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“The finitude of space and time within the local configuration
causes delays, distortions or extinction of processes. Seen in this
perspective the world seems like a garden where a thousand seeds

give rise to only a hundred flowers.”
Hägerstrand (1976)[p.333]
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Abstract

The overexploitation of natural resources is causing life on Earth to operate beyond its
safe limits. To overcome this challenge, shifting away from the current linear economy
(take-make-dispose) is urgent. Despite international efforts to address this challenge,
less than 10% of materials are being reused at the end of their life, and global resource
consumption is expected to double by 2050. As a result, it is recognised that our
economic systems are wasteful, and resources must be used more efficiently.

Most global wealth consumption and production occurs in urban areas. Therefore,
it is essential to employ adequate quantification methods to study resource throughput
in these systems. Urban Metabolism (UM) offers a framework to examine how
resources flow in and out of cities at different geographical scales. However, it needs
to provide more details to describe the complexities that generate those flows of
resources. As these flows are caused by specific processes that occur at a particular
time and location by specific actors, these processes deserve to be investigated to
improve the system’s resource efficiency.

This thesis addresses the need to deliver resource-efficient city regions, recognising
the need for adequate tools and methods for exposing urban processes and their
interactions. Urban Analytics (UA) can contribute to revealing urban processes and
their interactions by employing computational techniques such as data collection,
processing, visualisation and modelling. The overarching aim of this work is to advance
the development of digital models to support urban metabolism by demonstrating:
(I) How can UA methods contribute to the analysis of urban material
flows? and exploring various applications to understand and (II) How can the
Urban Metabolism framework be enriched to support urban strategies to
close material loops? This last inquiry also considers how spatial, temporal, and
behavioural factors influence the metabolism of urban areas.

This thesis takes an explorative approach to show the importance of (i) knowledge
management to organise information about waste and resources, (ii) geographic
information to integrate spatial characteristics into urban and regional analysis and
(iii) simulations to describe urban processes and evaluate potential outcomes of
different planning scenarios.

The first research question is addressed by first, proposing a general framework
to manage knowledge about resources and waste and second by employing
UA to incorporate spatial, temporal and behavioural aspects. Adequate
knowledge management and data standards about city resources are crucial because
they allow information sharing across urban systems, enabling a more holistic under-
standing of material flows. Moreover, it contributes to identifying information gaps
and enables data processes to be reproduced and generalised. The general framework
was validated by developing various applications. These applications required the use
of UA and contributed to demonstrating the role that UA can play in enhancing UM.

The second research question is answered by exploring models incorporating the
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spatial, temporal, and behavioural elements in three strategies that promote
circular material flows in city regions. A simulation of residential waste sorting at
the neighbourhood scale informs how different urban scenarios influence residents’
waste sorting behaviour. Then, a city scale simulation of the construction and
demolition sector discusses different planning scenarios and their consequences for
material circularity. The thesis highlights the importance of considering location when
analysing industrial symbiosis for potential waste exchanges between firms
at the regional scale. By considering distances between firms, a methodology was
developed to identify possible partnerships, resulting in fewer potential exchanges.

To conclude, this thesis highlights the importance of data models and simulation
techniques in advancing the field of UM. The models presented here serve as pre-
liminary steps to demonstrate the importance of using UA to incorporate spatial,
temporal and behavioural aspects when studying the metabolism of urban areas.

Keywords

Circular Economy; Spatial Planning; Urban Metabolism; Waste Management; Indus-
trial Symbiosis; Construction and Demolition; Urban Mining; Digitalisation; Data
model; Simulation; Agent-based model; Decision Support System.
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[d] G. Dokter, J. Cohen, S. Hagejärd, O. Rexfelt & L. Thuvander, Mapping
the practice of circular design: A survey study with industrial designers
and architects in the Netherlands and Sweden
Journal of Design Research - Accepted



vii

Author’s contribution

The Contributor Role Taxonomy (CRediT) is used to indicate the role of
Jonathan Cohen in each of the papers listed above. More information about
the taxonomy can be seen in Allen, O’Connell and Kiermer (2019).

In Paper 1, Jonathan Cohen was responsible for Conceptualization, Meth-
odology, Software, Validation, Investigation, Writing - Original Draft, Writing -
Review & Editing, and Visualization.

In Paper 2, Jonathan Cohen was responsible for the spatial application
related to wood waste, which encompassed Conceptualization, Software, Valid-
ation, Investigation, Data Curation, Writing - Original Draft, Writing - Review
& Editing and Visualization.

In Paper 3, Jonathan Cohen was responsible for Conceptualization, Meth-
odology, Software, Validation, Formal analysis, Investigation, Resources, Data
Curation, Writing - Original Draft, Writing - Review & Editing and Visualiza-
tion.

In Paper 4, Jonathan Cohen was responsible for Conceptualization, Meth-
odology, Software, Validation, Formal analysis, Investigation, Resources, Data
Curation, Writing - Original Draft, Writing - Review & Editing and Visualiza-
tion.

In Paper 4, Jonathan Cohen was responsible for Conceptualization, Meth-
odology, Software, Validation, Formal analysis, Investigation, Resources, Data
Curation, Writing - Original Draft, Writing - Review & Editing and Visualiza-
tion.

In Paper 5, Jonathan Cohen was responsible for Conceptualization, Meth-
odology, Software, Validation, Formal analysis, Investigation, Resources, Data
Curation, Writing - Original Draft, Writing - Review & Editing, Visualization.





Acknowledgement

Five years have passed since I started this journey of completing this PhD, and
little did I know that it would be one of the most rewarding and challenging
chapters of my life. Here, I want to detach myself from the technicalities and
details of the work and briefly pay a humble tribute to those who have inspired
and motivated me to pursue and finish this goal. Only because of your support
have I made it this far.

First, I would like to express great gratitude towards Jorge, who has guided
me through the ups and downs of this process. Thanks for your patience,
generosity and trust. I have been fortunate to have you as my supervisor.
Secondly, thanks to Leonardo, who has been constantly consulted about all
kinds of nuances regarding the metabolism of cities. I’m pleased that you
accepted the invitation to join the supervision team. This work reached this
point with your valuable input. Thanks to both for always being available to
talk and join our supervision meetings with such energy.

This first round of acknowledgements would be incomplete without including
Meta and Lars, who, from a distance, have safeguarded and significantly
contributed to shaping my PhD. Your voices have encouraged me to pursue
my research ambitions within a realistic boundary throughout the various
seminars, checkpoints and informal conversations. Hopefully, I have collected
and incorporated your suggestions graciously. If, after these years, I have
become a better professional and researcher, it is most likely thanks to you all.
Moreover, I want to thank my colleagues and friends at SMOG and ACE for
supporting me during this process. Although your input has been invaluable
in clarifying my thoughts, I’m mostly thankful for keeping a safe and warm
work environment.

To my new friends and those scattered around the globe (mainly at home),
thank you for your friendship. Thanks for being there when it mattered the
most! Besides the distance, thanks for staying close to me.

Viejitos, gracias por estar presente todas las semanas durante estos años.
Estoy donde me encuentro gracias a su esfuerzo y todas las herramientas que me
supieron dar. Gracias por mostrarme el valor del esfuerzo y dedicación, dando
el ejemplo. Hermanitos y familia gracias por darme animos para terminar esta
etapa.

Last but certainly not least, thank you, Stina. Thanks for sharing your joy
and smiles and for your unconditional love. Thanks for bringing the feeling of
family closer. I’m very grateful we crossed paths.

ix





Acronyms

ABM Agent-based Model. 41, 44, 47, 54, 75, 77

C&D Construction and Demolition. xvi, 33, 34, 41, 54, 55, 62, 65, 75

CE Circular Economy. xv, xvii, 4–6, 12, 15–25, 34, 73, 76, 77

CO2 Carbon Dioxide. 78

CO2e Carbon Dioxide Equivalents. xvi, xvii, 42, 44, 65, 68

DPSIR Driver-Pressure-State-Impact-Response Framework (DPSIR). 8

DSS Decision Support System. 67, 77

EPD Energy Performance Declaration. 43

ERM Entity-Relationship Model. 37, 49, 54

EU European Union. 5

FTI Förpacknings- och Tidningsinsamlingen. 45, 46

GFA Gross Floor Area. 42

GIS Geographic Information System. 39

IE Industrial Ecology. 26

IoT Internet of Things. 28, 52, 55

IS Industrial Symbiosis. 33

KPI Key Performance Indicator. 67

LCA Life Cycle Assessment. 77

MFA Material Flow Analysis. 6, 68, 77

xi



xii Acronyms

ODD Overview, Design concepts, and Details. 47

SDGs Sustainable Development Goals. 4

SWM Solid Waste Management. 33

TPB Theory of Planned Behaviour. 62

UA Urban Analytics. 6, 7, 11, 12, 15, 33–35, 71, 72, 74

UM Urban Metabolism. xiv, 5–13, 15, 25–29, 71–73

WM Waste Management. 5, 12, 75



Contents

Abstract iii

List of Publications v

Acknowledgement ix

Anacronyms xi

I Extended summary 1

1 Introduction 3
1.1 Addressing environmental challenges . . . . . . . . . . . . . . . 3
1.2 Problem definition . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Thesis purpose and research questions . . . . . . . . . . . . . . 10
1.4 Audience and relevance . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Disposition of the dissertation . . . . . . . . . . . . . . . . . . 13

2 Theoretical background 15
2.1 Circular Economy . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Urban Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Urban Analytics . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Research design and methods 31
3.1 Research design . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 General framework . . . . . . . . . . . . . . . . . . . . 36
3.2.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Results 49
4.1 General framework for waste and resources in cities . . . . . . 49
4.2 Contributions to enrich Urban Metabolism´s Framework . . . 57

4.2.1 Spatial dimension . . . . . . . . . . . . . . . . . . . . . 57
4.2.2 Temporal dimension . . . . . . . . . . . . . . . . . . . . 60
4.2.3 Behavioural dimension . . . . . . . . . . . . . . . . . . 62

4.3 Models as decision-support systems . . . . . . . . . . . . . . . 67

xiii



xiv CONTENTS

5 Conclusion and Discussion 71
5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1.1 RQ1: How can Urban Analytics methods contribute to
urban material flow analysis? . . . . . . . . . . . . . . 71

5.1.2 RQ2: How can the UMframework be enriched to support
urban strategies aimed at closing material loops? . . . 72

5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2.1 The importance of data standards and open-source . . . 73
5.2.2 Expanding Urban Metabolism´s framework . . . . . . . 73
5.2.3 Expanding the areas of application of Urban Anlaytics . 74
5.2.4 Contributions to planning . . . . . . . . . . . . . . . . . 74

5.3 A virtual laboratory: exploring what-if scenarios . . . . . . . . 75
5.3.1 Contributions to agent-based models . . . . . . . . . . . 76

5.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.5 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Bibliography 79

II Appended Papers 93

Paper I - An entity-relationship model of the flow of waste and
resources in city-regions: Improving knowledge management
for the circular economy

Paper II - Method for identifying industrial symbiosis opportun-
ities

Paper III - Exploring urban scenarios with an agent-based model
to assess residential waste sorting

Paper IV - Understanding residential waste sorting behaviour
with situational factors: a data-driven approach

Paper V - A Spatio-Temporal Simulation of the Construction
and Demolition sector. Methodological Advances to quantify
embodied carbon of buildings



List of Figures

1.1 Material flow diagram of a city. Source: Kennedy and Hoornweg
(2012b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Relationship across multiple urban dimensions. . . . . . . . . . 9
1.3 Digitalization Obstacles Loop . . . . . . . . . . . . . . . . . . 10
1.4 Dimensions to be explored: Space-Time-Behaviour . . . . . . . 11

2.1 CE strategies. Source: Potting et al. (2017) . . . . . . . . . . . 16
2.2 Comparison of frameworks for CE . . . . . . . . . . . . . . . . 18
2.3 Causal loop diagram of CE strategies. Source: Bassi et al. (2021b) 24
2.4 First Urban Metabolism Study. Source: Wolman (1965) . . . . 26
2.5 Updated Urban Metabolism framework (Ferrão & Fernández,

2013) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 Research process followed during the Ph.D. project. Each of the
papers developed during the project is indicated with numbers
and letters if they were not included in the thesis . . . . . . . . 32

3.2 scope of the dissertation in terms of CE and spatial scales . . . 35
3.3 ERM - notation Rein85 . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Map of the location of wood-related industries . . . . . . . . . 39
3.5 Vision of future Gothenburg 2035 . . . . . . . . . . . . . . . . . 40
3.6 Residential buildings and main materials (brick, concrete and

wood) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.7 Data preparation for base information for simulation of Con-

struction and Demolition . . . . . . . . . . . . . . . . . . . . . 42
3.8 Agents present in the simulation and their scheduling . . . . . . 43
3.9 Actions modelled for the buildings life cycle . . . . . . . . . . . 44
3.10 Map of recycling stations in Gothenburg. Voronoi polygons,

per station and selected case study of single- and multi-family
buildings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.11 Selected urban scenarios to study residential waste sorting.
Google images of areas and characteristics. . . . . . . . . . . . 46

3.12 Residents behaviour heuristics in the ABM . . . . . . . . . . . 47

4.1 The Conceptual Diagram of Circular Flow of Waste and Resources 50
4.2 Entity Relationship Model (ERM) for waste and resources man-

agement - Rein85 notation . . . . . . . . . . . . . . . . . . . . . 50

xv



xvi LIST OF FIGURES

4.3 Relational data model schema for containers. . . . . . . . . . . 52
4.4 ERD for residential waste . . . . . . . . . . . . . . . . . . . . . 53
4.5 Class diagram of residential waste sorting . . . . . . . . . . . . 54
4.6 ERD for C&D . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.7 ERD model for Industrial Symbiosis . . . . . . . . . . . . . . . 56
4.8 Positioninig of papers within the three dimensions explored . . 57
4.9 Maps showing the difference between two exchange opportunities

with and without using the top-down approach . . . . . . . . . 58
4.10 Distribution of distance across firms that potentially can share

bi-products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.11 Average behaviour across urban scenarios . . . . . . . . . . . . 59
4.12 Heatmap of simulated demolitions by the year 2100 . . . . . . . 60
4.13 Evolution of the embodied carbon, co2 savings and building

stock dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.14 Evolution of the building stock´s Energy Performance . . . . . 62
4.15 Captured materials under different parameter values. Average

across simulations. . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.16 Correlation matrix of Behavioural and self-declared waste separ-

ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.17 Path diagram extracted after Structural Equation Model . . . . 64
4.18 Savings in Co2e as a percentage, from the worst scenario . . . . 66
4.19 Changes in Co2e per household due to parameter changes. Res-

ults for the year 2100 . . . . . . . . . . . . . . . . . . . . . . . . 67
4.20 Distribution of CO2e savings for simulations with and without

regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.21 Model dashboard and control panel . . . . . . . . . . . . . . . . 69

5.1 The interrelationship between space, behaviour, metabolism and
the status of the environment . . . . . . . . . . . . . . . . . . . 72



List of Tables

2.1 Comparison of scales of operation of CE for businesses and the
territory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Tools and methods used in the various articles . . . . . . . . . 36
3.2 Interviews with stakeholders . . . . . . . . . . . . . . . . . . . . 37

4.1 Contribution to CO2e savings in buildings . . . . . . . . . . . . 68



xviii LIST OF TABLES



Part I

Extended summary

1





Chapter 1

Introduction

1.1 Addressing environmental challenges

Half a century ago, in 1972, a dramatic report titled Limits to growth about the
planet’s future was presented to the Club of Rome. The report’s prognosis com-
municated a clear message: “If the present growth trends in world population,
industrialisation, pollution, food production, and resource depletion continue
unchanged, the limits to growth on this planet will be reached sometime within
the next one hundred years” (Meadows et al., 1972)[p.23].

