.47  Riber et al. (2009) 
VegeTable F.ood waste 4.21  EASETECH DATABASE 
VegeTable F.ood waste 4.17 19.23 Kaiser (1966) 
Food  10.707 Guo et al. (2001) 
Food waste 3.46  Department of the Environment (1994a; b; c) 
Food waste  4.58 Abu-Qudais and Abu-Qdais (2000) 
Food waste 2.07  Zhang et al. (2012) 
Food wastes 3.332  Inaba et al. (2010) 
Biowaste 6.2 22.0 Eisted and Christensen (2011) 
Organic fraction 2.949  Giugliano et al. (2008) 
Organic fraction 1.719  Consonni et al. (2005) 
Organic (mixed) 4.04  Zsigraiova et al. (2009) 
Other organics 3.46  Department of the Environment (1994a; b; c) 
Fried fats 38.30 38.30 Kaiser (1966) 
Olive oil residue  16.40 Uzan et al. (2007) 
 
Metals 

   

Unspecified ferrous metal 0  Department of the Environment (1994a; b; c) 
Steel food and drink cans 0  Department of the Environment (1994a; b; c) 
Metal containers -0.3  Riber et al. (2009) 
Food cans (tinplate/steel) 0.00  EASETECH DATABASE 
Al containers -0.19  Riber et al. (2009) 
Beverage cans (aluminium) 0.00  EASETECH DATABASE 
Al trays/foil 5.06  Riber et al. (2009) 
Aluminium foil and 
containers 

5.49  EASETECH DATABASE 

Metal like foil -0.24  Riber et al. (2009) 
Plastic-coated aluminium 
foil 

32.86  EASETECH DATABASE 

Other of metal -0.19  Riber et al. (2009) 
Other metals 0.00  EASETECH DATABASE 
Metal -0.1 - Eisted and Christensen (2011) 
Metals 0  Giugliano et al. (2008) 
Metals 0  Zsigraiova et al. (2009) 
Metals -0.122  Consonni et al. (2005) 
 
WEEE 

   

White goods 7.06  Department of the Environment (1994a; b; c) 
Large electronic goods 7.06  Department of the Environment (1994a; b; c) 
CRT TVs and monitors 7.06  Department of the Environment (1994a; b; c) 
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Waste material type 
LHV 

(MJ/kgww) 
HHV 

(MJ/kgww) Reference 
Other WEEE 7.06  Department of the Environment (1994a; b; c) 
 
HHW 

   

Unspecified HHW 0  Department of the Environment (1994a; b; c) 
Batteries 0  Department of the Environment (1994a; b; c) 
Batteries 0.32  Riber et al. (2009) 
Batteries 0.52  EASETECH DATABASE 
Paint/varnish 14.0553  Department of the Environment (1994a; b; c) 
Oil 14.0553  Department of the Environment (1994a; b; c) 
 
Fine material 

   

Fine material 3.47  Department of the Environment (1994a; b; c) 
Fines 4.395  Consonni et al. (2005) 
Fines 1.489  Giugliano et al. (2008) 
Vacuum cleaner dirt 14.79 15.64 Kaiser (1966) 
 
Other 

   

Compost 10.9983  Department of the Environment (1994a; b; c) 
RDF  18.9 Buah et al. (2007) 
RDF  20.5 Ryu et al. (2007b) 
RDF  18.7 Onwudili and Williams (2007) 
Tires 32.1 34.7 Kaiser (1966) 
Tire  36.78 Heikkinen et al. (2004) 
Tyres 30.32  Department of the Environment (1994a; b; c) 
Waste oils 37.7  Department of the Environment (1994a; b; c) 
Street sweepings 11.17 18.61 Kaiser (1966) 

LHV, lower heating value; HHV, higher heating value; PET, polyethylene terephthalate; HDPE, high-
density polyethylene; LDPE, low-density polyethylene; PVC, polyvinyl chloride; Al, aluminium; BMW, 
biodegradable municipal waste; WEEE, waste electrical and electronic equipment; CRT, cathode ray 
tube; TV, television; HHW, household hazardous waste; RDF, refuse-derived fuel. 

 Material physical characteristics 

In this section, a comparison of physical composition data obtained through proximate 

analysis for different waste material fractions reported in the literature is presented in 

Table J.9. The data quality of each literature source was assessed based on Weidema 

and Wesnæs (1996) and is presented in Section J.3.1.4. 
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Table J.9. Overview of waste material moisture content, volatile solids (VS), fixed carbon (Fix-C), and ash content data reported in the literature. 

Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Paper and card      
Newspaper  88.5 10.5 1.0 Sørum et al. (2001a) 
Newspaper 7.9 80.5 11.0 0.6 Sørum et al. (2001b) 
Newspapers 25.6   2.9 Department of the Environment (1994a; b; c) 
Newsprint 5.97 81.12 11.48 1.43 Kaiser (1966) 
Newsprints 12.95 80.70  7.14 Riber et al. (2009) 
Newsprints 12.95 79.91  7.14 EASETECH DATABASE 
Magazines 6.2 71.94  31.89 Riber et al. (2009) 
Magazines 6.20 61.91  31.89 EASETECH DATABASE 
Magazines 11.3   23.665 Department of the Environment (1994a; b; c) 
Advertisements 8.75 68.53  25 Riber et al. (2009) 
Advertisements 8.75 66.25  25 EASETECH DATABASE 
Plastic coated paper 4.71 84.2 8.45 2.64 Kaiser (1966) 
Junk mail 4.56 73.32 9.03 13.09 Kaiser (1966) 
Books and phonebooks 10.51 77.09  15.98 Riber et al. (2009) 
Books- phone books 4.50 73.51  15.98 EASETECH DATABASE 
Recycled paper 27.5   9.7 Department of the Environment (1994a; b; c) 
Recycled paper  73.6 6.2 20.2-22.4 Sørum et al. (2001a) 
Unspecified paper 24.043   8.80852 Department of the Environment (1994a; b; c) 
Paper 10.2   6.0 Cherubini et al. (2008) 
Paper 13.0   27.7 Eisted and Christensen (2011) 
Paper  77.35 20.37 2.28 Guo et al. (2001) 
Paper 6.9 78 9.1 6.0 Igoni et al. (2007) 
Paper 10.2    Zhao et al. (2009a) 
Other paper 27.45   9.68 Department of the Environment (1994a; b; c) 
Waste paper 6.51 76.31 11.15 6.03 Islam et al. (2005) 
Office paper 8.75 80.12  18.89 Riber et al. (2009) 
Office paper 8.75 72.36  18.89 EASETECH DATABASE 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Other clean paper 7.36 81.15  16.11 Riber et al. (2009) 
Other clean paper 7.37 76.53  16.11 EASETECH DATABASE 
Dirty paper 24.47 69.26  6.72 Riber et al. (2009) 
Dirty paper 24.47 68.81  6.72 EASETECH DATABASE 
Paper - mixed  10.24 75.94 8.44 5.38 Kaiser (1966) 
Paper (mixed) 6.0   6.0 Zsigraiova et al. (2009) 
Glossy paper 6.50 61.15 6.42 25.93 Heikkinen et al. (2004) 
Glossy paper  67.30 4.70 28.0-42.7 Sørum et al. (2001a) 
Glossy paper 3.5 81.90 4.40 27.00 Sørum et al. (2001b) 
Paper and card 23.8111   10.0126 Department of the Environment (1994a; b; c) 
Paper and cardboard 14.0 81.0  5.0 Consonni et al. (2005) 
Paper and cardboard 24.2 70.8  5.0 Giugliano et al. (2008) 
Paper and cardboard 7.5 83.65   Abu-Qudais and Abu-Qdais (2000) 
Paper and cardboard 30    Zhao et al. (2011b) 
Paper and carton containers 22.26 69.03  10.42 Riber et al. (2009) 
Paper and carton containers 22.26 67.32  10.42 EASETECH DATABASE 
Milk carton 6.21 77.68 6.76 9.34 Heikkinen et al. (2004) 
Milk cartons and alike 16.84 82.16  1 Riber et al. (2009) 
Milk cartons (carton/plastic) 16.84 82.16  1 EASETECH DATABASE 
Carton with Al-foil 16.14 75.73  8.05 Riber et al. (2009) 
Juice cartons (carton/plastic/aluminium) 16.14 75.81  8.05 EASETECH DATABASE 
Juice carton  86.0 6.1 7.9 Sørum et al. (2001a) 
Waxed milk cartons 3.45 90.92 4.46 1.17 Kaiser (1966) 
Cardboard 5.2   5.0 Cherubini et al. (2008) 
Cardboard 16.52 74.30  11.69 Riber et al. (2009) 
Other clean cardboard 16.52 71.79  11.69 EASETECH DATABASE 
Cardboard 10.5   15.1 Eisted and Christensen (2011) 
Cardboard  84.7 6.9 8.4 Sørum et al. (2001a) 
Cardboard 6.6 81.9 10.3 1.2 Sørum et al. (2001b) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Cardboard 2.7 80.4 11.2 5.7 Ryu et al. (2007a) 
Cardboard 5.40 74.80 9.50 10.30 Heikkinen et al. (2004) 
Dirty cardboard 13.1 76.12  12.95 Riber et al. (2009) 
Dirty cardboard 13.10 73.95  12.95 EASETECH DATABASE 
Card packaging 26.725   8.4 Department of the Environment (1994a; b; c) 
Corrugated boxes 5.2 77.47 12.27 5.06 Kaiser (1966) 
Other card 24.145   6.975 Department of the Environment (1994a; b; c) 
 