The report is considered a significant landmark because it collected and
summarised insights related to environmental problems associated with the
consequences of economic growth. The report represents long and continuous
efforts from the scientific community to raise concerns and provide evidence
about the potential effects of persisting in producing and consuming without
checking the status of the environment. The evidence presented in the report
played a pivotal role in initiating a global dialogue about the need to balance
economic development with environmental protection and to develop strategies
for sustainable resource management and equitable distribution of wealth.

Although the publication of the report inspired subsequent research and
activism aimed at finding solutions to the growing environmental challenges
facing the planet, it is concerning that the use of material resources has increased
by approximately 12-fold since 1970 to 2017 (OECD, 2019). In fact, as of 2022,
global consumption has reached an equivalent of 1.7 planet Earths (Global
Footprint Network, 2023). Despite subsequent efforts and warnings to revert
this situation, humankind’s ecological footprint has increased by 190% (Collins
et al., 2020) and global demand for resources is expected to double by 2050
(Krausmann et al., 2018; OECD, 2019). As a result of over-exploiting natural
resources and polluting the environment, life on Earth is operating beyond its
safe limits (Persson et al., 2022; Rockström et al., 2009; Steffen et al., 2015;
Wang-Erlandsson et al., 2022).

Without further action to resolve this situation, the environment will
likely continue to deteriorate, and negative climate impacts will accelerate.
Addressing this problem is critical because it has profound implications for a
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4 CHAPTER 1. INTRODUCTION

variety of dimensions that range from food and water security to human health
and even peace and global stability (Perera, Nik & Chen, 2020; Romanello
et al., 2021; Schmidt, 2022; Vicedo-Cabrera, Scovronick & Sera, 2021; Zhao
et al., 2022).

Mobilised to confront the pressing challenges of our time and forge a path
toward a global sustainable future, world leaders made a historic commitment
in 2015 by endorsing the 2030 Agenda for Sustainable Development and the
Sustainable Development Goals (SDGs). This marked a significant turning
point in human history as leaders recognised the situation’s urgency and
committed to allocating resources and efforts toward achieving 17 SDGs. These
goals encompass many objectives, from fostering a sustainable environment
to ensuring access to fundamental human rights such as health, food, and
education.

Humanity’s overarching challenge lies in balancing the pursuit of higher
living standards for all with the imperative to restore and safeguard our planet’s
health and resilience. This dual challenge highlights the interconnectedness of
social, economic, and environmental sustainability and calls for holistic and
integrated approaches. The tension and synergies across the various SDGs
are complex, and understanding their linkages is crucial to unlocking their
potential and ensuring progress (European Commission. Statistical Office of
the European Union., 2019, 2022).

As expected, there is a strong relationship between how we live (SDG 11:
Sustainable cities and communities) and how and what we consume (SDG 12:
Responsible consumption and production) with the rest of the SDGs (Lucertini
& Musco, 2020). Delivering Sustainable Cities and Communities is a critical
Goal that catalyses to achieve other Goals (European Commission. Statistical
Office of the European Union., 2019).

Cities are fundamental pieces of infrastructure, engines of growth and
responsible for providing diverse goods and services to residents. By 2050,
cities will host up to 70% of the global population (United Nations Human
Settlements Programme, 2020). Therefore, adequate management of urban
areas is critical to delivering health, education, and wealth to its residents.

At the same time, urbanity contributes to delivering well-being; urban areas
are hotspots of resource consumption and resulting waste. They are globally
responsible for producing 70% of the wealth, 70% of the waste, and 70% of
the greenhouse gases (United Nations Conference of Housing and Sustainable
Urban Development, 2016). Paradoxically, while the material needs to deliver
urbanity have grown constantly, reused materials have remained relatively low,
below 10% (Circle Economy, 2020; Haas et al., 2015, 2020a). This situation
offers an opportunity to use resources more efficiently and reduce extraction
by transforming and recovering what is being wasted. Adequate management
of cities and the activities producing and consuming resources within them
will be determined in delivering sustainability (European Commission, 2018;
Graute, 2016; OECD, 2020).

In this context, the idea of Circular Economy (CE) has been gaining
traction among academics, policymakers, and industry (European Parliament,
2020; Ghisellini, Cialani & Ulgiati, 2016; OECD, 2020). The CE is perceived
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as a relevant set of strategies for delivering economic growth while meeting
environmental targets (European Commission, 2020). At its core, contrary
to the current linear economy (”take-make-dispose”), the CE aims to (one)
take as little as possible from nature, (two) maintain rather than make new
products, and (three) minimise waste by reusing materials for their highest
possible value (Bocken, Bakker & de Pauw, 2015). Academics (Gura et al.,
2023; Martin Calisto Friant & Salomone, 2023) and practitioners (Arup, 2023;
Ellen MacArthur Foundation, 2018; Sweco, 2023) recognise the importance of
better understanding how to implement CE ideas in cities.

Dedicated to accelerating this transition, the European Union (EU) CE
Plan is one of the main building blocks of the EU Green Deal. This plan
sets ambitious targets for five themes to be met by 2025. For instance, for
Waste Management (WM), 55% of municipal waste and 65% of packaging
waste must be prepared for reuse or recycled (European Commission, 2020).
Because of the relevance of cities and the current traction of CE, exploring
how these strategies can be integrated into the city has the potential to lead to
environmental benefits (ESPON, 2019). Spatial planning could contribute to
establishing long-term sustainable frameworks and cohesion within cities and
their network that compose regions. Spatial planning is a crucial instrument
that fosters the integration between various actors and sectors by facilitating
their organisation in the territory (United Nations, 2008).

Spatial planning means influencing future spatial distribution of activities to
create a more rational territorial organisation of land use and linkages between
them. To plan is to balance the demands for development with the need to
protect the environment while achieving social and economic objectives (United
Nations, 2008; Wegener, 1998). This complex activity requires engaging with
multiple interacting sub-systems that create a complex and intricate reality
where proposing solutions is not straightforward. Usually, the problems planners
face lack an adequate definition; it is difficult to determine when policy roles
are achieved, and solutions cannot be tested beforehand. These characteristics
are described as wicked Problems by Rittel and Webber (1973). Taming such
problems has been a concern for planners and policymakers- for a long time, and
different approaches have been proposed to deal with these problems better.

The development of cities and their activities require the consumption of
resources to flow into the city. As these resources are used or transformed, other
materials flow out as waste and pollution or are dissipated as heat. Kennedy
and Hoornweg (2012a) reminds us that “Understanding energy and material
flows through cities lies at the heart of developing sustainable cities.”.

If abstracted, an analogy can be drawn between the process that generates
the inflow and outflow of resources in cities and the metabolism of a living
organism. As its name indicates, the field of Urban Metabolism (UM) is known
for using this analogy to strive for urban environments that mimic efficient
biological processes. It would be more appropriate to relate the concept of
cities with an ecosystem. In the field of UM, natural ecosystems (Golubiewski,
2012; Kennedy, Pincetl & Bunje, 2011a) are seen as perfect because they are
generally self-sufficient. There is no waste because, once used, resources are
recycled and used in various other natural processes.
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The concepts of UM and CE strive for similar objectives despite being
developed independently (Lucertini & Musco, 2020). In both cases, the focus
is to deliver sustainability by improving resource management. On one hand,
the concept of CE aims to regenerate the environment by offering a concrete
set of strategies to guide practitioners and consumers. Often, the focus of the
CE is not set on the location and drivers of material flows but rather on how
to minimise the environmental impacts. CE provides a supportive economic
system and guides practitioners towards better practices.

On the other hand, UM engages with these flows and provides methods
of accountability to track the stock of materials, which flow through the
cities (Haas et al., 2020b; Lucertini & Musco, 2020). Usually, UM uses an
accountability method known as Material Flow Analysis (MFA) to study the
material flowing in and out of the city. UM can offer an adequate framework
to quantify how resources are used and how to improve their use. Articulated
adequately, the concepts of UM and CE provide a comprehensive understanding
of how resources flow and what actions can be placed to improve material
use (Cui, 2022; Gao et al., 2020; Haas et al., 2020b; Lucertini & Musco, 2020;
Mayer et al., 2019)

Despite the name of the field suggesting a focus on urbanity, the field of
UM has been criticised for mainly focusing on material flows and adopting a
flat simplification of the urban processes. Overlooking questions about where
and how these materials move (in space), what are the drivers of these flows
(behaviours and actors) or how the material flows over time (Athanassiadis,
Crawford & Bouillard, 2015; Céspedes Restrepo & Morales-Pinzón, 2018; Dijst,
2013; Dijst et al., 2018; Newman, 1999a; Pincetl, Bunje & Holmes, 2012;
Rosado, Niza & Ferrão, 2014; Zhang, Yang & Yu, 2015). For local authorities
to capitalise on the insights derived from UM analysis, it is critical to identify
where the resources are in the territory and what actors are responsible for their
production and consumption. Also, policymakers could benefit from having as
much updated information as possible instead of receiving information years
after implementing changes or policies. Eventually, temporal information and
evaluation of scenarios will be essential to manage resources in cities (Lucertini
& Musco, 2020).

The study of UM is challenging and context-dependent. It is information-
intensive and requires knowledge across various urban domains. To date, only
122 case studies of MFA in urban areas have been carried out (Guibrunet &
Sánchez Jiménez, 2023), demonstrating the gap in addressing environmental
sustainability with UM (Kennedy, Pincetl & Bunje, 2011b).

Urban Analytics (UA), positioned as a sub-field within the evolving domain
of geo-data science, offers a methodological approach for comprehending cities
through computational techniques (Andrea Caragliu & Nijkamp, 2011; Batty,
2011; Singleton & Arribas-Bel, 2021). According to Batty (2019), “UA is a
core set of tools employed to deal with problems of big data, simulations, and
geo-demographics.”

The field of UA has played a crucial role in developing, deploying and
using new data sources to deliver better human settlements by providing more
detailed insights about various urban dynamics. For instance, logistics and
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mobility are some of the fields of application that have benefited the most from
using these new data sources and techniques. To some extent, the rapid growth
in these fields is related to data availability and the ubiquity of technology
that enables activity tracking. Although there are clear benefits to using more
precise information to manage urban systems, its development and deployment
to other domains have been asymmetric. When it comes to managing resources
or quantifying, the application of UA is arguably at the early stages. The use
of new technologies to capture, process and analyse data to produce insights
represents an excellent opportunity to transition towards the CE (Athanassiadis,
2020; European Commission. Directorate General for Research and Innovation.
et al., 2022; Hedberg & Sipka, 2020; World Economic Forum, 2015; Zhang,
Yang & Yu, 2015).

Consequently, UA can help enrich the framework of UM by introducing
(one) techniques to manage and analyse spatiotemporal information and (two)
simulations and models of urban processes.

1.2 Problem definition

The research field of UM started as an accounting method to consider overall
material inputs, stocks and outputs of an urban system in a given moment.
Traditionally, these studies overlooked the various urban dynamics such as the
residents’ lifestyles, urban form, technologies or institutions (Athanassiadis,
Crawford & Bouillard, 2015; Newman, 1999a; Zhang, Yang & Yu, 2015). Figure
1.1 shows a typical representation of how material flows of an urban area are
analysed and represented when performing a metabolic study. In this figure,
the city is abstracted to a single element to show that the city is responsible
for transforming materials.

Figure 1.1: Material flow diagram of a city. Source: Kennedy and Hoornweg
(2012b)
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The figure presents the results of calculating various materials flowing in and
out of the city. UM, studies can be used to optimise flows and to reflect upon
multiple ways material flows can be affected to attain particular objectives:
reducing natural extraction or minimising pollution. However, because the
focus of UM is set on the flows, these studies can not inform about how changes
in material flows affect the city or how changes in the city affect material
flows (Lucertini & Musco, 2020). Moreover, it is impossible to understand how
material flow changes affect specific urban actors such as industries or residents.
Because these processes were hidden, UM has been associated with a black-box
framework.

Navigating the complexities of urban life requires methodologies that com-
plement and interact with UM (Zhang, Yang & Yu, 2015). It is crucial to note
that UM contributions are invaluable in accounting for material and energy
flows within cities. The efficacy of UM is unquestionable. UM studies can
be used to optimise flows and to think of various ways flows can be affected
to attain particular objectives: reducing natural extraction or minimising
pollution.

To address this gap Fischer-Kowalski (1998), Fischer-Kowalski and Hüttler
(1998) and Newman (1999b) advocated the importance of extending the UM
framework with social aspects and looking at the dynamics of settlements.
Together with frameworks aimed to explore drivers in material flows and
changes in the environment, such as the Driver-Pressure-State-Impact-Response
Framework (DPSIR) can improve the description of urban systems and better
inform policies (Dijst et al., 2018; Rapport & Friend, 1979; Tscherning et al.,
2012a).

After an extensive review, Papangelou, Bahers and Aissani (2023) categorise
and provide evidence of how various drivers influence the metabolism of cities.
For example, in lower-income and more vulnerable neighbourhoods, the housing
stock is often older and less energy-efficient than newer homes (Porse et al.,
2016). As the age of the buildings increases, more energy per square meter is
required. Therefore, a policy that aims to upgrade the building stock to improve
its efficiency requires dealing with the complexities of the socio-economic fabric.

This example illustrates how socio-economic factors (b) relate to the urban
form (a) and determine the metabolism of a place (c). As resources are used and
waste and pollution are generated, the status of the environment (e) changes
over time (d). The abovementioned process can be traced in Figure 1.2. The
diagram can also be used to explore other examples. Still, in all cases, it helps
to reflect the role that spatial, temporal and social (economic-institutional-
behavioural) aspects play in determining the status of our environment.

Since its initial conceptualisation, several authors contributed to opening
the UM black box by introducing spatial (Kennedy, Pincetl & Bunje, 2011a;
Patricio, Kalmykova & Rosado, 2020; Porse et al., 2016) and social (Huang
et al., 2018; Rosado, Kalmykova & Patŕıcio, 2016) and temporal aspects (Huang
et al., 2018; Kalmykova, Sadagopan & Rosado, 2018a; Kennedy, Cuddihy &
Engel-Yan, 2007; Kolkwitz, Luotonen & Huuhka, 2023). Moreover, another
stream of contributions enabled the granularity of the macro material flows to
be gained by accounting for different products and their environmental impacts
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across their life cycles (Gontia et al., 2018; Lanau & Liu, 2020; Lavers Westin
et al., 2019; Patricio et al., 2017; Rosado, Kalmykova & Patŕıcio, 2016).

Figure 1.2: Relationship across multiple urban dimensions.

However, much research is needed to continue finding evidence of the
interplay of these urban factors. The relationship between the tangible and the
intangible dimension remains unsolved (Céspedes Restrepo & Morales-Pinzón,
2018)[p.223].

The laking of adequate (A) information, (B) metrics, and (C) tools and
methods to track environmental progress represent significant challenges in
the field of UM (Kalmykova & Rosado, 2015; Kennedy & Hoornweg, 2012c;
Papangelou, Bahers & Aissani, 2023; Rosado, Niza & Ferrão, 2014; Zhang,
Yang & Yu, 2015). These challenges relate to the digitalisation process and
represent interrelated obstacles to the metabolic study of urban areas. Figure
1.3 outlines the main challenges addressed in this thesis.

Overcoming these challenges is critical to continuing to open the UM
black box and revealing the relationship between the spatial, temporal, and
behavioural aspects that determine city metabolism.

Adequate and sufficient information (A) is one of the most critical aspects.
Without a comprehensive understanding of the processes governing mater-
ial flows in city regions, decision-makers lack the essential insights to inform
sustainable urban development. A solid information foundation is needed to im-
prove the ability to set meaningful targets, evaluate the impact of interventions,
and develop models to make informed decisions.