Plastic film 

    
 

Bags 23.815   10.96 Department of the Environment (1994a; b; c) 
Packaging film 29.77   10.185 Department of the Environment (1994a; b; c) 
Unspecified plastic film 28.4737   10.3537 Department of the Environment (1994a; b; c) 
Other film plastic 29.77   10.185 Department of the Environment (1994a; b; c) 
 
Dense plastic 

    
 

PET 0.61 86.30 13.09 0.00 Heikkinen et al. (2004) 
HDPE 0.00 98.57 0.03 1.40 Heikkinen et al. (2004) 
HDPE  100.0 0.0 0.0 Sørum et al. (2001a) 
LDPE  100.0 0.0 0.0 Sørum et al. (2001a) 
LDPE 0.3 65.1 0.0 2.1 Sørum et al. (2001b) 
Plastic bottles 10.46 83.99  5.46 Riber et al. (2009) 
Plastic bottles 10.46 84.08  5.46 EASETECH DATABASE 
Drinks bottles 7.06463   4.09652 Department of the Environment (1994a; b; c) 
Other bottles 10.36   8.785 Department of the Environment (1994a; b; c) 
PVC 0.2 86.89 10.85 2.06 Kaiser (1966) 
Polystyrene 0.2 98.67 0.68 0.45 Kaiser (1966) 
Other packaging 16.82   6.08 Department of the Environment (1994a; b; c) 
Non-recyclable plastic 7.13 88.13  5.11 Riber et al. (2009) 
Non-recyclable plastic 7.13 87.76  5.11 EASETECH DATABASE 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Soft plastic 14.11 82.28  3.78 Riber et al. (2009) 
Soft plastic 14.11 82.11  3.78 EASETECH DATABASE 
WEEE plastics - medium 0.01113    Alston and Arnold (2011) 
WEEE plastics - heavy 0.01113    Alston and Arnold (2011) 
Hard plastic 3.25 94.91  2.13 Riber et al. (2009) 
Hard plastic 3.25 94.62  2.13 EASETECH DATABASE 
Plastic 2.75 78.5   Abu-Qudais and Abu-Qdais (2000) 
Plastic 16.1 74.9  9.0 Giugliano et al. (2008) 
Plastic 32.3   4.2 Eisted and Christensen (2011) 
Plastic 6.0 85.0  9.0 Consonni et al. (2005) 
Plastic  81.23 17.77 1.0 Guo et al. (2001) 
Plastics 0.2   100.0 Cherubini et al. (2008) 
Plastics 18.4    Zhao et al. (2011b) 
Plastics 0.3 95 2.4 2.3 Igoni et al. (2007) 
Plastics 1.2    Zhao et al. (2009a) 
Waste plastics 16.3 79.9  3.8 Inaba et al. (2010) 
Unspecified dense plastic 10.4785   8.46388 Department of the Environment (1994a; b; c) 
Other dense plastic 6.065   11.95 Department of the Environment (1994a; b; c) 
 
Textiles 

    
 

Artificial textiles 19.12   4.555 Department of the Environment (1994a; b; c) 
Natural textiles 19.12   4.555 Department of the Environment (1994a; b; c) 
Rags 10 84.34 3.46 2.2 Kaiser (1966) 
Textiles 2.4   2.5 Cherubini et al. (2008) 
Textiles 6 90.80  3.38 Riber et al. (2009) 
Textiles 6.00 90.62  3.38 EASETECH DATABASE 
Textiles  80.8 17.99 1.21 Guo et al. (2001) 
Textiles 16.0    Zhao et al. (2011b) 
Textiles 10.0    Zhao et al. (2009a) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Unspecified textiles 19.12   4.555 Department of the Environment (1994a; b; c) 
Textile residues 3.6 89.0 6.9 0.5 Ryu et al. (2007a) 
Textiles/rubber/leather 7.8 69 16.2 7.0 Igoni et al. (2007) 
Shoes 18.065   12.86 Department of the Environment (1994a; b; c) 
Shoes, leather 6.7 83.04  11.76 Riber et al. (2009) 
Shoes leather 6.70 81.54  11.76 EASETECH DATABASE 
Leather shoe 7.46 57.12 14.26 21.16 Kaiser (1966) 
Leather 10.94 70.53 13.80 4.74 Heikkinen et al. (2004) 
Leather 10.0   60.0 Cherubini et al. (2008) 
Rubber 1.20 83.98 4.94 9.88 Kaiser (1966) 
Rubber 10.0   78.0 Cherubini et al. (2008) 
Rubber etc. 7.65 85.15  8.96 Riber et al. (2009) 
Rubber 7.65 83.39  8.96 EASETECH DATABASE 
 
Other combustibles 

    
 

Wood 15.4   3.7 Eisted and Christensen (2011) 
Wood 1.5   2.4 Cherubini et al. (2008) 
Wood  80.5 15.3 4.2 Guo et al. (2001) 
Wood 15.86 76.23  8.41 Riber et al. (2009) 
Wood 15.86 75.73  8.41 EASETECH DATABASE 
Wood 1.3    Zhao et al. (2009a) 
Wood 10.4 88.1  1.5 Giugliano et al. (2008) 
Wood 5.4 76.4 15.3 0.1 Muthuraman et al. (2010) 
Wood 22.0 76.5  1.5 Consonni et al. (2005) 
Wood 9.6   1.8 Department of the Environment (1994a; b; c) 
Waste wood 6.9 71.7 18.5 2.9 Ryu et al. (2007a) 
Waste wood 8.4 69.83 18.30 3.64 Heikkinen et al. (2004) 
Upholstery 6.90 75.96 14.52 2.62 Kaiser (1966) 
Linoleum 2.10 64.50 6.60 26.80 Kaiser (1966) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Carpet/underlay 10.065   12.86 Department of the Environment (1994a; b; c) 
Furniture wood 6.00 80.92 11.74 1.34 Kaiser (1966) 
Furniture 9.6   1.8 Department of the Environment (1994a; b; c) 
Slag and ceramics 20    Zhao et al. (2009a) 
Absortent hygiene products 62.875   2.44 Department of the Environment (1994a; b; c) 
Diapers and tampons 45.52 51.32  4.52 Riber et al. (2009) 
Diapers sanitary towels tampons 45.52 49.96  4.52 EASETECH DATABASE 
Disposable nappies 62.875   2.44 Department of the Environment (1994a; b; c) 
Kitchen tissues 46.86 52.02  1.43 Riber et al. (2009) 
Kitchen towels 46.86 51.71  1.43 EASETECH DATABASE 
Cottonstick etc. 55.44 43.58  1.07 Riber et al. (2009) 
Cotton bandages 55.44 43.49  1.07 EASETECH DATABASE 
Other cotton etc. 47.53 51.00  1.68 Riber et al. (2009) 
Disposable sanitary products (cloths 
gloves) 