Metrics are pivotal in tracking progress (B), assessing system efficiency,
and identifying areas for improvement. However, defining meaningful metrics
becomes a formidable challenge without a solid information base and accurate
tools. The need for well-defined metrics limits their effectiveness in providing
insights and guiding decision-making processes. This is reflected in having poor
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Figure 1.3: Digitalization Obstacles Loop

guides about relevant information, and with no metrics, it is challenging to
think of using models.

Finally, the challenge of developing and deploying digital tools and methods
(C) is directly connected to the information deficit. These tools, crucial for data
collection, processing, and analysis, rely on a robust information foundation.
Conversely, the absence of accurate tools hinders the extraction of valuable
insights from available data, creating a feedback loop that perpetuates the
information gap.

The interplay between these elements results in a systemic challenge where
deficiencies reinforce each other. This can lead to a cycle of suboptimal
decision-making, ineffective interventions, and an overall lack of progress in
understanding and managing material flows in city regions. Progress in these
obstacles will enrich the UM framework by integrating more details to identify
stakeholders and their drivers in space and time.

Addressing this multifaceted challenge necessitates a holistic approach. Initi-
atives to enhance information gathering must go hand-in-hand with developing
advanced digital tools and establishing meaningful metrics. Closing gaps in one
of these aspects can positively impact the others, creating a more robust and
interconnected system that facilitates a better understanding of the metabolic
processes in cities.

1.3 Thesis purpose and research questions

This thesis aims to advance the development of digital models to enrich the
framework of UM. Ultimately, in the long run, by incorporating the spatial,
temporal and behavioural dimensions into this field of research, it would
be possible to design policies that promote circularity and environmental
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regeneration. This research addresses the challenges addressed in the previous
section by proposing digital tools and models that enable the exploration
of how interventions in complex urban systems will determine material flow
changes. First, a general framework was developed to organise knowledge and
information about waste and resources in cities. Secondly, a set of applications
focused on disentangling how space, behaviour and time affect material flows.
Figure 1.4 presents the main dimensions to explore.

Figure 1.4: Dimensions to be explored: Space-Time-Behaviour

To achieve this aim, this thesis pursues the following objectives:

1. To model information about waste and resources in city regions

2. To enrich UM framework by proposing models that include space, time
or behavioural aspects

3. To explore methods to quantify material flow and support closing material
loops

4. Expand the areas of application of UA

This dissertation is structured around the following two main research
questions to achieve the stated aims successfully.

• RQ1: How can Urban Analytics methods contribute to the
analysis of urban material flows?

• RQ2: How can the Urban Metabolism framework be enriched
to support urban strategies to close material loops?

The pursuit of RQ1 contributes to model information about resources and
expands the areas of application of UA. Because of its broad nature, answers
to this question are addressed in two forms throughout the thesis. RQ1 is first
discussed on a conceptual level by developing a general framework for city waste
and resources. This framework is presented as a core development that enables
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the exploration of various applications with UA. The framework was crafted to
include spatial, temporal and behavioural aspects in future analysis. Secondly,
answers to RQ1 are also found while further exploring the set of applications
used to validate the general framework. In this case, the question is addressed
practically, as using various methods of UA enriches the description of material
flows.

The second question has practical implications and relates directly to some
of the limitations identified in the UM framework. Answers from RQ1 enabled
the development of a set of applications to enrich the framework. To answer
RQ2 these applications show how spatial, temporal and behavioural aspects
could be used to quantify material flows. Also, these explorations expand the
areas of application of UA and explore methods of UA to close material loops.
Because this thesis focuses on showing how spatial, temporal and behavioural
aspects can be introduced, RQ2 is three-folded and can be divided into three
sub-questions, each referring to one of the specific dimensions to be explored.

– How can spatial aspects enrich material flow analysis?

– How can temporal aspects enrich material flow analysis?

– How can behavioural aspects enrich material flow analysis?

1.4 Audience and relevance

This dissertation makes a direct contribution to the field of UM by exploring
how advancements in UA can help manage information and integrate the
spatial, temporal, and behavioural dimensions of the UM framework. The
project uses tools from UA to reveal urban dynamics and complement the
analysis of the metabolism of cities. The models presented in this project
serve as proof of concept and demonstrate how they can be further developed
to inform decision-making aimed at closing material loops and reducing the
environmental impact of urban areas.

The outcomes of this thesis and the models developed during this project
are expected to provide valuable support to urban planners and practitioners
in the field of WM or CE. These tools and models are not standalone solutions
but require continuous input and feedback from various experts to ensure their
effectiveness. This thesis is a collaborative resource, inviting practitioners to
contribute to advancing the digitalisation of waste and resources in city regions.

While this thesis primarily presents methodological advances to enrich UM,
this project, initially driven by urgent environmental and sustainable develop-
ment challenges, is expected to make a lasting positive impact on delivering
sustainable settlements (SDG11) by promoting responsible consumption and
production practices (SDG12). The long-term benefits of this research are
aimed at fostering a more sustainable and resilient urban environment.
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1.5 Disposition of the dissertation

The dissertation’s outline consists of six chapters. In Chapter I, the introduction
chapter, the reader is introduced to the research topic, and the research
questions are presented. Chapter II provides a literature review of this project’s
main concepts and theories, laying the foundation for the subsequent chapters.
Chapter III presents the methodology used in this project, detailing the specific
techniques used in pursuing the different articles produced during this PhD.
Chapter IV presents the main findings, and in Chapter V, these results are
discussed and analysed, reflecting on how the individual studies pursued during
this project contribute to answering the research questions. Lastly, the final
chapter presents concrete answers to the research questions. This chapter
discusses limitations faced during this project and makes propositions for
further enriching the modelling framework of UM are discussed.
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Chapter 2

Theoretical background

In response to the rising environmental and material scarcity problems, various
policies have been developed to address the need to reduce waste and improve
resource efficiency. During the last decades, two overlapping concepts have
increased visibility and attention from policymakers, academia, and the private
sector. Both Circular Economy (CE) and Urban Metabolism (UM) focus on
transitioning from the current linear economy of ’extract-use-dispose’ to a
more circular economic system where resources and products are better utilised
(Lucertini & Musco, 2020).

At the same time, the field of Urban Analytics (UA) offers a distinct and
indispensable methodology for translating these policies into tangible actions
and assessing their effects (ESPON, 2020; European Commission. Directorate
General for Research and Innovation. et al., 2022; Gupta et al., 2019a; Kennedy
& Hoornweg, 2012c; Li & Kwan, 2018; Morphet & Morphet, 2019; Tseng et al.,
2018; Zhang, Yang & Yu, 2015).

The remainder of this chapter introduces each of these three main concepts.
First, the idea of CE is introduced, and the focus is set on efforts to measure and
promote advances in cities and regions. Then UM is presented as a framework
to support the reuse of materials in cities by quantifying how materials flow in
cities. Finally, advancements in UM using UA to study material flows.

2.1 Circular Economy

During the past decades, CE has gained traction among academics, policy-
makers, and businesses, especially since the EU presented the CE Action Plan
in 2015. Under the CE, the current linear economy is mainly responsible for
the problems previously mentioned and proposes a radical system change to a
CE (Geissdoerfer et al., 2017). The CE offers concrete strategies to regenerate
the environmental damage caused by our current linear economic systems while
continuing to generate wealth and social benefits. The CE is an economic
system that enables the decoupling of economic prosperity from environmental
degradation (Fischer-Kowalski, 2011).

15
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The concept of CE is not new and, to some extent, familiar (Sikdar, 2019).
“Economics of the Coming Spaceship Earth” by Boulding (1966) introduced the
metaphor of the Cowboy and the Spaceman economy to address a fundamental
critique of the current economic system. While the Cowboy’s Economy measures
growth “by the amount of the throughput from the factors of production”,
Spacemen Economy views “throughput as something to be minimised, and
the focus is maintaining the total stock”. Because of this radical position,CE
is sometimes perceived as a new paradigm (Geissdoerfer et al., 2017; Nielsen
et al., 2004) aligned with the Rs hierarchy of waste management popularised
during the 1990s. The Rs hierarchy, or the three Rs, refers to an economy
that seeks the reduction of material needs, reuse of products and recycling
(European Commission, 2023). Eventually, the hierarchical framework of the
three Rs was expanded to nine Rs (Potting et al., 2017) and ten Rs (Reike,
Vermeulen & Witjes, 2018). This initial conceptualisation prioritises actions
and strategies to minimise waste and reduce environmental degradation. Often,
CE are aligned with these Rs strategies. Figure 2.1 presents the expanded waste
hierarchy framework about the level of circularity. Under this framework, the
“Rs” strategies are usually grouped into three categories: narrowing resource
loss (R0 to R2), slowing material loops (R3 to R7), and closing loops (R8
and R9). Each of the Rs is associated with specific strategies dependent on
the application sector. The strategies range from refusing (R0), rethinking
(R1), and reducing (R2) waste to reusing (R3), repairing (R4), refurbishing
(R5), remanufacturing (R6), repurposing (R7), recycling (R8), and recovering
materials(R9).

Figure 2.1: CE strategies. Source: Potting et al. (2017)
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Among the various actors responsible for mainstreaming and tractioning
the idea of CE, the Ellen McArthur Foundation has had a clear role in leading
and forging the discussion about what CE implies and how it can be instru-
mented (Antikainen, Lazarevic & Seppälä, 2018; Johansson & Henriksson,
2020). Initially, the audience of such ideas were businesses looking to become
more resource-efficient and environmentally sound. The concept of CE is often
communicated with clear and simple visuals. For instance, the popularised
Butterfly diagram distinguishes between biological and technical loops, each
focusing on different aspects (Foundation, 2015a, 2015b). On the one hand,
the biological loop promotes environmental protection and regeneration by
recycling renewable resources that can safely be returned to the environment;
this side focuses on products consumed, such as food.

On the other hand, the technical loop focuses on non-renewable and critical
materials, such as metals or plastics. The framework is known as ReSOLVE
because of the initial letters of the promoted strategies. It introduces three
principles: 1- preserve and enhance natural capital, 2- optimise resource yields,
and 3- foster system effectiveness and translate them into six business actions
that promote REgenerating, Sharing, Optimising, Looping, Virtualizing, and
Changing Foundation (2015a).

Although a circular resource flow is at the definitions’ core, other authors
emphasise various aspects (Murray, Skene & Haynes, 2017). For example,
Allwood et al. (2011) focuses on closing loose ends of the linear economy and
making material use more efficient. Figure 2.2(a) presents the R strategies and
how they can be placed at different supply chain and product life cycle stages.
It clearly shows the placement of various actions and the interrelationships
between the supply chain. According to Bocken, Bakker and de Pauw (2015),
all these strategies can fall within a three-axis framework. The main CE
strategies extend the life of products, narrow material cycles and close loops.
This conceptualisation explicitly shows the desirability of the actions in a simple
but effective diagram presented in Figure 2.2(b). Others, like Geiser (2001),
focus on the nature and characteristics of the products and materials. Under
this view, it is critical to keep track of two dimensions: toxicity and persistency.

Because of its multiple definitions and uses, the CE is often considered an
umbrella concept (Blomsma & Brennan, 2017). The field of CE is growing fast;
in 2017, (Kirchherr, Reike & Hekkert, 2017) collected over 100 definitions of CE
and provided for the first time a working definition that could hold a variety of
perspectives. Since then, the number of definitions has almost doubled, and
in 2023, their review of definitions was updated Kirchherr et al. (2023). The
new definition showed a focus shift from main businesses and introduced an
economic system that aims to regenerate the environment. These changes are
reflected in their updated definition:
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“a regenerative economic system which necessitates a paradigm shift to
replace the ‘end of life’ concept with reducing, alternatively reusing, re-
cycling, and recovering materials throughout the supply chain, to promote
value maintenance and sustainable development, creating environmental
quality, economic development, and social equity, to the benefit of cur-
rent and future generations. It is enabled by an alliance of stakeholders
(industry, consumers, policymakers, academia) and their technological
innovations and capabilities.”. Kirchherr et al. (2023, p. 7)

(a) Framework of CE according to Allwood et al. (2011)

(b) Framework of CE according to Bocken, Bakker and de
Pauw (2015)

Figure 2.2: Comparison of frameworks for CE
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In opposition, Figge, Thorpe and Gutberlet (2023) view such definition as
broad and argue that the definition of CE must contribute to delineating the
concept from related ones. As a result, their definition contains four necessary
and sufficient characteristics. First, CE must introduce closed resource loops.
Two, CE must include the optimisation of resource flows. Three, CE is a
multi-level concept and four, a caveat: the perfect resource circularity is highly
unlikely to occur due to the law of thermodynamics and human errors. Even
though, to date, there is no commonly agreed-upon definition of CE, it has
been endorsed and mobilises a significant amount of resources (Kirchherr et al.,
2023).

The discourse surrounding the definition of the CE continues to evolve,
with multiple proposals emerging to measure its impact. Extensive reviews
offer valuable insights and classifications regarding the CE, shedding light on
its practical translation and de facto definition. Examination of the indicators
used to evaluate circularity reveals a notable shift within the CE framework
from emphasising regeneration and footprint reduction to prioritising material
circularity (Corona et al., 2019; De Pascale et al., 2021; Geng et al., 2012; Mies
& Gold, 2021; Parchomenko et al., 2019). The list of indicators used to assess
CE often overlaps with various areas of sustainable development (Superti et al.,
2021).

These reviews and analyses of indicators that track circularity align with
the European Union’s conceptualisation of CE. The EU defines CE as a
production and consumption model centred on reusing, repairing, refurbishing,
and recycling materials and products to minimise waste and promote resource
efficiency. In practice, a CE minimises waste through reusing, repairing,
refurbishing, and recycling existing materials and products. The EU’s CE
Action Plan outlines measures across five priority sectors: plastics, food waste,
critical raw materials, construction and demolition, and biomass and bio-based
products (European Commission, 2020).

High-level strategies such as Refuse or Rethink are absent from this defini-
tion, suggesting a focus primarily on material management rather than broader
behavioural shifts. The extensive reviews provided by De Pascale et al. (2021),
Moraga et al. (2019) and Parchomenko et al. (2019) effectively demonstrate
the range of indicators used to address circularity. More than 60 indicators are
being used to assess different aspects of the CE. Given the diversity of domains
targeted by the CE, it is reasonable that a set of indicators are used for this
purpose (Moraga et al., 2019) and new metrics should contribute to guide
policies by indicating direct links of CE actions and environmental improvement
(Corona et al., 2019).

Alongside environmental considerations, the CE EU plan also aims to reduce
material dependency and secure critical resources for the EU (Domenech &
Bahn-Walkowiak, 2019; Foster & Saleh, 2021; Mayer et al., 2019; Oakdene
Hollins, 2017). The Action Plan proposes various measures, including legislative
actions, communication strategies, implementation and enforcement efforts,
guidance and best practices dissemination, development of indicators and stand-
ards, support mechanisms, and financing instruments, all aimed at fostering a
more CE within the EU. Moreover, the progress of CE is not homogeneous,
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with some regions leading while others are lagging (Mazur-Wierzbicka, 2021;
Silvestri, Spigarelli & Tassinari, 2020). The transition towards this vision can
be accelerated by deploying better infrastructure, policies, and technologies
that foster resource efficiency (Mhatre et al., 2021)

In summary, the discourse on the CE encompasses ongoing debates about
its definition and measurement. While the EU’s framework emphasises material
circularity and resource efficiency, it falls short of addressing broader behavioural
changes. The CE Action Plan outlines a comprehensive set of measures across
multiple sectors and areas to promote circular practices and address challenges
related to waste management and resource dependency within the EU.