47.53 50.79  1.68 EASETECH DATABASE 

Cigarette buts 34.09 58.13  10.02 Riber et al. (2009) 
Cigarette butts 34.09 55.89  10.02 EASETECH DATABASE 
Combustible 45.2   9.7 Eisted and Christensen (2011) 
Other combustibles 9.47 69.16  24.35 Riber et al. (2009) 
Other combustibles 9.47 66.18  24.35 EASETECH DATABASE 
Other combustibles 18.065   12.86 Department of the Environment (1994a; b; c) 
Other combustible wastes 26.0 66.5  7.5 Inaba et al. (2010) 
 
Other non-combustibles 

    
 

Bricks, blocks, plaster 5.555   82.145 Department of the Environment (1994a; b; c) 
Ceramics 2.3 0.00  97.7 Riber et al. (2009) 
Ceramics 2.30 0  97.7 EASETECH DATABASE 
Cat gravel 16.06 7.30  78.15 Riber et al. (2009) 
Cat litter 16.06 5.79  78.15 EASETECH DATABASE 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Inorganic pet litter 5.555   82.145 Department of the Environment (1994a; b; c) 
Other non-combustibles 5.555   82.145 Department of the Environment (1994a; b; c) 
Other non-combustibles 36.62 2.15  61.92 Riber et al. (2009) 
Other non-combustibles 36.62 1.46  61.92 EASETECH DATABASE 
Non-combustible wastes 1.3 12.0  86.7 Inaba et al. (2010) 
Non-combustible 7.6   87.2 Eisted and Christensen (2011) 
 
Glass  

    
 

Brown bottles 0.925   92.03 Department of the Environment (1994a; b; c) 
Brown glass 5.03 0.00  94.97 Riber et al. (2009) 
Brown glass 5.03 0  94.97 EASETECH DATABASE 
Green bottles 0.355   99.165 Department of the Environment (1994a; b; c) 
Green glass 3.43 0.00  96.57 Riber et al. (2009) 
Green glass 3.43 0  96.57 EASETECH DATABASE 
Clear bottles 2.32   97.39 Department of the Environment (1994a; b; c) 
Clear glass 11.98 0.00  88.02 Riber et al. (2009) 
Clear glass 11.98 0  88.02 EASETECH DATABASE 
Other glass 10.35 0.00  89.65 Riber et al. (2009) 
Non-recyclable glass 10.35 0  89.65 EASETECH DATABASE 
Packaging [glass] 1.77118   96.8066 Department of the Environment (1994a; b; c) 
Non-packaging glass 0.84   98.66 Department of the Environment (1994a; b; c) 
Glass 0.3   98.8 Eisted and Christensen (2011) 
Glass  2.0   98.9 Cherubini et al. (2008) 
Glass 2.0   98.9 Zsigraiova et al. (2009) 
Glass 16.0    Zhao et al. (2011b) 
Glass 2    Zhao et al. (2009a) 
Glass and inert material 0.0 5.0  95.0 Giugliano et al. (2008) 
Glass and inert material 2.5 2.5  95.0 Consonni et al. (2005) 
Unspecified glass 1.75109   96.8466 Department of the Environment (1994a; b; c) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

 
Putrescibles 

    
 

Lawn grass 75.24 18.64 4.50 1.62 Kaiser (1966) 
Leaves 9.97 66.92 19.29 3.82 Kaiser (1966) 
Green logs 50.00 42.25 7.25 0.50 Kaiser (1966) 
Evergreen shrubs 69.00 25.18 5.01 0.81 Kaiser (1966) 
Flowering plants 53.94 35.64 8.08 2.34 Kaiser (1966) 
Yard waste 48.21 40.66  12.43 Riber et al. (2009) 
Yard waste- flowers 48.21 39.36  12.43 EASETECH DATABASE 
Yard waste, flowers 66.0    Zhao et al. (2011b) 
Garden waste 57.975   9.2 Department of the Environment (1994a; b; c) 
Wood and bark 20.00 67.89 11.31 0.80 Kaiser (1966) 
Wood/leaves 19.2 65 15 0.8 Igoni et al. (2007) 
Organic pet bedding 57.975   9.2 Department of the Environment (1994a; b; c) 
Animals etc. 60.42 29.72  10.05 Riber et al. (2009) 
Animal excrements and bedding (straw) 60.42 29.53  10.05 EASETECH DATABASE 
Animal food 57.14 40.37  3.73 Riber et al. (2009) 
Animal food waste 57.14 39.13  3.73 EASETECH DATABASE 
Meat scraps (cooked) 38.74 56.34 1.81 3.11 Kaiser (1966) 
Poultry waste 7.5 40.3 8.4 43.9 Ramzan et al. (2011) 
Veg. food 76.99 22.18  1.2 Riber et al. (2009) 
VegeTable F.ood waste 76.99 21.81  1.2 EASETECH DATABASE 
VegeTable F.ood waste 78.29 17.10 3.55 1.06 Kaiser (1966) 
VegeTable F.ood waste 83.0    Zhao et al. (2011b) 
Kitchen waste 70    Zhao et al. (2009a) 
Kitchen garbage 70.0   5.0 Cherubini et al. (2008) 
Food  70.8 13.72 15.38 Guo et al. (2001) 
Food waste 62.75   9.335 Department of the Environment (1994a; b; c) 
Food waste 68.3 88.34   Abu-Qudais and Abu-Qdais (2000) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Food waste 76.26 21.71 47.6 2.03 Zhang et al. (2012) 
Food waste 29.3 51.1 14.6 4.9 Ramzan et al. (2011) 
Food wastes 80.0 17.1  2.9 Inaba et al. (2010) 
Food waste (mixed) 65.2 26 4.0 4.8 Igoni et al. (2007) 
Biowaste 62.6   10.0 Eisted and Christensen (2011) 
Organic fraction 63.4 27.6  9.0 Giugliano et al. (2008) 
Organic fraction 70.0 21.0  9.0 Consonni et al. (2005) 
Organic (mixed) 70   5.0 Zsigraiova et al. (2009) 
Other organics 62.75   9.335 Department of the Environment (1994a; b; c) 
Fried fats 0.00 97.64 2.36 0.00 Kaiser (1966) 
Olive oil residue 8.83 68.75 17.30 5.12 Uzan et al. (2007) 
 
Metals 

    
 

Ferrous metals 2.0   90.5 Cherubini et al. (2008) 
Unspecified ferrous metal 11.0004   0 Department of the Environment (1994a; b; c) 
Steel food and drink cans 13.2622   0 Department of the Environment (1994a; b; c) 
Metal containers 13.18 0.00  86.82 Riber et al. (2009) 
Food cans (tinplate/steel) 13.18 0  86.82 EASETECH DATABASE 
Unspecified non-ferrous metal 15.3543   0 Department of the Environment (1994a; b; c) 
Aluminium drinks cans 7.525   0 Department of the Environment (1994a; b; c) 
Aluminium and other metals 16.0    Zhao et al. (2011b) 
Beverage cans (Al) 2.0   90.5 Cherubini et al. (2008) 
Al containers 8.3 0.00  91.7 Riber et al. (2009) 
Beverage cans (aluminium) 8.30 0  91.7 EASETECH DATABASE 
Al trays/foil 18.84 17.69  61.76 Riber et al. (2009) 
Aluminium foil and containers 18.84 19.4  61.76 EASETECH DATABASE 
Metal like foil 10.65 0.00  89.35 Riber et al. (2009) 
Plastic-coated aluminium foil 10.65 0  89.35 EASETECH DATABASE 
Foil 30.45   0 Department of the Environment (1994a; b; c) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Other of metal 8.29 0.00  91.71 Riber et al. (2009) 
Other metals 8.29 0  91.71 EASETECH DATABASE 
Metal 2.5   - Eisted and Christensen (2011) 
Metals 0.0 7.5  92.5 Giugliano et al. (2008) 
Metals 2    Zhao et al. (2009a) 
Metals 3   90.5 Zsigraiova et al. (2009) 
Metals 5.0 2.5  92.5 Consonni et al. (2005) 
 
WEEE 

    
 

White goods 10.11   21.68 Department of the Environment (1994a; b; c) 
Large electronic goods 10.11   21.68 Department of the Environment (1994a; b; c) 
CRT TVs and monitors 10.11   21.68 Department of the Environment (1994a; b; c) 
Other WEEE 10.11   21.68 Department of the Environment (1994a; b; c) 
 
HHW 

    
 

Unspecified HHW 10.39   0 Department of the Environment (1994a; b; c) 
Batteries 10.39   0 Department of the Environment (1994a; b; c) 
Batteries 8.9 15.40  78.16 Riber et al. (2009) 
Batteries 8.90 12.94  78.16 EASETECH DATABASE 
Paint/varnish 18.065   12.86 Department of the Environment (1994a; b; c) 
Oil 18.065   12.86 Department of the Environment (1994a; b; c) 
 
Fine material 

    
 

Fine material 40.985   36.905 Department of the Environment (1994a; b; c) 
Fines 30.0 35.0  35.0 Consonni et al. (2005) 
Fines 47.0 18.0  35.0 Giugliano et al. (2008) 
Ash and dust 16.0    Zhao et al. (2011b) 
Vacuum cleaner dirt 5.47 55.68 8.51 30.34 Kaiser (1966) 
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Waste category 
Moisture 

(%ww) 
VS 

(%ww) 
Fix-C  
(%ww) 

Ash 
(%ww) Reference 

Other 
Compost 24.0   8.8 Department of the Environment (1994a; b; c) 
RDF 4 64 15 17 Buah et al. (2007) 
RDF 3.7 70.0 12.8 13.5 Ryu et al. (2007b) 
RDF 7.3 67.5 10.2 15.0 Onwudili and Williams (2007) 
Other 3.2   68.0 Cherubini et al. (2008) 
Tires 1.0 65.9 27.5 6.6 Kaiser (1966) 
Tire 0.72 62.21 29.18 7.89 Heikkinen et al. (2004) 
Tyres 2.7   3.5 Department of the Environment (1994a; b; c) 
Waste oils 7.5   2 Department of the Environment (1994a; b; c) 
Street sweepings 20.00 54.00 6.00 20.00 Kaiser (1966) 

Ww, wet weight; VS, volatile solids; Fix-C, fixed carbon; PET, polyethylene terephthalate; HDPE, high-density polyethylene; LDPE, low-density polyethylene; PVC, 
polyvinyl chloride; Al, aluminium; BMW, biodegradable municipal waste; WEEE, waste electrical and electronic equipment; CRT, cathode ray tube; TV, television; HHW, 
household hazardous waste; RDF, refuse-derived fuel. 

 Material elemental composition 

In this section, a comparison of elemental (carbon, hydrogen, nitrogen, oxygen, and sulphur) composition obtained through ultimate analysis for 

different waste material fractions reported in the literature is presented in Table J.10. The data quality of each literature source was assessed 

based on Weidema and Wesnæs (1996) and is presented in Section J.3.1.4. 
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Table J.10. Overview of waste material fractional elemental composition data reported in the literature. 
 
Waste category 

C total 
(%TS) 

C bio 
(%TS) 

C fossil 
(%TS) 

H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Paper and card         
Newspaper 52.10   5.90 41.86 0.11 0.03 Sørum et al. (2001a) 
Newspaper 52.10   5.90 41.86 0.11 0.03 Sørum et al. (2001b) 
Newspapers 34.74 34.74 0.00 4.84  0.26 0.11 Department of the Environment (1994a; b; c) 
Newsprint 49.14   6.1 43.03 0.05 0.16 Kaiser (1966) 
Newsprints 44.8   5.70 44.21 0.1 0.0319 Riber et al. (2009) 
Newsprints 44.800 44.576 0.224 5.70 44.21 0.1 0.0319 EASETECH DATABASE 
Magazines 34.2   4.20 27.45 0.1 0.0724 Riber et al. (2009) 
Magazines 34.200 34.029 0.171 4.20 27.45 0.1 0.0724 EASETECH DATABASE 
Magazines 29.27 29.27 0 4.22  0.22 0.105 Department of the Environment (1994a; b; c) 
Advertisements 34.6   4.80 32.94 0.3 0.0784 Riber et al. (2009) 
Advertisements 34.600 34.427 0.173 4.80 32.94 0.3 0.0784 EASETECH DATABASE 
Plastic coated paper 45.3   6.17 45.5 0.18 0.08 Kaiser (1966) 
Junk mail 37.87   5.41 42.74 0.17 0.09 Kaiser (1966) 
Books and phonebooks 40.6   5.16 38.06 0.1 0.0487 Riber et al. (2009) 
Books- phone books 40.600 40.397 0.203 5.16 38.06 0.1 0.0487 EASETECH DATABASE 
Recycled paper 28.69 28.69 0 4.075  0.405 0.07 Department of the Environment (1994a; b; c) 
Unspecified paper 31.8669 31.8669 0 4.52331  0.30972 0.08257 Department of the Environment (1994a; b; c) 
Paper 43.5   6.0 44.0 0.3 0.2 Cherubini et al. (2008) 
Paper 36.8   4.7 30.6 0.2 0.281 Eisted and Christensen (2011) 
Paper 40.68   6.06 46.45 0.35 0.275 Guo et al. (2001) 
Paper 45   5.0 45 0.6 0.1 Igoni et al. (2007) 
Paper 43.4 43.4 0 5.8 44.3 0.3 0.2 Zhao et al. (2009a) 
Other paper 28.69 28.69 0 4.075  0.405 0.07 Department of the Environment (1994a; b; c) 
Waste paper 39.71   7.14 53.15   Islam et al. (2005) 
Office paper 37.5   5.00 36.69 0.1 0.0643 Riber et al. (2009) 
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Waste category 

C total 
(%TS) 

C bio 
(%TS) 

C fossil 
(%TS) 

H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Office paper 37.500 37.313 0.188 5.00 36.69 0.1 0.0643 EASETECH DATABASE 
Other clean paper 38.3   5.00 38.53 0.2 0.1780 Riber et al. (2009) 
Other clean paper 38.300 38.109 0.192 5.00 38.53 0.2 0.1780 EASETECH DATABASE 
Dirty paper 45.5   6.50 38.25 0.3 0.1190 Riber et al. (2009) 
Dirty paper 45.500 44.590 0.910 6.50 38.25 0.3 0.1190 EASETECH DATABASE 
Paper - mixed 43.41   5.82 44.32 0.25 0.2 Kaiser (1966) 
Paper (mixed) 43.5   6.0 44.0 0.3 0.2 Zsigraiova et al. (2009) 
Glossy paper 26.52   3.40 42.25 0.00 0.04 Heikkinen et al. (2004) 
Glossy paper 45.60   4.80 49.41 0.14 0.05 Sørum et al. (2001a) 
Glossy paper 45.60   4.80 49.41 0.14 0.05 Sørum et al. (2001b) 
Paper and card 31.2681 31.2681 0 4.4569  0.32210 0.07893 Department of the Environment (1994a; b; c) 
Paper and cardboard 37.6       Consonni et al. (2005) 
Paper and cardboard 32.8       Giugliano et al. (2008) 
Paper and cardboard 44.0   5.9 44.6 0.3 0.2 Zhao et al. (2011b) 
Paper and carton containers 41.1   5.60 39.61 0.2 0.1000 Riber et al. (2009) 
Paper and carton containers 41.100 40.895 0.206 5.60 39.61 0.2 0.1000 EASETECH DATABASE 
Milk carton 50.31   7.07 32.65 0 0 Heikkinen et al. (2004) 
Milk cartons and alike 52.3   7.30 38.77 0.4 0.0701 Riber et al. (2009) 
Milk cartons (carton/plastic) 52.300 46.024 6.276 7.30 38.77 0.4 0.0701 EASETECH DATABASE 
Carton with Al-foil 51.6   7.70 30.79 0.2 0.0534 Riber et al. (2009) 
Juice cartons 
(carton/plastic/aluminium) 