As the CE is often presented as a means to sustainable development, the
alignment between the three dimensions of sustainability and the reviewed
indicators is analysed, which showed that the majority of indicators focus on
economic aspects, with environmental and mainly social elements included to
a lesser extent (Kristensen & Mosgaard, 2020; Mies & Gold, 2021; Moreau
et al., 2017). This biased approach to a CE that favours economic aspects
over environmental and social impacts can lead to sub-optimisations when
companies apply a CE and may lead to a narrower approach to sustainability
than what has previously been the case. Mies and Gold (2021) addressed this
gap and identified a set of social factors to be included in the discourse of CE.
For future research, it can be interesting to explore if the same bias exists on
the meso and macro levels and analyse how a more coherent approach can be
standardised on a micro level.

The discussion around the definition of CE is both relevant and critical.
Without a clear and unified definition, it is practically impossible to understand
the reach of the CE, and more importantly, it hinders the possibility of tracking
its progress. Despite the multiplicity of definitions, transitioning to a CE is
perceived as desirable and a way of delivering several of the SDGs simultaneously
(Rodriguez-Anton et al., 2019; Schroeder, 2018; Velenturf & Purnell, 2021).

Advancing CE and closing material loops have to be perceived as a means
to regenerate the environment and deliver better living standards. Blum,
Haupt and Bening (2020) suggest that policymakers should aim to deliver a
Sustainable CE, a more specific CE. The transition towards this subtype of
CE can be achieved only if four conditions are present. First, if the amount of
material circulated at its highest possible quality increases. Two, when more
economic value is created, and three, if less environmental harm is created.
Fourth, when better social conditions are delivered, the concept of CE has
been defined as an umbrella concept that concentrates on various aspects of
sustainability (Blomsma & Brennan, 2017; Geissdoerfer et al., 2017; Kirchherr
et al., 2023; Korhonen et al., 2018). These arguments also reflect the position
of various critical studies on the contribution of CE to sustainability, especially
discussions about the need to reinforce the social gains of CE and whether this
approach delivers strong or weak environmental sustainability (Bond et al.,
2011; Velenturf & Purnell, 2021).

The difficulty in establishing common ground across academia, practition-
ers, and policymakers is rooted in two main characteristics of the concept.
First, a systems approach is needed to understand how material extraction,
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transformation, and disposal of products affect our environment. The field of
CE is interdisciplinary (Murray, Skene & Haynes, 2017; Ritzén & Sandström,
2017) and transdisciplinary (Walmsley et al., 2019), needing experts from fin-
ance, chemists, logistics, designers or lawyers, and so forth to collaborate with
practitioners and governmental agencies. Second, the concept engages with
physical objects which last in time and move over space. Following products
along a supply chain also implies that the idea presents relationships across
multiple scales and actors.

The ideas behind the CE have been critically reviewed. Some critics point
out that the CE needs to address established knowledge about whether loops’
complete closing is achievable. Closing loops create dissipation and entropy,
which means a loss of energy (Figge, Thorpe & Gutberlet, 2023). Consequently,
thinking of an economic system without new materials is practically impossible.
Moreover, questions about definitions and measurements must be addressed
for the CE to emerge as a prevailing paradigm.

Recent research in environmental science has revealed that the decoupling
strategies that propose that economic growth can still be achieved while
maintaining environmental sustainability may not be sufficient to meet the
current climate targets. In recent years, the concept of degrowth has been
gaining attention. Several indicators used to evaluate progress on CE neglect
metrics of overall consumption and R strategies aimed to refuse and reduce
consumption by narrowing material flows. Degrowth research advocates for
narrowing material loops (Refuse, Rethink and Reduce), and it is expected that
future definitions CE will incorporate recent evidence (Parrique et al., 2019;
Vadén et al., 2020). Moreover, Bauwens, Hekkert and Kirchherr (2020) discuss
different variations of how the future CE would look. The study presents a
framework of four quadrants composed of the intersection between the degree
of innovation (low-high) and the governance style (centralised-decentralised).
This schema offers stakeholders alternatives to discuss policies and actions
towards the transition towards CE. For example, this schema shows that a
single R strategy can be delivered with high or low technologies.

Territorial implementation of Circular Economy

Since 2019, research and policy on CE have continued to grow, and its multiple
benefits have been identified. The narrative of CE has emerged at the city
level. Although the leading five city labels identified in the literature review
performed by De Jong et al. (2015) and Wang, Ho and Fu (2019) are sustainable,
smart, digital, eco and green cities, the concept of Circular City is growing.
It will reach a conceptual maturity sometime before 2040. Besides academic
publications, CE has become a recurrent term in policy and planning documents
in various cities across the globe, such as Amsterdam, London, Ume̊a, Munich,
Utrecht, Gothenburg, Scotland, Sicily, Stockholm or Copenhagen (Coskun
et al., 2022; ESPON, 2020; Gravagnuolo, Angrisano & Fusco Girard, 2019;
Prendeville, Cherim & Bocken, 2018; Williams, 2023).

Several contributions have studied specific territories adopting CE strategist
and compared them using various frameworks. For instance, Prendeville,
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Cherim and Bocken (2018) propose to study city circularity by considering
top-down approaches. As a result, the strategies of six cities were evaluated
using the dichotomy of top-down and bottom-up in the context of the ReSOLVE
framework. The resulting analysis indicated the CE concept was intertwined
with ideas of smart cities and general sustainability practices and that policy-
makers were having difficulties grasping how CE can be a guiding principle
for managing cities. After evaluating CE policies in Amsterdam, Glasgow
and Copenhagen, Martin Calisto Friant and Salomone (2023) conclude that
the strategies often focus on resources and technological advances. Similar
conclusions were synthesised by other authors who studied progress in the
Netherlands,

In the context of China, in 2013, 40 cities were subject to the CE pilot
program. Wang et al. (2018) and Wu et al. (2022) study their progress from
2015 to 2017 and conclude that overall, CE, as measured by a composite index,
circularity increased significantly. Again, the metrics used to assess circularity
use a narrow and, to some extent, simplistic understanding of the CE. Most
of the indicators focus on material use efficiency; there is no direct link to
environmental variables, and it isn’t easy to track progress on circularity goals.

Campbell-Johnston et al. (2019) study how the strategies of CE are im-
plemented in practice in three cities of the Netherlands. They interview
policymakers, analyse white documents, and conclude that the critical mu-
nicipal instruments to deliver CE include public procurement, zoning laws,
capacity building and knowledge exchange. Their study also revealed that these
practices mainly affect purchases and the construction and demolition sector.
Overall, the officers faced difficulty determining how CE can be translated into
a policy tool to affect value chains and reduce material consumption. In a
similar context Savini (2019) and Zeller et al. (2019) identify waste management
and households’ central role in delivering circularity at the local scale.

As previously stated, the fixation on material efficiency can deliver weak
sustainability because of the lack of social components. For example, some cities
from developed countries are perceived and self-perceived by their residents
with low environmental footprints, but due to imports, the footprint is on the
rise Bolger and Doyon (2019). Despite previous blunders on how CE is being
translated or measured, the policies set by cities play an essential role in the
transition. The authors highlight the importance of adopting holistic and system
thinking approaches Bassi et al., 2021a that enable one to understand the bigger
picture of the problem. The CE is seen as an aspect of urban sustainability, and
it offers a rich set of metrics to measure resource efficiency (Superti et al., 2021).
Moreover, without a link to environmental measurements, assessing whether
material circularity contributes to regenerating the environment is impossible.
Such measurements in isolation do not contribute to informing policymakers
and urban planners to determine how the various interventions are contributing
to delivering any of the sustainable goals (Kalmykova, Sadagopan & Rosado,
2018b; Papageorgiou et al., 2021).

Despite these challenges, several cities have implemented CE differently.
These reviews show the use of CE in planning documents and address the
need for policymakers to understand better the full scope of the CE. The
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Table 2.1: Comparison of scales of operation of CE for businesses and the
territory

translation of CE to urban policies is not straightforward, and these early CE
developments in cities have faced several limitations while working with the
ReSOLVE framework. For example, the CE’s scale of operation does not work
in urban and regional planning. The macro level scales usually contain Cities,
Regions, Nations and beyond (Kirchherr, Reike & Hekkert, 2017), but from
the point of view of territorial organisations, these are significantly different
scales. Therefore, territorial strategies can be operated at a continuum of
interdependent geographical scales as shown in Table 2.1.

Seven aspects can be found among the leading proponents of Circular Cities
(Bassi et al., 2021a; Paiho et al., 2020; Verga & Khan, 2022; Williams, 2023).
First, this framework was developed to address businesses and markets and
does not consider one of the most valuable resources in cities: land. At the
core of urban planning is adequate land management and the organisation
of the desired activities in specific locations. Therefore, Circular Cites and
Urban Circularity must incorporate this dimension, such as urban farming
and parks. A second limitation is that cities are not the same as firms or
sectors. Cities are usually seen as complex urban systems with various actors
interacting and having their motivations. Third, cities and their material flows
depend on multiple scales, often exceeding the city scale. This means that
the material demand, waste production and pollution impact various scales.
Acknowledging these scales is crucial to localise material flows. Next, CE
often focuses on the production side, but consumers and their behaviour play
a pivotal role in determining the influx of resources and how much waste is
generated. Finally, infrastructure and its adaptation are crucial to integrate
urban activities and, at the same time, increase the system’s resiliency. The
more flexible the infrastructure is, the less resources will be wasted.

The implementation of CE in cities is intended to address these challenges.
Williams (2023) uses the ReSOLVE principles and suggests seven circular
actions. Three core actions: 1- Looping, 2- regenerating, and 3- adapting,
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Figure 2.3: Causal loop diagram of CE strategies. Source: Bassi et al. (2021b)

underpin the resource cycling processes. Implementing these actions guides
more efficient use of resources while regenerating the environment. On top of
these main actions, the other four supporting actions reinforce the more efficient
use of materials. These actions are characterised by localising, substituting,
sharing, and optimising loops. This definition overlaps with the articulation
developed during the ESPON CIRCTER project aimed to study the territ-
orial implication of the CE, delivering two main academic outputs (ESPON,
2020). The first research classified different CE definitions and determined
the spatial characteristics relevant to delivering CE (Carlos Tapia & Bassi,
2021). In this case, agglomeration economies and land productivity are the core
identified factors. These two factors determine the overall material efficiency
of the city and cluster of cities within a region. Hard factors, such as technolo-
gical innovation and infrastructure, and soft factors, such as governance and
knowledge-related factors, catalyse these two factors. Secondly, (Bassi et al.,
2021b) presents CE as a complex challenge that requires a system thinking
approach and uses Casual Loop Diagrams to track progress on CE. Figure 2.3
presents the framework for analysing specific areas’ circularity. The model
describes the various interactions across and actions that determine and affect
the level of circularity.

Verga and Khan (2022), refers to Urban Circularity, and it proposes a
broader definition. In their conceptualisation, cities pursue circularity-driven
ambitions. This purpose allows policymakers to question how the planning
of the territory can contribute to reducing environmental damage and better
managing finite resources. This definition is similar to the one ascribed by
(Fusco Girard & Nocca, 2019; Paiho et al., 2020; Prendeville, Cherim & Bocken,
2018), which defines a circular city that pursues circular actions with the help of
the various city stakeholders (citizens, business, policies, NGOs and academia).
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Finally, in 2022, the European Commission. Directorate General for Re-
search and Innovation. (2022) presented a methodology to implement CE at
a local and regional scale. The report collects and synthesises the ongoing
research on circular cities and connects it with relevant policies. The report
identifies seven key sectors crucial for CE: electronics, batteries, packaging,
plastics, textiles, construction, and food. The document proposes a three-step
process to develop and deploy circular solutions. The process starts by mapping
the resources and establishing a baseline, defining policies, implementing them
and monitoring their progress. As pointed out by other researchers, a critical
point in managing resources is to study the material demand of the city that
generates various material flows. One of the leading frameworks to study these
materials flows is known as UM and has been identified as a critical analysis tool
to determine the baseline of flows and understand how to transition to urban
circularity (Brglez, Perc & Lukman, 2023; European Commission. Directorate
General for Research and Innovation., 2022; Kalmykova, Rosado & Lisovskaja,
2015; Lucertini & Musco, 2022; Rosado, Kalmykova & Patŕıcio, 2016)

Among the various proposed solutions to the current environmental prob-
lems, the concept of CE is perceived as a successful framework capable of
delivering socio-economic development by restoring the environment. In recent
years, the concept of CE has been helpful as a policy instrument that encom-
passes many aspects of mainly material sustainability. For instance, the CE
Plan is a crucial aspect of the European Green Deal, responsible for setting
a roadmap for carbon neutrality in Europe by 2050. Conceptually and at its
core, CE calls for a paradigm shift in our current linear economic systems. Yet,
this exploration of the literature has shown that many definitions and metrics
focus on material circularity, and the systemic change of CE is challenging to
capture and overlook. Although this PhD project does not extend, evaluate,
or develop any further knowledge regarding the CE, the concept cannot be
disentangled from waste prevention, management, and other strategies offered
to minimise the amount of waste and pollution. Moreover, CE provides an
adequate conceptual framework that concentrates arguments and motivates
resource circularity. It offers specific strategies that will play a fundamental
role in this research. The successful implementation of a sustainable CE in
urban areas will depend on our comprehension of how materials, energy and
information flow in the territory and the drivers that determine them. At the
moment, information availability about the CE is still reported at macro-meso
geographical scales, making developing and deploying territorial strategies
difficult. The review also identified the importance of looking at UM as a
necessary framework to study and develop insights to close material loops and
transition towards more resource-efficient societies where less waste and less
environmental damage are created.

2.2 Urban Metabolism

The growth, development and activities occurring in cities demand vast re-
sources. Waste and pollution are generated as these resources are used and
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transformed to provision products and services. UM is a research area within
Industrial Ecology (IE), and in both cases, metaphors are used to describe the
complex processes that mimic nature (Ferrão & Fernández, 2013). The term
focuses on the supply chains and production processes, emphasising how these
activities affect the environment. Since cities and regions share similarities
with ecosystems regarding their multi-scalar nature and complexity, efforts
have been made to create self-sufficient systems that conserve mass through
various processes. This approach seeks to mimic natural ecosystems within
a defined boundary, leading to sustainable strategies for industrial activities.
Since natural ecosystems are in material balance, the intention is to deliver
cities that closely mimic these material balances. By keeping material balance
and reducing environmental damage, urban systems are believed to become
more resilient, healthier and ultimately more sustainable (Steward T.A. Pickett
& Felson, 2014).

The first study of the UM of a city is often referred to as the work of Wolman
(1965) work. This pioneering work introduced a model of a hypothetical
population of one million inhabitants that pollutes its environment. Figure 2.4
presents parts of the analysis showing his conceptualisation of that hypothetical
city’s material inputs and outputs. On the left side, one can see the water,
food, and fuels; on the right, he presents the outputs of such a system. This
hypothetical example helps him illustrate the problem with the metabolism of
cities. Towards the end of his analysis, he presents a map of the pollution in
New York to show the most affected places in the city.

(a) Conceptualisation of materials flows
of a city of one million residents.

(b) Map of New York City, showing the
concentration of sulphur dioxide and par-
ticulate matter.

Figure 2.4: First Urban Metabolism Study. Source: Wolman (1965)

Similarly, the work of Howard Odum focused on energy flows instead of
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materials. His work is also perceived as groundbreaking in his efforts to
formalise complex energy flow in ecology using circuit diagrams (Brown, 2004;
Ramage & Shipp, 2020). Part of the novelty of his work was rooted in the
abstraction and the vision of using notations used for electricity to illustrate
energy flows in cities.