51.600 50.568 1.032 7.70 30.79 0.2 0.0534 EASETECH DATABASE 

Waxed milk cartons 59.18   9.25 30.13 0.12 0.1 Kaiser (1966) 
Cardboard 44.0   5.9 44.6 0.3 0.2 Cherubini et al. (2008) 
Cardboard 40.9   5.40 39.48 0.1 0.0631 Riber et al. (2009) 
Other clean cardboard 40.900 40.696 0.205 5.40 39.48 0.1 0.0631 EASETECH DATABASE 
Cardboard 36.8   4.7 30.6 0.2 0.179 Eisted and Christensen (2011) 
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C total 
(%TS) 

C bio 
(%TS) 

C fossil 
(%TS) 

H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Cardboard 48.60   6.20 44.96 0.11 0.13 Sørum et al. (2001a) 
Cardboard 48.60   6.20 44.96 0.11 0.13 Sørum et al. (2001b) 
Cardboard 41.7   6.4 43.5   Ryu et al. (2007a) 
Cardboard 37.95   4.61 45.63 0.25 0.34 Heikkinen et al. (2004) 
Dirty cardboard 43.1   5.80 35.75 0.3 0.1260 Riber et al. (2009) 
Dirty cardboard 43.100 42.669 0.431 5.80 35.75 0.3 0.1260 EASETECH DATABASE 
Card packaging 32.47 32.47 0 4.645  0.315 0.08 Department of the Environment (1994a; b; c) 
Corrugated boxes 43.73   5.7 44.93 0.09 0.21 Kaiser (1966) 
Other card 33.155 33.155 0 4.82  0.34 0.105 Department of the Environment (1994a; b; c) 
 
Plastic film 

        

Bags 50.52 0 50.52 8.15  0.345 0.3 Department of the Environment (1994a; b; c) 
Packaging film 47.055 0 47.055 6.975  0.63 0.225 Department of the Environment (1994a; b; c) 
Unspecified plastic film 47.8093 0 47.809 7.23078  0.56795 0.24132 Department of the Environment (1994a; b; c) 
Other film plastic 47.055 0 47.055 6.975  0.63 0.225 Department of the Environment (1994a; b; c) 
 
Dense plastic 

        

PET 62.51   4.19 33.30 0.00 0.00 Heikkinen et al. (2004) 
HDPE 83.73   15.52 0.00 0.01 0.00 Heikkinen et al. (2004) 
HDPE 86.1   13.0 0.90   Sørum et al. (2001a) 
LDPE 85.7   14.2 0.05 0.05 0.00 Sørum et al. (2001a) 
LDPE 85.7   14.2 0.05 0.05 0.00 Sørum et al. (2001b) 
Plastic bottles 77.2   11.30 5.20 0.1 0.1090 Riber et al. (2009) 
Plastic bottles 77.200 0.386 76.814 11.30 5.20 0.1 0.1090 EASETECH DATABASE 
Drinks bottles 49.4734 0 49.473 5.36421  0.23475 0.09737 Department of the Environment (1994a; b; c) 
Other bottles 62.225 0 62.225 9.855  0.495 0.225 Department of the Environment (1994a; b; c) 
PVC 45.14   5.61 1.56 0.08 0.14 Kaiser (1966) 
Polystyrene 87.1   8.45 3.96 0.21 0.02 Kaiser (1966) 
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C total 
(%TS) 

C bio 
(%TS) 

C fossil 
(%TS) 

H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Other packaging 51.235 0 51.235 6.6  0.665 0.135 Department of the Environment (1994a; b; c) 
Non-recyclable plastic 71   9.70 11.06 0.5 0.0520 Riber et al. (2009) 
Non-recyclable plastic 71.000 0.355 70.645 9.70 11.06 0.5 0.0520 EASETECH DATABASE 
Soft plastic 82   13.20 0.11 0.2 0.0281 Riber et al. (2009) 
Soft plastic 82.000 0.410 81.590 13.20 0.11 0.2 0.0281 EASETECH DATABASE 
WEEE plastics - medium 0.82412   0.07184 0.0410 0.035 0.00030 Alston and Arnold (2011) 
WEEE plastics - heavy 0.73587   0.07184 0.0869 0.035 0.00080 Alston and Arnold (2011) 
Hard plastic 79.9   10.50 1.73 5.5 0.0988 Riber et al. (2009) 
Hard plastic 79.900 0.400 79.501 10.50 1.73 5.5 0.0988 EASETECH DATABASE 
Plastic 48.9       Giugliano et al. (2008) 
Plastic 73.7   10.4 11.5 0.2 0.052 Eisted and Christensen (2011) 
Plastic 55.5       Consonni et al. (2005) 
Plastic 80.73   13.32 - - 0.218 Guo et al. (2001) 
Plastics 60.0   7.2 22.8 0.0 0.0 Cherubini et al. (2008) 
Plastics 71.0   9.7 11.1 0.5 0.05 Zhao et al. (2011b) 
Plastics 56   6.0 26   Igoni et al. (2007) 
Plastics 60 0 60 7.2 22.8 0 0 Zhao et al. (2009a) 
Unspecified dense plastic 54.826 0 54.826 7.38724  0.59843 0.14728 Department of the Environment (1994a; b; c) 
Other dense plastic 56.03 0 56.03 7.505  0.72 0.135 Department of the Environment (1994a; b; c) 
 
Textiles 

        

Artificial textiles 39.855 0 39.855 5.225  2.57 0.17 Department of the Environment (1994a; b; c) 
Natural textiles 39.855 39.855 0 5.225  2.57 0.17 Department of the Environment (1994a; b; c) 
Rags 55   6.6 31.2 4.12 0.13 Kaiser (1966) 
Textiles 55.0   6.6 31.2 4.6 0.2 Cherubini et al. (2008) 
Textiles 52.1   6.00 34.80 3.2 0.3970 Riber et al. (2009) 
Textiles 52.100 39.075 13.025 6.00 34.80 3.2 0.3970 EASETECH DATABASE 
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C total 
(%TS) 
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C fossil 
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H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Textiles 44.89   6.49 44.83 1.33 0.191 Guo et al. (2001) 
Textiles 55.0   6.6 31.2 4.6 0.2 Zhao et al. (2011b) 
Textiles 48 38 10 6.4 40 2.2 0.2 Zhao et al. (2009a) 
Unspecified textiles 39.855 19.9275 19.928 5.225  2.57 0.17 Department of the Environment (1994a; b; c) 
Textile residues 43.3   6.2 46.4   Ryu et al. (2007a) 
Textiles/rubber/leather 59   6.0 19 6.0 0.2 Igoni et al. (2007) 
Shoes 38.4 23.04 15.36 4.895  2.085 0.32 Department of the Environment (1994a; b; c) 
Shoes, leather 61.3   7.30 13.78 0.3 0.6594 Riber et al. (2009) 
Shoes leather 61.300 30.650 30.650 7.30 13.78 0.3 0.6594 EASETECH DATABASE 
Leather shoe 42.01   5.32 22.83 5.98 1 Kaiser (1966) 
Leather 50.37   7.76 22.82 11.6 1.85 Heikkinen et al. (2004) 
Leather 8.0   10.0 10.0 0.4 11.6 Cherubini et al. (2008) 
Rubber 77.65   10.35 0 0 2 Kaiser (1966) 
Rubber 10.0   2.0 10.0 0.0 0.0 Cherubini et al. (2008) 
Rubber etc. 65.4   8.40 6.59 0.6 0.6050 Riber et al. (2009) 
Rubber 65.400 52.320 13.080 8.40 6.59 0.6 0.6050 EASETECH DATABASE 
 
Other combustibles 

        

Wood 48.6   6.0 41.3 0.3 0.059 Eisted and Christensen (2011) 
Wood 49.4   5.7 42.3 0.2 0.0 Cherubini et al. (2008) 
Wood 42.39   5.98 41.65 0.91 0.257 Guo et al. (2001) 
Wood 52.1   6.40 30.49 0.8 0.0836 Riber et al. (2009) 
Wood 52.100 51.319 0.782 6.40 30.49 0.8 0.0836 EASETECH DATABASE 
Wood 49.6 49.6 0.0 6 42.6 0.2 0.1 Zhao et al. (2009a) 
Wood 43.3       Giugliano et al. (2008) 
Wood 49.7   6.4 43.5 0.1  Muthuraman et al. (2010) 
Wood 37.6       Consonni et al. (2005) 
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Waste category 