Since these initial developments, the field of UM has continued to be
developed. As the possibility of gathering statistical information about cities
and regions grew, it enabled the possibility of synthesising the information in
Sankey-like diagrams as the one presented in Figure 2.5, to show the material
metabolism of Brussels (Lachmund, 2017). These models and representations
simplified the complexities and specificities of the city to communicate the flow
of materials in cities.

Figure 2.5: Updated Urban Metabolism framework (Ferrão & Fernández, 2013)

Kennedy and Hoornweg (2012c) defines UM as the “sum of the total tech-
nical and socio-economic processes that occur in cities resulting in the growth
production of energy and waste elimination. The study of the metabolism of
cities has borrowed tools from industrial ecology, such as material flow analysis
and life cycle assessments, to assess the metabolism of cities. UM is a crucial
tool to understand how cities transform materials”. During this metabolic
process, cities take material inputs and energy and transform those inputs to
deliver mobility, health, recreation and other urban activities. This process also
creates waste, pollution and energy dissipation through heat. Consequently,
understanding cities’ material and energy flow is critical to assessing their
sustainability if we want to act upon environmental sustainability.

Developing a metabolic study of cities is complicated and requires much
information and understanding of the context (Kennedy & Hoornweg, 2012c).
This has hindered the production of such studies and resulted in drawbacks,
including the knowledge of how urban processes relate to material demand and
waste generation. As a result, efforts have been put on one side to mainstream
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the concept of UM as a framework, developing guidelines and structuring the
steps to create such studies. Besides its usefulness, UM needs to be more
than a data collection and resource accounting exercise Kennedy, Cuddihy
and Engel-Yan, 2007; Weisz and Steinberger, 2010, “there needs to be a
standardised, comprehensive UM framework, and some degree of agreement
on which parameters, out of the many possible, should ideally be included in
basic level reporting” Kennedy, Pincetl and Bunje (2011b).

Besides the challenges of pursuing UM studies, the framework has various
limitations that make its application and usability difficult. UM is often
considered a black box due to its complex and dynamic nature (Athanassiadis,
Crawford & Bouillard, 2015). A methodological black box refers to a process
or methodology where the inner workings or underlying mechanisms are not
fully understood or transparent to the observer or user. It implies that while
the inputs and outputs of the process may be known, the detailed processes
occurring within the “black box” are unclear or not easily accessible.

The study of material flows in cities and regions encompasses a wide
range of activities in the territory over a while. The accounting of these
materials is complex, and the method does not offer the study of the drivers
and consequences of these materials’ flows. Due to this complexity, fully
understanding and modelling UM can be challenging. Many aspects of UM
are not directly observable and may involve numerous interconnected feedback
loops, nonlinear relationships, and uncertainties (Kalmykova & Rosado, 2015;
Kennedy, Pincetl & Bunje, 2011b; Kennedy, Cuddihy & Engel-Yan, 2007; Song
et al., 2018).

Several authors have enriched the UM framework in many ways. Although
the list of studies and projects is extensive, various projects have advanced
in developing data standards and data models to establish a common ground
(Sileryte et al., 2022; Sileryte, Wandl & Timmeren, 2023). Conceptually, the
work Newman (1999b) proposes an extended model capable of incorporating
various aspects of urban life into the model and some others like hidden material
flows Barles (2009) in space and time Kennedy, Cuddihy and Engel-Yan (2007),
Lavers Westin et al. (2019) and Rosado, Kalmykova and Patŕıcio (2016). In
the search for more holistic models, Smeets, Weterings et al. (1999) presented
a framework to study the interaction and casual relationship between humans
and the environment. The framework identifies drivers, such as economic
activity, and puts pressure on an environmental system that changes its state.
Later, various Environmental Agencies expanded and adopted this model as a
core tool to assess environmental changes (Tscherning et al., 2012b).

Some other studies have profited from new data sources and Internet of
Things (IoT) devices to exploit new data sources and significant volumes of
information to deliver real-time information about how resources flow in cities
(Shahrokni, Levihn & Brandt, 2014). New data sources have been used to
improve techniques to potentially share waste material across industries or even
determine the number of materials (Patricio et al., 2017; Patricio, Kalmykova
& Rosado, 2020) and footprint of the built environment (Gontia et al., 2018;
Kolkwitz, Luotonen & Huuhka, 2023; Lanau & Liu, 2020). Finally, another set
of studies has focused on explaining the relationships and interdependence of
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various actors. These studies use new simulation techniques and are capable
of exploring what-if scenarios to assess policy or situational changes (Davis,
Nikolic & Dijkema, 2008; Hicks, 2022; Koide et al., 2023; Lan & Yao, 2019;
Micolier et al., 2019; Raimbault et al., 2020).

2.3 Urban Analytics

Urban analytics has many definitions and is a term that has permeated the
daily lives of those who work with quantitative urban challenges such as
transportation, pollution, and segregation, among others. According to Batty
(2019), “Urban Analytics is a core set of tools employed to deal with problems
of big data, simulations, and geo-demographics.” To some extent, it deals with
techniques of capturing, handling and making meaningful insights into complex
problems with the aid of computing. Urban Analytics is also related to a
more excellent pursuit of city science. According to Batty, this is the quest of
premises to help us improve, correct, and organise how we live in urban areas.
Urban analytics and informatics have experienced a remarkable surge in the
past decade, fueled by the proliferation of lower-cost sensors, advanced data
servers, ubiquitous technology, and the widespread adoption of object-oriented
programming. The growth and development of urban analytics are closely tied
to the presence of robust systems and sensors. This symbiotic relationship has
sparked a revolution in urban analytics, driven by the ubiquity of technologies
like GPS, LiDAR, digital twins, and climate sensors. These innovations have
facilitated the capture of unprecedented information, empowering planners to
enhance transportation systems, study heatwaves, analyse canopy coverage,
investigate segregation, and much more.

In recent years, advancements in urban analytics techniques have signific-
antly contributed to our understanding of UM dynamics. These techniques
encompass a wide range of methodologies, including simulations, data model-
ling, geographic information systems (GIS), decision support systems (DSS),
and extensive data analysis (D’Amico et al., 2022).
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Chapter 3

Research design and
methods

3.1 Research design

The work has been organised into two parts to respond to the research questions
and meet the objectives stated in Chapter 1. A general framework was developed
in the first part, and a set of applications was further developed in the second
part. Figure 3.1 maps these two parts, the research questions addressed and
the resulting articles from each component.

Although the first part of the thesis mainly addressed RQ1, answers to
this question can also be found in the second part. RQ2 was addressed in the
second part of the research project.

The starting point of this research can be identified during the development
of Paper a. This article is not included in the dissertation because it focuses on
developing methods for transport and mobility in cities. Still, it inspired me to
reflect upon the methods, data, and tools available for city resources and waste
management. Without going into details about the study, it takes advantage of
standardised data on transport to propose a reproducible approach to studying
traffic congestion in cities. The approach advances transport research in various
aspects. First, the method uses standardised open-source data. This feature
makes this process accessible to others, allowing future improvements in the
methods.

Moreover, the same method can be applied to different cities because the
information is standardised. Eventually, as long as the information is available,
the same study can be performed for various periods, allowing the study of the
evolution of congestion in cities. The central technology that enables this sort
of study and that, to some extent, has revolutionised the field of transportation
is data availability in a standardised form. The learnings from this study steer
the dissertation with purpose and direction.

31
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Figure 3.1: Research process followed during the Ph.D. project. Each of the
papers developed during the project is indicated with numbers and letters if
they were not included in the thesis
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The first step of the research involved conducting a broad literature search
about previous efforts to standardise information to manage waste and resources
in cities or digital tools and methods to evaluate environmental progress in
cities. Soon after this initial stage, the problem defined in Chapter 1 started to
rise, and the need to engage with practitioners became evident. It was necessary
to understand how local authorities, the private sector and other stakeholders
working to meet environmental targets were utilising digital tools and managing
knowledge. During this initial period, several actors were contacted, and after
a set of meetings, the main problem addressed by this project was defined. The
next step was to develop a data model to hold this information.

After developing a general framework to handle information about city
resources, interview inputs were used to create a set of applications to validate
the general framework. The applications demonstrate how the framework can
be utilised in situations like Solid Waste Management, the Construction and
Demolition (C&D) sector or Industrial Symbiosis (IS). The main results of this
research are reflected in Paper 1, and outcomes of the different applications
are reflected in the other various papers as shown in Figure 3.1

The purpose of the second part was three-fold. First, the development
of various applications contributed to validating the general framework by
providing examples of how the framework can be applied. Second, the applica-
tions were further explored using UA and contributed to demonstrating such
techniques’ potential. Finally, these applications contribute to highlighting the
various dimensions to be explored and bring answers to RQ2

The methodological details followed in each study are detailed in each of
the papers, and a general description of the methods is introduced below.

Research approaches

This research adopts three distinct approaches: exploratory, transdisciplinary,
and deductive. Firstly, it primarily aligns with exploratory research, as the
questions that are pursued are open-ended and lack definitive answers. Further-
more, the research objectives aim not to validate hypotheses but to demonstrate
the potential of UA tools or methods in enhancing the understanding of city ma-
terial flows. In essence, this research explores a relatively new or less-explored
research domain. Following Silva et al. (2014, Ch. 2) exploratory research
“focuses on relatively unknown or little understood phenomena to generate more
specific research questions for subsequent descriptive or explanatory studies”.

Secondly, this dissertation fits the description of transdisciplinary. Polk
(2014) and Renn (2021) proposes three arguments to understand when it is
suitable to follow a transdisciplinary approach. (One) The research benefited
non-academic stakeholders because non-academics were contacted at different
study stages to comprehend the challenge better and discuss potential solu-
tions. (Two) related to system thinking, the topic is broad and demands
mastering a vast range of competencies. In this case, it required comprehen-
sion of urban analytics, specific urban domains such as waste management or
construction and demolition and topics within industrial ecology. (Three)
Finally, academics and practitioners research to find an equilibrium between
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social relevance and academic rigour. Also, transdisciplinary research has an
orientation toward the common good and focuses on specific, complex, soci-
etally relevant, real-world situations or problems (Lawrence et al., 2022). This
approach motivates academics to leave the ivory tower’s comfort and produce
appropriate results for their communities (Lang et al., 2012; Sauvé, Bernard
& Sloan, 2016). Moreover, the transdisciplinary approach is most suitable for
addressing questions and issues characterised by uncertainty and complexity.
So its link to spatial planning issues and problems is potentially very significant
(Silva et al., 2014)[p.5].

This research also falls under an inductive approach because it departs
from facts to provide answers to the main research questions (Miller & Brewer,
2003). Certainly, normative statements or theories are worth examining in a
deductive approach. Still, lack of information or improper match between data
specifications and research questions impose barriers to developing knowledge
under this approach. For example, to know if the amount of resources shared by
industries increases as the distance between them decreases, we need information
about those exchanges.

Research scope

The scope of this research is delimited by intersecting strategies to close material
loops and relevant geographical scales for urban and regional planning. The
strategy that delimits this research originated in the R´s strategies, which CE is
based upon. UA define the methodological scope addressed during this research.
The inclusion of case studies adds granularity to these research boundaries.
These delineations are visually represented in Figure 3.2.

From the Circular Economy perspective, the dissertation exclusively en-
gages with materials and their associated emissions, deliberately excluding
considerations of water or energy. Despite the broader recognition of the CE as
a paradigm with potential social and economic benefits, this research uniquely
focuses on material circularity, leaving aside political, economic, or social con-
cerns. Moreover, given that less than 10% of the resources are being reused,
this work focuses on closing material loops relevant to urban and regional
planning. It focuses on (i) Industrial Symbiosis, (ii) Urban Mining, and (iii)
Residential Waste Management.

These areas were selected based on the literature review and round interviews
that helped validate the general framework and answer RQ1. First, Industrial
Symbiosis was chosen because it is an essential and recurrent strategy focusing
on closing material loops by exchanging by-products across firms. This case
was also a result of data availability, and the wood sector was selected because
this sector was used to validate the methodology developed in Paper 2. The
second application explores urban mining in the C&D sector. Again, this case
study was selected due to the insights and challenges shared during the round
of interviews aimed at developing the data model. Finally, the application
for Residential Waste contributed to exploring how the data model can be
implemented at a smaller geographical scale while integrating a rich behavioural
dimension. Overall, further exploring the applications was organic and resulted
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Figure 3.2: scope of the dissertation in terms of CE and spatial scales

in the combination of data availability, researchers’ fields of expertise, and
personal contacts that facilitated the interviews. These applications are not
exhaustive but illustrative, and more instantiations and explorations can be
further developed.

From the UA perspective, the dissertation centres on the role of digitalisa-
tion, explicitly concentrating on knowledge management, metric development,
and simulations. The main focus of the dissertation is a set of problems of
quantification.

3.2 Methods

Specific methods were used in each study pursued during this research to meet
the objectives and provide answers to the research questions previously stated.
Most of these methods employ UA to pursue the research objectives. Table 3.1
summarises the various techniques used during the project. The methods used
throughout this thesis are briefly introduced as they were applied in different
applications.
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Table 3.1: Tools and methods used in the various articles

3.2.1 General framework

The steps followed to develop the general framework were adapted from pre-
vious methods for building information systems in Storey (1991), and can
be decomposed into four main activities: (i) Desk literature survey, (ii) En-
gagement with stakeholders, (iii) Development of the data model, and (iv)
Validation using case studies. Activities (i) and (ii) helped understand the
system, identify the problems and case studies, and set the solution’s scope
in light of related efforts. With the support of these activities, the model was
designed and developed in activity (iii). Activity (iv) consisted of evaluating
the main output of this research.

The stakeholder engagement phase used semi-structured interviews and
workshops with different stakeholders to complement and validate knowledge
gained from the literature survey. Interviews are standard research methods to
collect data and systematically gather participant information. Semi-structured
interviews are a type of interview method that combines elements of both
structured and unstructured interviews. In semi-structured interviews, the
researcher has a predetermined set of questions or topics to cover but allows
flexibility in the order and wording of questions and encourages open-ended
responses from participants. This approach enables the researcher to explore
specific issues in depth while allowing for spontaneous conversation and new
themes or insights to emerge during the interview. Semi-structured interviews
are beneficial when exploring complex or sensitive topics where participants’
perspectives and experiences are valuable (Dolczewski, 2022).

Although there is no single method to develop a data model, using inter-
views to extract stakeholder understanding is common practice when creating
digital solutions (Gupta et al., 2019b). The interviews provided first-hand
information on how practitioners are managing waste materials and how the
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digitalisation process of information can enhance their practices. Table 3.2
provides information on stakeholders and interview stages.

Interviews & Workshops
Stakeholder group N SI SII SIII Total

Representatives of waste manage-
ment units (public sector)

7 7 5 3 15

Tech developers 6 2 4 3 9
Domain experts (non-public) 4 - 4 3 7
Total interviews 9 13 9 30

Table 3.2: Interviews with stakeholders

Three groups of stakeholders were consulted at different stages: (i) public
sector staff from municipal waste management or environmental departments;
(ii) tech developers; (iii) domain experts from the fields of UM, CE and data
management. Although all these stakeholders work in different areas to improve
environmental quality or minimise waste, their focus and understanding of the
system vary and, thus, are complementary.

Three types of interviews were performed. Initial contact was established
during the first round of interviews (SI). Semi-structured interviews were used
to understand better the actors’ challenges and how the system operated. The
second interaction was a workshop (SII), where the first version of the data
model was presented to verify if any system components were missing. This
workshop helped map the different actors and their roles in the system. Finally,
the last interviews (SIII) validated the model applied to the specific use cases
of each stakeholder and explored how KM could be used in their practice.

The development of the data model started by producing a conceptual
model that was then formalised using a framework known in computer science
as Entity-Relationship Model (ERM), which is used to provide a detailed
representation of the system components as entities, explicitly defines their
relations, and represents the set of characteristics that describes those entities
as attributes. Figure 3.3 shows two entities related to each other. The diamond
shape in the middle indicates the relationship’s cardinality, where there can be
many (n) of Entity A related to one (1) Entity B.

Figure 3.3: ERM - notation Rein85

For instance, a waste bin is an entity, and colour is one of its possible
attributes. The waste bin can be owned by a firm (another entity). Thus
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ownership defines the relationship between the firm and a waste bin, of which
a firm can own many.

The development of the ERM is a crucial step towards a database architec-
ture. Entities, attributes and relationships can be translated into different types
of database management systems, such as hierarchical, graph, or relational. In
this case, we used a relational database schema to demonstrate how the ERM
can be implemented. A relationship is a formal link between two entities or,
in this case, tables. Usually, an ID attribute is used to connect information
between them.

Thanks to the interviews and knowledge gained during the first study,
selecting a specific set of applications to reflect upon RQ2 was possible. These
applications were chosen to highlight the three dimensions that this dissertation
contributes to explore: Spatial, Temporal and Behavioral. All these applications
are based on the fundamental research developed in Paper 1. Therefore, for
every application, reviewing the previously developed models was necessary.

3.2.2 Applications

The second part of this thesis focused on further developing the applications
used to validate the general framework and showcasing how data analysis and
simulations can be used to explore the spatial, temporal, and behavioural
aspects of material flows.

Although it is expected that the findings or methods of this PhD project
will be replicable and generalisable in various contexts, specific contexts were
used to test and validate the findings. All the applications were developed
for the Swedish context within the western region (Västra Götaland). On
the most extensive scale, the whole area was considered when exploring the
case of industrial symbiosis. Then, at the city scale, Gothenburg was used
to analyse material flows and the environmental impacts of the construction
and demolition case. Finally, in the case of Solid Waste Management, the
geographical scale was reduced at the neighbourhood level, and two locations
within the city of Gothenburg were selected and further explored.

Industrial Symbiosis in Western Sweden

To explore potential material exchanges across industries This example ana-
lyses residual sawdust, shavings, cuttings, wood, particle board, and veneer
(LoW 30105). The linear distances between potential donors and receivers
were calculated based on the geographical location of the companies. This
section demonstrates how spatial proximity can be used to identify realistic IS
opportunities by applying different filters to the Matches database, A total of
2,520 companies located in the region were analysed. Figure 3.4 The following
map shows the explored area with the location of all the wood industries
researched. These industries have been categorised depending on whether they
are potentially producing or consuming materials classified as LoW 30105.
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Figure 3.4: Map of the location of wood-related industries

Methods

This application mainly focused on exploiting the location of industries to
identify which industrial exchanges can occur in a specific region. The tools used
for this application mostly were data management and Geographic Information
System (GIS). While commonly used for map creation, the true power of GIS
lies in its ability to collect, manage, analyse, and display geographic information
for various purposes beyond cartography. GIS facilitates the connection between
physically drawn features and their associated attributes, providing valuable
insights into geographic features’ shape, size, location, and characteristics.
This information aids in understanding the condition of material flows, waste,
logistics, etc. The primary purpose of this application was to reflect on the
spatial dimension, and the main outputs of this activity are reflected in Paper
2.

Construction and Demolition in Gothenburg

The city of Gothenburg is located in the western region of Sweden, with a
growing population of above 600 thousand residents. By the year 2035, it
is expected that approximately 150 thousand more residents will live in the
city. The increase in population pressures the production of adequate and
sustainable new housing units. Figure 3.5 presents the future vision for the
city and the areas that will be further developed.
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Figure 3.5: Vision of future Gothenburg 2035

By 2035, to host the population, the city should enable the development of
45-55 thousand more homes, which means that around 2.5–4 thousand homes
are needed (Planning and Building Committee, 2014). The city has aggressive
goals regarding carbon neutrality, which means that (City of Gothenburg, 2021).
The program focuses on three axes: nature, climate and people. Within the
climate objectives, the program aims to reduce the CO2e per person per year
from 4.2 tons to 1.1. To meet this target, the primary energy consumption
needs to decrease to 12MWh per person. This will imply increasing the energy
efficiency of residential buildings.

According to the Lantmäteriet (Swedish National Land Survey) database,
there are 6689 multi-family buildings and 49,556 single-family units. The
information about residential buildings also contained information about the
construction year (or significant renovation) and the primary material of the
building, such as wooden, concrete or brick residences. Using the Material
Intensity Coeffcieint (MIC) developed by Gontia et al. (2018), it was possible
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to enrich the database of the buildings with various materials per building.
Figure 3.6 shows the Municipality of Gothenburg, a population grid, and the
residential buildings according to their typology.

Figure 3.6: Residential buildings and main materials (brick, concrete and wood)

Methods

The application focuses on temporal and spatial dimensions of the C&D.
This application uses Agent-based Model (ABM) and data analysis to study
construction and demolition material flows.

ABM are computer models comprising agents or variables capable of taking
on finite states. The state of each agent is determined by a set of rules governing
its interactions with other agents, and these rules can be either deterministic
or stochastic. ABMs are increasingly employed in multidisciplinary research
that tries to incorporate a holistic situation perspective. They offer an intuit-
ive formulation and can be explored via a graphical interface, making them
accessible to researchers from diverse disciplines. The concept of complexity
in ABMs arises from these agents’ various interactions and behaviours. This
promotes interdisciplinary research, as specialists from different fields can utilise
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agent-based models without an in-depth understanding of the underlying math-
ematics. At the same time, mathematicians can still analyse the mathematical
structure of the models concurrently (Grimm et al., 2020; Held et al., 2014;
Monti et al., 2023). The outcomes of this research are synthesised in Paper 5.

To develop the simulation for this study, we integrated various data sources,
with the initial dataset originating from Lantmäteriet. This comprehensive
geodatabase served as the foundation for initialising the simulation. Figure 3.7
presents the different data sources integrated to develop the simulation base.

Figure 3.7: Data preparation for base information for simulation of Construction
and Demolition

Initially, the database comprised data on residential buildings throughout
Gothenburg. These records contained essential information about the geo-
graphical area and each building. By leveraging details on building height, we
estimated the Gross Floor Area (GFA). Subsequently, outliers were meticu-
lously removed from the database, resulting in a refined dataset of buildings,
each accompanied by its corresponding GFA.

The subsequent phase involved augmenting the database with information
about the materials used in each building. Material intensity coefficients,
referenced from the research conducted by Gontia et al. (2018), were employed.
This comprehensive study covered material intensity across the entirety of
Sweden. The database categorised different materials per GFA based on
various typologies, accounting for whether it was a single or multi-family
dwelling and the decade of construction. Information from Boverket (Swedish
housing authority) was used to translate each material to a specific value of
CO2e.
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Given our interest in understanding the potential impact of the energy
certificate declarations policy on the new housing stock in the city, we sought to
incorporate information about energy performance. As citywide implementation
of energy performance data was still under development, we adopted a stochastic
and probabilistic approach to define an Energy Performance Declaration (EPD)
for each building. This approach considered both the age of the buildings and
the materials used, such as wood, concrete, or brick.

The final piece completing the initial state puzzle involved integrating pop-
ulation data from the city of Gothenburg at a grid resolution of 1 kilometre.
This data was incorporated by analysing buildings’ distribution and heights
within each grid. Consequently, we estimated the number of people and house-
holds associated with each grid. The resulting database encapsulated crucial
details such as the year of construction, building materials, building height,
typology (single or multi-family), and energy performance declarations. This
comprehensive database served as the cornerstone for initiating our simulation.
The subsequent section describes the agent-based simulation process and the
various scenarios explored during its development. Figure 3.8 shows the overall
processes in the simulation. The simulation features four key agents: building,
recycler, planner, and city area, with buildings serving as the primary agents.

Figure 3.8: Agents present in the simulation and their scheduling

The simulation is run from 2010 until 2100, and every step is five years.
In this model, each building acts as an independent decision-making entity,
determining when to renovate or undergo demolition. Renovation triggers a
demand for materials, be they virgin or recycled, and demolition increases the
recycled material at the recycler. Figure 3.9 shows a schema of the processes
of the buildings. This flow diagram shows the different processes each building
faced during the simulation. Based on the year of construction, the model
assumed an estimated end of life of the buildings, and when this time approaches,
they must be renovated or demolished. On the one hand, renovations require
materials; on the other hand, demolitions make materials available for reuse.
Material available for reuse can eventually be used in new constructions.

Although the model anticipates multiple recyclers, it operates with a single



44 CHAPTER 3. RESEARCH DESIGN AND METHODS

Figure 3.9: Actions modelled for the buildings life cycle

recycler, functioning as a material collection and distribution broker. The
recycler is the last agent to execute the simulation, handling aggregations and
CO2e estimations. The fact that the model can include several recyclers allows
one to study the problem’s logistic side. The planner, another essential agent,
considers population increases and lost housing due to demolitions. Population
demographics inform the construction of new houses, crucial for replenishing
housing stock lost in demolitions. Influenced by a parameter defining housing
technology percentages, the model allocates the population demand across single
or multi-family units. The implementation dynamically adjusts the distribution,
impacting material requirements and the city’s embodied carbon. The city area
agent defines areas based on the population grid, leveraging officially published
data with attached population information. Over 200 squares, serving as agents,
receive input from the planner regarding the required number of buildings. At
each step, these squares decide whether to build or not. While the current
model employs a random selection process, it is adaptable to incorporate diverse
building rules, such as prioritising high-density areas first or experimenting
with alternative building sequences.

Finally, after the heuristics of the model were coded into the ABM, the
simulation was able to perform as expected. The simulations were run several
times with different parameter settings to study how changes in the system
affect the overall system performance regarding material use and environmental
footprint.

Solid Waste Management in low- and high-density city
areas

Two distinct urban scenarios were selected in the city of Gothenburg to explore
the role of urban planning in the behaviour of waste sorting. A map of the
recycling stations in the town was used to do so. In Sweden, in response to the
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producer responsibility law, companies affiliated with a non-profit organisation
called Förpacknings- och Tidningsinsamlingen (FTI) - in English Packaging
and Paper Collection - place and maintain recycle stations across the city.
Residents must dispose of plastics, metals, glass, papers, and other recyclable
materials here. FTI then collects and recycles this material. Figure 3.10 shows
a map of the location of the recycling stations provided FTI.

Figure 3.10: Map of recycling stations in Gothenburg. Voronoi polygons, per
station and selected case study of single- and multi-family buildings.

The map includes Voronoi polygons that delineate proximal areas around
each recycling station. Finally, it explored two city areas that mainly contained
a residential typology. The map shows the location of a low-population-density
neighbourhood of single-family buildings within one of the Voronoi areas. The
process was then repeated to locate a higher population density area with
multi-family buildings.

The characteristics of these two areas are presented in Figure 3.11. The
low-density case study has 79 houses, and 129 residents live here. In this
case, every house owns two waste bins: one for residual waste and another for
exclusive disposal of organic material. Figure 3.10 shows only one recycling
station is found within this neighbourhood’s Voronoi area. The high-density
scenario is represented by an area with nine buildings and 762 residents.

In both scenarios, there are multiple urban situations (S1 – S6). Situation
1 (S1) represents the current situation. In situations 2 and 3 (S2 & S3), the
recycling station is kept in the same place as in S1. Still, the number of residual
and organic bins is reduced so that the distance to bins increases and the
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interaction between agents increases. In situations 4, 5, and 6, the number
of recycling stations increased while keeping the locations of the residual and
organic bins from S1, S2, and S3. To sum up, S1, S2, and S3 allow the study
of the effect of the current location of the recycling station while increasing
the distance to dispose of residuals and organics. Then, S4, S5 and S6 allow
the study of the effect of reducing the distance of the recycling stations while
the distance to the other bins increases.

Figure 3.11: Selected urban scenarios to study residential waste sorting. Google
images of areas and characteristics.

Finally, the model assumes that, on average, the resident produces 723 grams
of waste (115 of organics, 430 of residual and 178 of recyclables. According
to the Swedish Waste Management Report, approximately 60% of the waste
found in the residual bins could be recycled, and almost 200 kg of waste
per person was collected in 2021 (42kg of food waste and 157kg of residual).
This information was complemented with the amounts of recyclable material
recovered by FTI (65kg) to determine the number of recyclable wastes. With
these figures, we can estimate that residents who do not sort waste and throw
all waste in the same container will be adequately throwing the amount that
genuinely belongs to residuals, 60%.
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Figure 3.12: Residents behaviour heuristics in the ABM

Methods

The primary purpose of this application was to explore the relationship between
the behaviour of residents and the placement of various waste bins. Exploration
of this application required first developing and deploying surveys to determine
waste sorting behaviour. The development of the survey, data collection and
statistical analysis are presented in Paper 4. The data collected from the
surveys were analysed using factor analysis and the Structural Equation Model
(SEM) to study the determinants of waste sorting. The results from this study
helped to understand and explore the intricate behaviour of waste sorting.

The relationship between the location of bins, the behaviour of residents
and the amounts of sorted waste are exposed with a simulation. Paper 3
presents the development of a simulation that integrated the results from Paper
4 and embedded the residential behaviour to asses various urban scenarios.
The model was developed using a spatially explicit Agent-based Model (ABM),
and the model development was documented in Paper b using the Overview,
Design concepts, and Details (ODD) protocol Grimm et al. (2006).

The ABM of residential waste sorting contains various agents, such as
residents, buildings, households, waste bins and bin collectors. Buildings and
households are agents used to initialise the world, and waste bins are the
placeholders of the material disposed of by the agents. Since this study aims
to showcase the relevance of ABM in urban planning for resource management
in cities, only the model’s main characteristics are described in this section.

The model was developed to represent a whole year, and every step in
the simulation represents a third of a day. During each step, the residents
execute actions defined in their daily routines. The main agents of the model
are the urban residents. Based on their behaviours, the residents make different
decisions on how to sort their waste. Each agent has a designated home with
the closest organic, residual, and recyclable waste bins and a workplace. During
each step, the agent follows a daily routine that includes commuting to work,
generating waste, defining their behaviour, disposing of the trash at home and
later transferring it to the waste bins.

Figure 3.12 presents the residents’ actions during every simulation step.
First, each agent calculates their behaviour using as a framework a behavioural
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model. Second, the agent’s commute is based on the probability of heading to
work. The waste generated away from home is outside the scope of this study.
The agents staying at home receive a sum of organic, residual, and recyclable
waste they need to dispose of in their waste bins at home.

After a functional model that met the standards was developed, its per-
formance was assessed through a sensitivity analysis. This enabled insight into
how varying inputs influenced the model’s outputs. The model was utilised
and documented multiple times using a particular set of parameters.



Chapter 4

Results

4.1 General framework for waste and resources
in cities

Given the outstanding challenges of digitalisation in the waste and resources
management domain and inspired by the examples from other domains, two
objectives were addressed. First, a general framework is proposed to manage
knowledge about city waste and resources. The approach uses ERM Framework
to offer a data model about city waste and resources. Second, parts of the
model are then applied to different CE strategies and tested to what extent
such a model holds other purposes within the domain.

The primary outcome of the framework development was the data model for
the circular flow of waste and resources in city regions (CFWR). As described
in Paper 1, it contributes to mapping relevant stakeholders that manage city
resources. Moreover, the data model was designed to map in space how material
flows in, moves around and exits urban systems.