C total 
(%TS) 

C bio 
(%TS) 

C fossil 
(%TS) 

H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Wood 43.8 43.8 0 5.4  0.96 0.05 Department of the Environment (1994a; b; c) 
Waste wood 44.9   6.7 38.6   Ryu et al. (2007a) 
Waste wood 47.86   8.59 37.46 1.12 0.01 Heikkinen et al. (2004) 
Upholstery 47.10   6.1 43.6 0.3 0.1 Kaiser (1966) 
Linoleum 48.06   5.34 18.7 0.1 0.4 Kaiser (1966) 
Carpet/underlay 38.4 23.04 15.36 4.895  2.085 0.32 Department of the Environment (1994a; b; c) 
Furniture wood 49.70   6.1 42.6 0.1 <0.1 Kaiser (1966) 
Furniture 43.8 26.28 17.52 5.4  0.96 0.05 Department of the Environment (1994a; b; c) 
Slag and ceramics 24.3 0.0 24.3 3 4 0.5 0.2 Zhao et al. (2009a) 
Absortent hygiene products 18.55 14.84 3.71 4.01  0.285 0.025 Department of the Environment (1994a; b; c) 
Diapers and tampons 55.3   8.00 27.33 0.9 0.0718 Riber et al. (2009) 
Diapers sanitary towels tampons 55.300 49.770 5.530 8.00 27.33 0.9 0.0718 EASETECH DATABASE 
Disposable nappies 18.55 14.84 3.71 4.01  0.285 0.025 Department of the Environment (1994a; b; c) 
Kitchen tissues 45.2   6.30 44.75 0.8 0.0883 Riber et al. (2009) 
Kitchen towels 45.200 44.748 0.452 6.30 44.75 0.8 0.0883 EASETECH DATABASE 
Cottonstick etc. 50.7   7.40 38.83 0.4 0.0606 Riber et al. (2009) 
Cotton bandages 50.700 40.560 10.140 7.40 38.83 0.4 0.0606 EASETECH DATABASE 
Other cotton etc. 55   7.80 30.03 3.8 0.0641 Riber et al. (2009) 
Disposable sanitary products (cloths 
gloves) 

55.000 49.500 5.500 7.80 30.03 3.8 0.0641 EASETECH DATABASE 

Cigarette buts 43.2   6.20 33.47 1.4 0.2290 Riber et al. (2009) 
Cigarette butts 43.200 21.600 21.600 6.20 33.47 1.4 0.2290 EASETECH DATABASE 
Combustible 60.3   8.7 20.6 2.6 0.143 Eisted and Christensen (2011) 
Other combustibles 54.2   8.10 9.63 0.9 0.1760 Riber et al. (2009) 
Other combustibles 54.200 13.550 40.650 8.10 9.63 0.9 0.1760 EASETECH DATABASE 
Other combustibles 38.4 23.04 15.36 4.895  2.085 0.32 Department of the Environment (1994a; b; c) 
 
Other non-combustibles 
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Waste category 

C total 
(%TS) 

C bio 
(%TS) 

C fossil 
(%TS) 

H 
(%TS) 

O 
(%TS) 

N 
(%TS) 

S 
(%TS) Reference 

Bricks, blocks, plaster 6.99 0 6.99 0.39  0.19 0.525 Department of the Environment (1994a; b; c) 
Ceramics 0   0.00 0.00 0.0 0.0104 Riber et al. (2009) 
Ceramics 0.000 0.000 0.000 0.00 0.00 0.0 0.0104 EASETECH DATABASE 
Cat gravel 2.6   0.70 3.03 0.4 0.1920 Riber et al. (2009) 
Cat litter 2.600 2.587 0.013 0.70 3.03 0.4 0.1920 EASETECH DATABASE 
Inorganic pet litter 6.99 0 6.99 0.39  0.19 0.525 Department of the Environment (1994a; b; c) 
Other non-combustibles 6.99 3.495 3.495 0.39  0.19 0.525 Department of the Environment (1994a; b; c) 
Other non-combustibles 1.3   0.10 0.74 0.0 0.0537 Riber et al. (2009) 
Other non-combustibles 1.300 0.650 0.650 0.10 0.74 0.0 0.0537 EASETECH DATABASE 
Non-combustible 10.7   0.1 1.7 0.32 0.209 Eisted and Christensen (2011) 
 
Glass 

        

Brown bottles 0.165 0.165 0 0.1  0.1 0.02 Department of the Environment (1994a; b; c) 
Brown glass 0   0.00 0.00 0.0 0.0092 Riber et al. (2009) 
Brown glass 0.000 0.000 0.000 0.00 0.00 0.0 0.0092 EASETECH DATABASE 
Green bottles 0.18 0.18 0 0.1  0.1 0.025 Department of the Environment (1994a; b; c) 
Green glass 0   0.00 0.00 0.0 0.0111 Riber et al. (2009) 
Green glass 0.000 0.000 0.000 0.00 0.00 0.0 0.0111 EASETECH DATABASE 
Clear bottles 0.275 0.275 0 0.1  0.09 0.025 Department of the Environment (1994a; b; c) 
Clear glass 0   0.00 0.00 0.0 0.0832 Riber et al. (2009) 
Clear glass 0.000 0.000 0.000 0.00 0.00 0.0 0.0832 EASETECH DATABASE 
Other glass 0   0.00 0.00 0.0 0.0687 Riber et al. (2009) 
Non-recyclable glass 0.000 0.000 0.000 0.00 0.00 0.0 0.0687 EASETECH DATABASE 
Packaging [glass] 0.28203 0.28203 0 0.10220  0.09407 0.02538 Department of the Environment (1994a; b; c) 
Non-packaging glass 0.255 0.255 0 0.095  0.085 0.025 Department of the Environment (1994a; b; c) 
Glass 0.4   <0.1 37.1 0.1 0.044 Eisted and Christensen (2011) 
Glass 0.5   0.1 0.4 0.1 0.0 Cherubini et al. (2008) 
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Glass 0.5   0.1 0.4 0.1 0.0 Zsigraiova et al. (2009) 
Glass 0.0   0.0 0.0 0.0 0.5 Zhao et al. (2011b) 
Glass 0.5 0.0 0.5 0.1 0.4 0.1 0 Zhao et al. (2009a) 
Glass and inert material 1.9       Giugliano et al. (2008) 
Glass and inert material 1.0       Consonni et al. (2005) 
Unspecified glass 0.28145 0.28145 0 0.10204  0.09388 0.02537 Department of the Environment (1994a; b; c) 
 
Putrescibles 

        

Lawn grass 46.18   5.96 36.43 4.46 0.42 Kaiser (1966) 
Leaves 52.15   6.11 30.34 6.99 0.16 Kaiser (1966) 
Green logs 50.12   6.4 42.26 0.14 0.08 Kaiser (1966) 
Evergreen shrubs 48.51   6.54 40.44 1.71 0.19 Kaiser (1966) 
Flowering plants 46.65   5.97 42.37 0.15 0.95 Kaiser (1966) 
Yard waste 43   5.20 25.94 1.5 0.1900 Riber et al. (2009) 
Yard waste- flowers 43.000 42.140 0.860 5.20 25.94 1.5 0.1900 EASETECH DATABASE 
Yard waste, flowers 47.8   6.0 38.0 3.4 0.3 Zhao et al. (2011b) 
Garden waste 17.17 17.17 0 2.305  0.745 0.08 Department of the Environment (1994a; b; c) 
Wood and bark 50.46   5.97 42.37 0.15 0.05 Kaiser (1966) 
Wood/leaves 49   6.0 42 1.2 0.1 Igoni et al. (2007) 
Organic pet bedding 17.17 17.17 0 2.305  0.745 0.08 Department of the Environment (1994a; b; c) 
Animals etc. 43.9   6.40 20.77 3.3 0.4120 Riber et al. (2009) 
Animal excrements and bedding 
(straw) 

43.900 43.461 0.439 6.40 20.77 3.3 0.4120 EASETECH DATABASE 

Animal food 56.5   7.90 18.22 7.0 0.3780 Riber et al. (2009) 
Animal food waste 56.500 55.370 1.130 7.90 18.22 7.0 0.3780 EASETECH DATABASE 
Meat scraps (cooked) 59.59   9.47 24.65 1.02 0.19 Kaiser (1966) 
Poultry waste 22.4   3.8 27.1 2.6 0.7 Ramzan et al. (2011) 
Veg. food 47.7   6.60 39.46 1.9 0.1840 Riber et al. (2009) 
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VegeTable F.ood waste 47.700 47.462 0.239 6.60 39.46 1.9 0.1840 EASETECH DATABASE 
VegeTable F.ood waste 49.06   6.62 37.55 1.68 0.2 Kaiser (1966) 
VegeTable F.ood waste 48.0   6.4 38 2.6 0.4 Zhao et al. (2011b) 
Kitchen waste 48 48 0 6.4 37.6 2.6 0.4 Zhao et al. (2009a) 
Kitchen garbage 48.0   6.4 37.5 2.6 0.4 Cherubini et al. (2008) 
Food 32.96   4.86 36.18 1.85 0.357 Guo et al. (2001) 
Food waste 13.455 13.455 0 1.895  0.985 0.095 Department of the Environment (1994a; b; c) 
Food waste 47.6   7.04 33.3 3.44 0.15 Zhang et al. (2012) 
Food waste 56.65   8.76 23.54 3.95 0.19 Ramzan et al. (2011) 
Food waste (mixed) 51   5.0 39 2.3 0.3 Igoni et al. (2007) 
Biowaste 49.2   6.9 30.2 3.72 0.347 Eisted and Christensen (2011) 
Organic fraction 12.6       Giugliano et al. (2008) 
Organic fraction 9.6       Consonni et al. (2005) 
Organic (mixed) 48.0   6.4 37.6 2.6 0.4 Zsigraiova et al. (2009) 
Other organics 13.455 13.455 0 1.895  0.985 0.095 Department of the Environment (1994a; b; c) 
Fried fats 73.14   11.54 14.82 0.43 0.07 Kaiser (1966) 
Olive oil residue 49.08   5.59 44.19 1.14 0.00 Uzan et al. (2007) 
 
Metals 

        

Ferrous metals 4.5   0.6 4.3 0.1 0.0 Cherubini et al. (2008) 
Unspecified ferrous metal 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Steel food and drink cans 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Metal containers 0   0.00 0.00 0.0 0.0099 Riber et al. (2009) 
Food cans (tinplate/steel) 0.000 0.000 0.000 0.00 0.00 0.0 0.0099 EASETECH DATABASE 
Unspecified non-ferrous metal 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Aluminium drinks cans 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Aluminium and other metals 0.0   0.0 0.0 0.0 0.01 Zhao et al. (2011b) 
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Beverage cans (Al) 4.5   0.6 4.3 0.1 0.0 Cherubini et al. (2008) 
Al containers 0   0.00 0.00 0.0 0.0030 Riber et al. (2009) 
Beverage cans (aluminium) 0.000 0.000 0.000 0.00 0.00 0.0 0.0030 EASETECH DATABASE 
Al trays/foil 15.2   2.70 5.35 0.4 0.0297 Riber et al. (2009) 
Aluminium foil and containers 15.200 13.680 1.520 2.70 5.35 0.4 0.0297 EASETECH DATABASE 
Metal like foil 0   0.00 0.00 0.0 0.0189 Riber et al. (2009) 
Plastic-coated aluminium foil 76.200 68.580 7.620 11.70 9.60 0.4 0.0189 EASETECH DATABASE 
Foil 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Other of metal 0   0.00 0.00 0.0 0.0321 Riber et al. (2009) 
Other metals 0.000 0.000 0.000 0.00 0.00 0.0 0.0321 EASETECH DATABASE 
Metal -   - - - <0.009 Eisted and Christensen (2011) 
Metals 2.9       Giugliano et al. (2008) 
Metals 4.5 0.0 4.5 0.6 4.3 0.1 0.0 Zhao et al. (2009a) 
Metals 4.5   0.6 4.3 0.1 0.0 Zsigraiova et al. (2009) 
Metals 1.0       Consonni et al. (2005) 
 
WEEE 

        

White goods 15.81 0 15.81 2.08  0.31 0.1 Department of the Environment (1994a; b; c) 
Large electronic goods 15.81 0 15.81 2.08  0.31 0.1 Department of the Environment (1994a; b; c) 
CRT TVs and monitors 15.81 0 15.81 2.08  0.31 0.1 Department of the Environment (1994a; b; c) 
Other WEEE 15.81 0 15.81 2.08  0.31 0.1 Department of the Environment (1994a; b; c) 
 
HHW 

        

Unspecified HHW 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Batteries 0 0 0 0  0 0 Department of the Environment (1994a; b; c) 
Batteries 8.7   1.10 2.70 0.1 0.1650 Riber et al. (2009) 
Batteries 8.700 4.350 4.350 1.10 2.70 0.1 0.1650 EASETECH DATABASE 
Paint/varnish 38.4 0 38.4 4.895  2.895 0.32 Department of the Environment (1994a; b; c) 
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Oil 38.4 0 38.4 4.895  2.895 0.32 Department of the Environment (1994a; b; c) 
 
Fine material 

        

Fine material 13.745 13.745 0 1.585  0.97 0.225 Department of the Environment (1994a; b; c) 
Fines 20.5       Consonni et al. (2005) 
Fines 10.5       Giugliano et al. (2008) 
Ash and dust 0   0 0 0 0 Zhao et al. (2011b) 
Vacuum cleaner dirt 35.69   4.73 20.08 6.26 1.15 Kaiser (1966) 
 
Other 

        

Compost 31.8669 31.8669 0 4.52331  0.30972 0.08257 Department of the Environment (1994a; b; c) 
RDF 40.0   6.9  0.6 0.1 Buah et al. (2007) 
RDF 57.2   8.2 31.0 1.2 0.1 Ryu et al. (2007b) 
RDF 55.0   6.9 35.9 0.6 0.1 Onwudili and Williams (2007) 
Other 26.3   3.0 2.0 0.5 0.2 Cherubini et al. (2008) 
Tires 79.1   6.8 5.9 0.1 1.5 Kaiser (1966) 
Tyres 74 0 74 6  0.17 0.15 Department of the Environment (1994a; b; c) 
Waste oils 80.4 0 80.4 9  0.1 0.5 Department of the Environment (1994a; b; c) 
Street sweepings 34.70   4.76 35.2 0.14 0.2 Kaiser (1966) 

C total, total carbon; C bio, total biogenic carbon; C fossil, total fossil carbon, H, hydrogen, O, oxygen; N, nitrogen; S, sulphur; TS, total solids; PET, polyethylene 
terephthalate; HDPE, high-density polyethylene; LDPE, low-density polyethylene; PVC, polyvinyl chloride; Al, aluminium; BMW, biodegradable municipal waste; WEEE, 
waste electrical and electronic equipment; CRT, cathode ray tube; TV, television; HHW, household hazardous waste; RDF, refuse-derived fuel. 

 Data quality assessment 

In this section, the results of the data quality assessment, carried out based on Weidema and Wesnæs (1996), are presented in Table J.11. Note, 

the “further technological correlation” indicator was not included as no technologies or processes were considered.      
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Table J.11. Data quality assessment scores for each data source included in this review.  