The first step was to produce a general representation of the minimum
components needed to describe the flow of waste and resources in a general
descriptive way. The conceptual diagram in Figure 4.1 proposes four main
possible actions (in circles): (a) using, (b) generating, (c) transforming, and (d)
storing. Different actors can perform these actions, and each can perform many
activities within the system. Then, we wanted to incorporate the relation to
space (5), and as physical objects, waste and resources are materialised in space.
Usually, the materials are in specific spaces or objects called containers (1).
Finally, transportation was included in the representation because it contributes
to moving the sums of materials across space.

This conceptual diagram was translated and formalised using ERM, a
foundation for creating a relational database schema. Figure 4.2 presents the
proposed ERM of waste and resource management in city regions, focusing on
the relationships between entities so that these can be described and visualised
correctly. The attributes of each entity were extended in a relational database
schema.

49
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Figure 4.1: The Conceptual Diagram of Circular Flow of Waste and Resources

Figure 4.2: Entity Relationship Model (ERM) for waste and resources manage-
ment - Rein85 notation
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The development of such a model would not have been possible without
the various interviews and inputs from different actors. The model results
from collecting challenges and perspectives from other potential data users.
Municipal officials and practitioners were consulted about their information
needs and current practices. The model was instantiated for different cases and
tested to see if such a model could be of use for other cases. More specifically,
the model was implemented for the cases of (i) municipal waste sorting, (ii)
industrial symbiosis and (iii) construction and demolition. In the following
subsection, the three cases are presented and further explored.

Stakeholders considered the entity-paradigm framework to discuss CE
strategies. More specifically, in the cases where simulations or agent-based
models were considered, the ERM was formally implemented as class diagrams,
which have been made public for future and constant improvement. Besides
showing what data is available and how each class relates to another, these
data models enable stakeholders to discuss what other information is missing
and give an idea of what metrics and KPIs can be derived to evaluate the
system.

The final data modelling step was the translation of the Circular Flow of
Waste and Resources ERM to a relational data model schema. As a final step
of this study, it demonstrates how the ERD can be implemented in a relational
database schema containing 27 tables and 281 fields. An online version of
the model is presented online at https://dbdocs.io/Urban-JonathanCohen/
Waste2Resources. The following examples reinforce the understanding of the
data model and illustrate the attributes that define a class in more detail.
Figure 4.3 shows a part of the model as seen in Paper 1.

The model shows that the Actor is a central class of this data model that
can represent a city’s household, productive, recreational or administrative
units. Actors (i) are of many types, (ii) can employ resources, (iii) must comply
with regulations, (iv) communicate with other actors, (v) set objectives, and
(vi) define operation details.

Waste generated holds a registry with information about who generated
the waste (actor ID), what type and how much was generated, and where it
was placed (waste place ID). Moreover, a relationship between Regulation and
Waste generated stipulates what regulations apply to a given waste type.

Containers are among the most frequently addressed entities in waste-related
smart city applications. This class’s attributes include location, colour, type
of waste that it should contain or capacity, and identify a particular waste
container in the system. Containers can also be embedded with IoT Devices
that produce various readings on the status of the bin, its content (i.e., current
capacity, temperature, humidity, open lid), and its surroundings (i.e., sun
exposure, temperature, image). A single container can have multiple devices,
generating readings with a specific frequency.

Waste transfers have two Waste Place IDs indicating a starting and an
ending container, and they have a timestamp that shows when the waste
transfer job was performed and what waste types and amounts were transferred.
Moreover, it is connected to Equipment and Staff to retrieve information from
those tables. The complete data model schema can be found in an open-source

https://dbdocs.io/Urban-JonathanCohen/Waste2Resources
https://dbdocs.io/Urban-JonathanCohen/Waste2Resources
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Figure 4.3: Relational data model schema for containers.

repository in dbml and SQL formats for PostgreSQL. Also, an interactive
version has been uploaded for visual exploration.

Application to Residential waste sorting

The application of residential waste sorting developed in Paper 1 contributed
to set methodological foundations for the pursuit of Paper 2, Paper 3 and
Paper b. The application of the general framework for the case of residential
waste sorting is presented in Figure4.4. The diagram shows how information
can be organised in a city performing a test of deploying IoT devices into a
part of the city. Besides showing specific actors and components of the model,
the model also shows how devices and reporting relate to waste containers and
the logistics of waste management. The diagram is limited to organic waste,
and this case was based on interviews with municipality officials from the city
of Helsingborg, Sweden.

The exploration of the behavioural aspects and simulation resulted in the
need to organise the information about the system. In particular, Figure 4.5
shows the class diagram created for the simulations.

In this diagram, the generators are the residents, and their internal charac-
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Figure 4.4: ERD for residential waste

teristics were expanded beyond the initial delimitations of Paper 1. Moreover,
waste containers, in this case bins, were present both inside the resident’s
homes and outside on the street. In both cases and following the literature, the
characteristics of this company affected how citizens behaved and, ultimately,
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Figure 4.5: Class diagram of residential waste sorting

the amount of adequately sorted waste in the system.

Paper 2 and Paper 3 focused on the development of an ABM of residential
waste sorting. In the first study, the model was developed, and the results
were explored. The second study of waste sorting was used to calibrate the
agent-based model. This study aimed to simulate the behaviour of residents
towards waste sorting to study how different urban scenarios can be explored
to improve the percentage of waste sorting.

Application to Construction & demolition

The second application focussed on the C&D sector. In this case, the ERM
was based on interviews with the stakeholders and government officials from
Buenos Aires. Inshigts from the interviews were collected and used to build
the application for the C&D. The outputs of this application impacted the
simulation presented in Paper 5. Figure 4.6 presents the ERM for the C&D,
and in this case, the actors are set to construction sites, and the model shows
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various waste streams generated while constructing. The model further develops
the logistics of mobilising materials from one construction site to the recycling
actor. The diagram presents how IoT can track vehicles and quantify how
materials flow due to C&D activities.

Figure 4.6: ERD for C&D
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Application to Industrial Symbiosis

Figure 4.7 presents the ERD for Industrial symbiosis and a generic example
of exchanges between two industries. The model proposes capturing and
standardising information about waste generated from the industries to facilitate
information sharing across sectors. The model shows how two industries could
use such a model to understand the potential to share by-products. In this
case, the model introduces regulatory aspects to consider when materialising
changes.

Figure 4.7: ERD model for Industrial Symbiosis

The study capitalises on standardisation concerning industry and waste
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codes to implement a top-down approach connecting industries that produce
waste with those capable of utilising these resources in their transformation
processes. The results from this application are presented in Paper 2

4.2 Contributions to enrich Urban Metabol-
ism´s Framework

The various applications presented before were further expanded to investigate
how the spatial, temporal and behavioural aspects can be analysed and modelled
to enrich the UM framework. Figure 4.8 presents a map of the contributions of
each article about the three dimensions that this thesis is exploring. Despite
being an abstract diagram of the position of each study, their relative position
indicates how much they contributed to enriching the understanding of specific
material flows.

Figure 4.8: Positioninig of papers within the three dimensions explored

4.2.1 Spatial dimension

The significance of incorporating the spatial dimension is evident in Paper 2,
Paper 3 and Paper 5.

In exploring industrial symbiosis in Paper 2, the consideration of space
significantly enhanced the depth of analysis regarding potential industrial
exchanges across firms. This study aimed to identify likely industrial waste
exchanges using a top-down approach. Figure 4.9 shows the increase of potential
industrial exchanges when using the proposed method, demanding a method
to process this result to determine what likely exchanges will occur. The
methodology involved applying this analysis to the case of wood waste, resulting
in a comprehensive combination of all firms producing the by-product and
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those with the potential to utilise these materials. The outcome was a dense
and extensive network of firms, a practical implementation of which would
have been challenging.

Figure 4.9: Maps showing the difference between two exchange opportunities
with and without using the top-down approach

The 159,630 potential IS links were analysed by distance and NACE code,
i.e. type of waste for reuse. Figure 4.10 shows histograms of the relationships
between Donors of sawdust and potential Recipients. The histograms depict
the number of firms located near a waste producer. Upon a closer look, different
patterns start to emerge. Firms classified with the NACE code 162 are in
higher concentrations approximately 40 km from any Donor. This fact can be
contrasted with NACE code 101, for which a higher concentration is less than
20km from the Donor. Incorporating firm locations was pivotal in producing
comprehensive results on potential exchanges, effectively narrowing down
possibilities based on spatial distance. Without considering the distance, using
the results in practice would be difficult because the match-making method
identifies all theoretically possible waste exchanges, which are so many possible
that the result becomes unusable. The results open the door to exploring the
costs of adopting different closing loop scenarios.

Further investigation using information about distances can facilitate in-
formation across firms that can potentially benefit from the exchanges.

In Paper 3, the location of the bins affects how well residents behave.
Although this information was based on the survey results, it was implemented
in the Agent-based simulation. This simulation was used to explore how
different spatial scenarios, in terms of placement of bins, affect the percentage
of adequately sorted waste. One high and a low-density scenario was proposed,
and other waste bin placements were tested within each scenario.

The simulation results show how the residents’ average behaviour changes as
the bin’s waste placement moves. In general, the more bins, the better-behaved
residents. Despite this fact, which was expected because the model was based
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Figure 4.10: Distribution of distance across firms that potentially can share
bi-products

on the results from the survey done in Paper 4, it was not expected to find
that putting closer recyclable bins. Recycling improved because people could
sort the residual and organic waste better. Figure 4.11 presents results from
the corresponding scenarios.

Figure 4.11: Average behaviour across urban scenarios

Finally, in Paper 5, the spatial dimension has not been fully explored since
the transportation of resources affects emissions and costs. Yet, the model
departs from a specific spatial organisation, which results in implications for
spatial planners. Because the city has a history and the development of it
has followed a particular logic, building typologies and construction years
are clustered. One can find multi-family neighbourhoods or areas where the
wooden structures are predominant. This spatial organisation of the buildings
determines how the simulation will play out. For example, Figure 4.12 shows
the result of potential accumulated demolitions by 2100. Although this is
simulated information, far in the future, this exact map can be generated for a



60 CHAPTER 4. RESULTS

specific parameter specification in a particular year, enabling the municipality
and developers to know where resources will become available in the city.

Figure 4.12: Heatmap of simulated demolitions by the year 2100

4.2.2 Temporal dimension

The significance of incorporating the temporal dimension is evident in Paper 5
and to a lesser extent in Paper 3.

The temporal aspect is crucial in simulating the construction and demolition
activities Paper 5. As buildings are demolished or renovated, bricks, glass, or
gypsum become available for reuse. Therefore, there is a temporal interaction
between these resources and the material demand for renovations and new
constructions. The main objective of this study was to reflect on how the
needs and availability of resources played out. Understanding this matter is
crucial to determine how much material reuse is possible and to what extent
environmental goals can be achieved with specific policies within a particular
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time frame.
Figure 4.13 shows the simulated results of two scenarios. All the parameters

are set equal. The only change introduced to the system was that 2045 no
buildings with an Energy Performance Declaration with label F would be
permitted. Consequently, there are forced renovations or demolitions of the
buildings stock. The plot shows lines of demolished, renovated, and new
constructions and areas of embodied carbon in the system.

(a) No regulation (b) With regulation

Figure 4.13: Evolution of the embodied carbon, co2 savings and building stock
dynamics

As a result of the introduction of a new regulation, the building stock
changed in terms of its characteristics. Figure 4.14 shows how the building
stock changes over time. It can be noted that in the scenario to the right,
the scenario with regulation, there are no buildings with an EPD label F, but
that meant that the number of buildings with performance A and B increased,
mainly because the implementation of the law, according to the model, will
force demolitions, and to accommodate housing need of the city, new buildings
will be needed to be constructed.

By introducing time in the model, it is also possible to trace the various
materials represented in the simulation. Figure 4.15 shows the materials
captured from the renovations and demolitions. The matrix of plots shows how
the material availability changes with the level of demolitions and the proportion
of single-family buildings, keeping the rest of the parameters constant. For
instance, it can be appreciated that as demolitions increase, the amount of
materials increases. Moreover, because of the different building typologies used
in this investigation, the percentage of single families decreases, and the amount
of wool becomes available. Also, the plots show that bricks are a material
available, so it is reasonable to find ways of reusing this material.

Finally, in Paper 3, the temporal dimensions play a role because waste
sorting behaviour is updated during the simulations. This fact allows the
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(a) No regulation (b) With regulation

Figure 4.14: Evolution of the building stock´s Energy Performance

modeller to introduce shocks to the system or to evaluate how some variables
evolve. For example, changes in the frequency at which the waste bins get
emptied affect the perception of how clean bins are, and this change impacts
how residents behave. A second example of shocks can occur if the level of the
available information in the bin impacts how sound residents behave. As the
agents’ behaviour of how to sort waste changes, the behaviour of other agents
is affected, starting a positive chain reaction in the system that is only possible
to notice with the incorporation of the temporal dimension. This is particularly
interesting when looking at the role of information and the frequency with
which the bins are cleaned up.

4.2.3 Behavioural dimension

The significance of incorporating the behavioural dimension is evident in two
applications. First, in the residential waste sorting case study, in Paper 3
and Paper 4. While the survey pursued in Paper 4 focused on exploring the
TPB for waste sorting in Gothenburg, in Paper 3, a simulation incorporating
this information was developed to study how the percentage of waste sorting
changes under different scenarios. Second, in Paper 5, when exploring the effect
of adopting different material reuse strategies in the C&D sector.

In the case of waste sorting, previous research suggests that residents sort
their waste based on their behaviours. Despite various behavioural theories
and models used to explore behaviour, the TPB is predominant in studies of
waste sorting behaviour and in modelling the adoption of green strategies or
lifestyle changes.

Paper 3 explored the use of TPB to waste sorting in Gothenburg. The
correlation matrix from the survey results, depicted in 4.16, showcases the
critical variables under investigation. The first row highlights average behaviour,
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Figure 4.15: Captured materials under different parameter values. Average
across simulations.

revealing a positive correlation with attitude, perceived behavioural control, and
knowledge. Interestingly, the relationship between behaviour and the distance
to organic waste disposal is negative. This finding holds significance, indicating
that residents tend to exhibit less waste sorting behaviour when the distance to
the organic waste disposal site is more significant. Essentially, a longer distance
translates to reduced engagement in segregating waste materials.

Furthermore, the study identified an inverse relationship between the dis-
tance to recyclables and satisfaction levels with waste collection services. Resid-
ents who experience shorter distances to recyclables express higher satisfaction
with waste collection services.

The survey results underwent processing, employing structural equation
modelling to explore the relationship between drivers and waste sorting beha-
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Figure 4.16: Correlation matrix of Behavioural and self-declared waste separa-
tion

viour. Figure 4.17 illustrates the outcomes of the statistical approach used to
determine the drivers of waste sorting. Examining the path diagram, one can
observe how various drivers impact waste sorting behaviour. Notably, distance
negatively influences behaviour, and the TPB-related variables directly affect
intention and indirectly affect behaviour.

Figure 4.17: Path diagram extracted after Structural Equation Model

Crucially, residents who recycle their bottles and packaging as part of the
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Swedish return system or PANT are likelier to exhibit enhanced waste sorting
behaviours. This highlights the positive impact of recycling practices on overall
waste management behaviour.

In the study of C&D, the behaviour is defined as the percentage of recyclable
material used for renovations and new construction. In this study, a simulation
included various variables that reflect decisions about the amount of renovations
and demolitions and the percentage of material to be reused in the projects.
This preliminary model can analyse how materials flow and the resulting
embodied carbon in the system. Figure 4.18 shows a table with the maximum
and minimum values of CO2e, and the values inside have been normalised with
these values. The highest level of emissions can be found when the percentage
of reused material is 0 for new constructions and renovations. Interestingly, as
the number of demolitions increases, the rate of CO2e increases, reaching up
to 24.8% savings. The figure contributes to showing how sensible the results
are while changing parameters.