Reference 
Reliability Completeness Temporal correlation Geographical correlation 

Score Additional notes Score Additional notes Score Additional notes Score Additional notes 
Alston and Arnold (2011) 1  4  1  1 UK 
Abu-Qudais and Abu-Qdais (2000) 2  4  4  5 Non-OECD 

(Jordan) 
Buah et al. (2007) 1  5  2  5 Unknown 
Cherubini et al. (2008) 2 Elementary 

composition 
derived from 
Sundqvist et al. 
1997 

5 Elementary 
composition derived 
from Sundqvist et al. 
1997 

2 Publication in 2008; 
work carried out 
prior to that date; 
Sundqvist et al. 
paper from 1997 

3 EU (Italy) 

Consonni et al. (2005a) 4 Values are an 
"educated 
guess" 

1 Data collected over a 
number of years (late 
1990s) and by various 
actors 

4 Experiments carried 
out in the late 1990s 

3 EU (Italy) 

Department of the Environment (1994a; b; c) 3 Methodology 
has been widely 
criticised 

5 Refers to bin waste 
arisings only as 
opposed to municipal 
waste as a whole 

5 Survey carried out 
in the early 1990s 

1 UK  

EASETECH database 1  1 Dual-approach to 
characterisation with 
tests carried out over 
several years 

1 Initial tests carried 
out 2001-03, but 
reviewed in 2009 

3 Denmark (EU) 

Eisted and Christensen (2011) 1  2 Data representative of 
typical towns in 
Greenland 

1 Sampling carried 
out in August 2009 

5 Greenland (non-
OECD) 
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Reference 
Reliability Completeness Temporal correlation Geographical correlation 

Score Additional notes Score Additional notes Score Additional notes Score Additional notes 
Giugliano et al. (2008) 2 Cannot access 

original 
document, but 
assume verified 
data (peer-
review) 

5 Representativeness 
unknown 

3 Reported values 
based on 2000-2001 
waste 
characterisation 
study (unavailable) 

3 Italy (EU) 

Guo et al. (2001) 1  5 Representativeness 
unknown 

3  5 China (non-
OECD) 

Heikkinen et al. (2004) 1  1 Samples collected from 
Finland, Germany and 
the Netherlands (all 
EU) 

3  3 Samples 
collected from 
Finland, 
Germany and the 
Netherlands 

Igoni et al. (2007) 1  2 Representative data but 
from a smaller number 
of sites (specific to one 
city in Nigeria) & for 
only one month 

2  5 Nigeria (non-
OECD) 

Inaba et al. (2010) 5 Reliability 
unknown 

5 Representativeness 
unknown 

4 Data taken from a 
previous study 
(Hokkaido 
University, 1998) 

4  

Islam et al. (2005) 1  5 Representativeness 
unknown (lack of 
transparency) 

2  5 Bangladesh 
(non-OECD) 

Kaiser (1966) 1  3  5  4 New York, USA 
(OECD) 

Muthuraman et al. (2010) 1  4  1  4 Japan (OECD) 
Onwudili and Williams (2007) 1  4  2  1 UK  
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Reference 
Reliability Completeness Temporal correlation Geographical correlation 

Score Additional notes Score Additional notes Score Additional notes Score Additional notes 
Ramzan et al. (2011) 2  3  1  1 UK  
Riber et al. (2009) 2 Verified data - 

errors present - 
see EASETECH 
DATABASE 

1 Dual-approach to 
characterisation with 
tests carried out over 
several years 

3 Initial tests carried 
out 2001-03 

3 Denmark (EU) 

Ryu et al. (2007a) 1  2  2  1 UK  
Ryu et al. (2007b) 1  2  2  1 UK  
Sørum et al. (2001b) 1  4  3  3 Norway (EU) 
Sørum et al. (2001a) 1  4  3  3 Norway (EU) 
Uzun et al. (2007) 1  2  2  3 Turkey (EU) 
Zhao et al. (2009a) 2  5 Representativeness 

unknown 
2 Characterisation 

study from 
publication in 2007 

5 China (non-
OECD) 

Zhao et al. (2011b) 1  5 Representativeness 
unknown 

2 Study carried out 
2006 

5 China (non-
OECD) 

Zhang et al. (2012) 1  4  1  1 UK 
Zsigraiová et al. (2009) 4 Qualified 

estimate (based 
on literature) 

5 Representativeness 
unknown 

1  5 Cape Verde 
(non-OECD) 
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Appendix K Details of collection and transport 
LCI modelling (Paper III) 

K.1 Collection 

Waste collection tonnage data were taken from WasteDataFlow. GHG impacts from 

waste collection processes were modelled based on vehicle type and distance travelled, 

which were estimated based on the literature (see Table K.1). Data on emissions to air 

for each vehicle type per tonne collected per km travelled were taken from the WRATE 

and ecoinvent v2.2 databases and are summarised in Table K.2 in the form of GHG 

emission factors. 

Table K.1. Assumed vehicle types and round trip distances for each collection process. 
Collection system Vehicle type Transport distance (km) 
Household kerbside collectiona Road, 6x4 RCV 29 
Non-household collection Road, 6x4 RCV 29 
Bulky waste collection Road, caged LCV 29 
HWRC collection Roll-on-off vehicle 10 
Bring site collection Roll-on-off vehicle 20 
Street waste, residual waste Road, 6x4 RCV 20 
Street waste, dry recyclables Road, split body RCV 20 
Fly-tipped materials Road, caged LCV 29 
Municipal parks/grounds waste Road, 6x4 RCV 10 

Source: adapted from EA (2010) and Eunomia et al. (2011). 
RCV, refuse collection vehicle; LCV, light commercial vehicle; HWRC, household waste recycling 
centre. 
a Food waste is collected via a pod on the RCV. 

K.2 Transport 

Inter-facility transport distances were calculated using Google Maps based on the 

respective locations of the start (generating) and end (receiving) facilities, determined 

using WasteDataFlow. Transport of waste to a primary facility was calculated based on 

the distance of the facility from Lamby Way, Cardiff (the city waste transport depot). 

Where an inter facility waste transport distance could not be calculated using data from 

WasteDataFlow, a default distances was used based on the receiving facility type (see 

Appendix H). Assumed default transport distances are displayed in Table K.3. All 

domestic transport was assumed to be by large freight lorries (road, lorry). Transport 

from the UK to facilities located in Europe was assumed to be by large freight lorries 

and channel tunnel crossing via rail. Transport from the UK to facilities located in Asia 

was modelled using the default transport distances outlined in Table K.3.  
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Table K.2. Greenhouse gas emissions factors applied for each vehicle type.  
Vehicle type kg CO2e/tkm Reference 
Road, lorry 0.22c EA (2010); (Spielmann et al., 2007) 
Road, 6x4 RCV 0.27 EA (2010) 
Road, split body RCV 0.36 EA (2010) 
Road, caged LCV 1.42 EA (2010) 
Road, roll-on-off vehicle 0.24 EA (2010) 
Rail, freight 0.0393b Spielmann et al. (2007) 
Ocean, transoceanic freight ship 0.0107a Spielmann et al. (2007) 

RCV, refuse collection vehicle; LCV, light commercial vehicle. 
a Food waste is collected via a pod on the RCV. 
a Based on a heavy fuel oil use of 2.5 g tkm-1 (Spielmann et al., 2007). 
b Based on an electricity use of 0.0396 kWh tkm-1 and a diesel use of 0.0016 kg tkm-1 (Spielmann et al., 
2007). 
c Based on a diesel consumption of 0.21 kg vkm-1 (Spielmann et al., 2007) and a vehicle payload of 17.6 
t, equating to a total rate of diesel consumption of 0.012 kg tkm-1. 

Table K.3. Default A to B vehicle distances (km) and vehicle types for transport of waste to different 
facility types.  

Geographic area Facility types Distance (km) Vehicle type 
County Non-hazardous 

landfill; inert landfill 
25 Road, lorry 

Regional Incineration 50 Road, lorry 
National Material reprocessing 250 Road, lorry 
International 
(Europe) 

- 750 Road, lorry 
 50 Rail, freight 

International 
(global) 

- 300a Road, lorry 
 15,000 Ocean, transoceanic freight ship 

Source: adapted from EA (2010) and WRAP (2008a). 
a Includes national transport to a UK port and, post-shipping, regional transport from the international 
port to the export destination. 

K.2.1 Organic solid residues (application to land) 

It was assumed that biological treatment organic solid residues that are sent for 

application to land would be transported 20 km by truck to the destination of their 

application (farms, stores, or landfill sites) (Börjesson and Berglund, 2006; Møller et 

al., 2009). 

K.2.2 Textiles reuse 

For the export of textiles overseas, the following transport distances and modes were 

assumed per destination: UK, 250 tkm by lorry; Eastern Europe, 2000 tkm by lorry; 

South Asia, 490 tkm by lorry and 13100 tkm by freight ship; and Sub-Saharan Africa, 

490 tkm by lorry and 11500 tkm by freight ship (McGill, 2009).
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