While the information shown in Figure 4.18 may seem intuitive, it under-
scores the importance of new constructions in embodied carbon compared
to renovations. This table shows the average resulting Co2e for the various
simulations. The role of renovations is pivotal in influencing the environmental
performance of buildings during their lifecycle. The simulation suggests that
urban policies should prioritise new constructions over renovations. However,
further investigation is warranted to comprehend how environmental impacts
are distributed across different building phases. Additionally, it’s crucial to
explore to what extent promotions for renovations, leading to higher material
demands and potentially better energy performance, outweigh the costs of new
materials required for those renovations.

Figure 4.19 shows the simulations’ results for various parameter combin-
ations. The figure can effectively show how the main variables of the model
affect the amount of CO2e released. In this case, the figure shows Co2e per
the resulting number of households in the city.

Table 4.1 presents a regression model based on the simulation outcomes.
Regression analysis is a valuable tool for quantifying the significance and
contribution of each parameter in the models. Since the regression model
is based on the simulation, it is expected to detect significance, yet we are
interested in the magnitude of the coefficient. In this case, the dependent
variable is the percentage of CO2e saving. In this case, we can see that the
regression model contributes to explaining the relationships shown in Figure
4.19. The regression indicates that the two main variables determining the
percentage of savings are the reuse of recycled materials for new construction.

Moreover, the regression model was also run for the scenario of Energy
Performance regulations. Table 4.1 shows the difference between the outcomes
between these scenarios. These results are shown in Figure 4.20, which presents
the distribution of the percentage saving in CO2e under these scenarios. The
models without regulation perform on average worse than the scenario with
law, showing an average difference of 5%.
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(a) Embodied carbon per household and
amount of households

(b) Embodied carbon per household and
probability of demolition

(c) Embodied carbon per household and
probability of renovations

(d) Embodied carbon per household and
proportion of single-family buildings

Figure 4.19: Changes in Co2e per household due to parameter changes. Results
for the year 2100

4.3 Models as decision-support systems

The models created during this project work as a DSS and can be used to
explore scenarios and analyse the outcomes of different settings and eventually
explore potential outcomes of policies. Figure 4.21 presents the resulting
dashboards from the ABMS. Both models are open-source and available for
future researchers to evaluate, apply and extend.

Besides running various simulations to explore the outcomes, these dash-
boards were created to enable the tracking of specific KPI in the virtual setting.
The image below shows that the dashboards include a panel allowing users to
easily input model changes by interacting with sliders or various nobs. On the
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Figure 4.20: Distribution of CO2e
savings for simulations with and
without regulation

Table 4.1: Contribution to CO2e sav-
ings in buildings

right hand, maps and charts were designed to study the simulation as they are
executed.

Although both models use specific case studies, the heuristics developed can
be modified and applied in other locations, or the values of parameters can be
changed easily. In the case of waste sorting, the values that define the TPB can
be altered for other locations, and various urban situations were explored using
other bin placements. Similarly, in the case of Construction and Demolition,
the dashboard of the model can be used to specify the different parameters
to be explored. Changes in the probability of demolition or the percentage
of material to be recycled can be changed before or during the simulation.
Moreover, other parameters, such as the MFA or amount of embodied CO2e,
are listed in the model to represent low-cost changes.
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(a) Construction and demolition

(b) Residential waste separation

Figure 4.21: Model dashboard and control panel
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Chapter 5

Conclusion and Discussion

5.1 Conclusion

The results presented above contributed to achieving the various aims and
objectives and answering the research questions. RQ1 was mainly addressed
in Paper 1 because it provides a theoretical proposition about how to model
data about waste and resources. Moreover, the development of the applications
also contributed to demonstrating the use of UA to enrich UM. At the same
time, these applications also contributed to showing how UA can incorporate
the spatial, temporal and behavioural dimensions. This exploration of these
applications also provides insights to answer RQ2.

5.1.1 RQ1: How can Urban Analytics methods contrib-
ute to urban material flow analysis?

This thesis has expanded the research application of UA by exploring data
models and simulations for resources in city regions. The data model developed
in Paper 1 provides a framework to consider data needs and how data relates
to different entities within various urban systems. The data model was tested
and used in the other applications pursued in this thesis, showing its potential.
Although different contexts will use different parts and modify them according
to the specific needs of their data models, it is crucial to have these. As more
solutions are built on top of these technologies, extending analysis over time
and across regions would be easier. As new data sources and models become
available, the field of resources and waste will be a step closer to engaging with
digitalisation. The applications developed during this project demonstrate how
these methods used during this research project can be used to introduce the
spatial, temporal and behavioural aspects of studying the metabolism of cities.
These simulations can also be used to explore scenarios and create synthetic
information about the results to deliver insights about these simulations.

71
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5.1.2 RQ2: How can the UMframework be enriched to
support urban strategies aimed at closing material
loops?

This dissertation discusses the benefits of incorporating space, time, and
behaviour. Studying material flows in urban areas can benefit from considering
the details of urban processes. In this dissertation, only a set of examples was
explored. Still, this initial proposition can be further developed to establish
more formal links between behavioural, spatial and material flow changes,
as presented in 5.1. For example, the location of waste bins impacts the
amount of waste that is being adequately sorted, or considering time when
studying material circularity in the construction sector could help to think
about what house typologies should be developed depending on the materials
being released in specific moments. This thesis contributes to exposing some
of these links using computer models. Because these models are open-source,
future researchers can expand, modify and correct these contributions.

The analysis developed during this project illustrated the use of UA tech-
niques to complement information about material stock and flows in cities.
Although the models do not directly connect to the UM framework, there is
potential to inform material stock and flow accounting. The models presented
here successfully managed to increase the granularity of information necessary
to enrich UM

Figure 5.1: The interrelationship between space, behaviour, metabolism and
the status of the environment
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5.2 Discussion

The overarching aim of this thesis has been to enrich the field of UM by using
tools and methods from UA. More specifically, this research improved the
information about the processes behind material flow in cities and developed
digital tools to enrich UM´s framework. Moreover, specific applications have
addressed how spatial, temporal and behavioural aspects determine city material
flows. This chapter summarises the main findings of this dissertation.

5.2.1 The importance of data standards and open-source

The theoretical contribution of this thesis was the development of a General
Data Model for Waste and Resources. This contribution departed from a
conceptual model, translated to an ERM and finally implemented in a relational
database. The data model is perceived as a crucial technology that fosters
the digitalisation process for resources. At the moment of the development
of the data model, there needs to be more information available about how
resources flow in city areas. The creation and management of this information
are critical to assessing progress in the CE and, ultimately, the environment.

The data model is expected to spark discussions about adopting data
standards. Developing such models and adopting data standards will facilitate
reproducibility and interoperability and ensure that data about the environment
is stored adequately. These characteristics enable data analysis to be easily
reproduced, and it is crucial to trace progress over time and compare across
different areas.

The resulting digital developments of this research project have been up-
loaded as open-source so that future researchers and practitioners can use,
modify, and extend them. More specifically, advancing towards a more trans-
parent science of cities is crucial because the simulations rely on assumptions
and initial conditions. A strategy to move in this direction is to disclose the
models and make them publicly available.

5.2.2 Expanding Urban Metabolism´s framework

The research conducted in this project aims to foster discussions about the
need for standardised data and processes to streamline the study of urban and
regional metabolism. With the ever-increasing volume of information available
about cities, there is a growing opportunity to develop standardised methods to
track their evolution in almost real-time. This, in turn, will enable us to exercise
better control over the use and distribution of resources. Data availability in
the correct format will also increase the transparency and reproducibility of
methods to measure material use.

Furthermore, the models and analyses proposed in this project enhance the
level of detail in city material flows. In some cases, such as construction and
demolition or residential waste sorting, the link to resources has been more
direct than in industrial symbiosis. These models can be used to evaluate
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hypothetical scenarios and assess how changes in the spatial distribution of
actors in the city can affect these material flows.

5.2.3 Expanding the areas of application of Urban An-
laytics

By developing the data model and engaging in the various applications, the
thesis has expanded the areas of study of UA. The simulations and data analysis
contributed to including the spatial, temporal and behavioural domains in
the studies pursued. This research has shown how including these aspects
is essential to understanding city material flows. Despite the contributions
presented in this thesis, more work is needed to understand and better articulate
the existing relationships between urban, behavioural and material changes.

First, integrating spatial variables was proven relevant for the waste sorting
Paper 3 and industrial symbiosis applications Paper 2. In both cases, the
primary variable considered was the distance between various urban elements.
In one case, the distance to bins can determine the resident’s behaviour towards
waste sorting. In the case of industrial symbiosis, distance can be used to
restrict possible interactions between industries.

Despite not being explored in the case of construction and demolition, space
plays a role in logistics, so the distance between construction sites and recycling
stations is expected to impact the results gathered to this point.

The temporal dimension in Paper 5 was a critical characteristic of the model
that enabled the study of material flows for the construction and demolition
sectors. In this case, because demolitions and renovations release materials,
reuse possibilities are restricted by the available amounts. Moreover, studying
this topic about time can help understand what materials will become available
and adjust the housing supply based on these materials (in time and amounts).

The study of how behaviour affected material flows was direct and clear in
the case of residential waste sorting. In this study, the psychological character-
istics of the residents determine how they sort their waste, and this impacts
the number of materials collected by the municipalities. Furthermore, in the
simulation of construction and demolition, the behaviours can not be assigned
to a specific actor, but they deal with aggregated behaviour observed at a
city level. The results from this model can be used to understand how much
emissions can be saved under various scenarios and how material availability
might change depending on preferences regarding future constructions.

5.2.4 Contributions to planning

The models developed in this thesis linked multiple aspects of the built envir-
onment with how materials flow in cities. First, the data model can be used
to guide the digitalisation process in municipalities. The data model can be
seen as a blueprint of what information is needed and how these entities relate.
Adequate management of this information enables the systematic study of the
effect of urban policies on the environment.
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Moreover, the two simulations about municipal waste and the construction
and demolition sectors offer a virtual laboratory to explore what-if scenarios.
These models were developed to allow researchers and urban planners to study
the effect of different conditions. More specifically, in the case of Paper 3, the
model offers a platform where different situations with waste bins’ location
and maintenance affect how residents sort their wastes. The model can also
explore behavioural changes in the population and other contexts.

Because of the virtual nature of these models, experimental designs can be
used to test and evaluate the effect of different urban policies. For example,
in Paper 5, the simulation can reflect upon how different policies affecting
building energy performance can affect the construction materials flowing in
and out of the city.

5.3 A virtual laboratory: exploring what-if scen-
arios

The decision-support system created through the simulations for WM and C&D
can be a powerful tool for urban planners and policymakers. By exploring
different initialisation conditions and varying combinations of parameters, the
system can help decision-makers make informed decisions. For instance, in the
case of waste sorting, the model can be used to determine the potential effect
of the placement of waste bins under various situations. It can also explore
changes in the core behavioural model and coefficients, leading to better waste
management outcomes. Figure 4.21 presents the resulting dashboards from the
ABMS.

Similarly, in the case of C&D, the simulations can guide overall urban policy
by promoting renovations, increasing the ratio of demolitions or determining
different housing typologies. For example, the model can be used to explore
the most effective ways to encourage eco-friendly building practices and to
choose the best housing typologies for the population’s needs. The simulations
are not intended to predict the city’s future but can expose learnings from
urban processes, which can spark discussions and lead to better urban planning
decisions.

In both cases, the ABM developed during this project can be used during
workshops and to ignite conversations between the government and various
stakeholders. Moreover, the fact that the models were built with open-source
software enables these models to be modified, corrected, and extended according
to different needs in the future. The resulting simulations provide a virtual
setting to explore and discuss the consequences of policies and various territorial
settings that otherwise would require exploring these scenarios without exploring
how those changes might affect the outcomes.

Overall, the decision-support system created through the simulations can
be an excellent tool for urban planners and policymakers, providing valuable
insights into urban processes and helping to guide urban policy decisions.
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5.3.1 Contributions to agent-based models

Finally, the research developed in Paper 2 has direct implications for the
field of agent-based modelling. More specifically, it shows how to integrate
a behavioural theory into the agents in the simulation. Although previous
contributions to the field of waste management have addressed this topic, the
integration was done at an individual level for the first time. Furthermore,
the model demonstrates how an ABM can be used to establish a link between
behavioural theories and properly sorted waste successfully. Previous efforts
to study behaviour fall short of making the connections to waste amounts
or material purity. This study has demonstrated a research path towards its
integration. Even though these models rely on assumptions, initial conditions
and modelling decisions, they can bridge various urban domains and catalyse
discussions about the effects of different spatial configurations.

5.4 Limitations

Throughout this research, several limitations were faced. One significant chal-
lenge revolved around the reliance on modelling assumptions. The applications
explored in this research heavily depended on assumptions about parameters.
To overcome data limitations, I found it necessary to synthesise data using
informed guesses, which were meticulously documented. However, the inherent
uncertainty arising from unknown initial states of systems or the impossibility
of using actual data to model different systems somewhat compromised the
precision of the results.

Another facet of the research landscape pertained to modelling decisions.
As revealed by different studies, alterations in the order of processes could
significantly impact model results. This realisation underscored the need for
further testing to comprehend how specific model decisions influenced outcomes,
prompting a recommendation for additional research in this direction.

Data acquisition emerged as a significant barrier, mainly due to the lack
of open data, posing a considerable obstacle to academia and the pursuit
of sustainable city regions. The developed data model, while theoretical,
demanded extensive datasets for testing. In the study of individual waste
recycling, the absence of microdata motivated the development of simulations,
necessitating data collection for validation and calibration.

The limitation extended to the dissertation’s conceptualisation of CE. While
addressing institutional and societal changes, CE’s broader conceptualisation
required a nuanced evaluation model. Beyond the measurable aspects like
material extraction or recycling, the model needed to consider changes in
consumer perceptions. This called for an embrace of the multi-dimensional
nature of the concept, particularly in the context of the relationship between
the built environment and performance. The co-creation of spaces, for instance,
was identified as a potential avenue to enhance environmental awareness and
a sense of belonging, indirectly contributing to decoupling effects through
improved trust and social capital.

Expanding the focus to resources, the dissertation fell short of addressing
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other CE strategies, prompting a reflection on the necessity to broaden methods
and tools. This involved revising the proposed data model to incorporate
knowledge regarding other CE strategies, such as the sharing economy or
design for circularity. Introducing new classes to capture production processes,
including material sourcing, modularity, and efforts to extend product lifespan,
became imperative to accommodate circular design principles.

The multi-stakeholder paradigm of CE, with the roles of citizens or bottom-
up voices, remained unexplored. To comprehensively assess how spatial planning
could promote CE, it became apparent that more attention should be given to
integrating new perspectives and narratives.

In pursuing enriching knowledge about material flows in city regions, the
studies undertaken during this PhD project highlighted the need for explicit
links to global metrics and MFA or LCA. This necessitated interdisciplinary
work to establish direct and precise links, further strengthening the under-
standing of how processes affect material flows. The term “coupling models”
encapsulated this need for more explicit connections and interdisciplinary
collaboration.

5.5 Future research

After the research activities were pursued under the scope of this dissertation,
several research directions were identified. I recommend that future studies
provide tools and methods to bring more details to analysing material and
energy flows in city regions. Moreover, the emphasis on the recommendations
lies in the fundamental concept of open source and aiming for reproducibility
interoperability across multiple domains Saltelli et al., 2020. Partially, this work
has contributed by sharing the source code and data of the studies pursued
here.

Applying Network Modeling in Construction and Demoli-
tion Sector

Incorporating network modelling into the construction and demolition sector
offers enhanced analysis and optimisation opportunities. However, existing
ABM techniques are computationally demanding and limited in their scope
to track specific materials. To overcome these limitations, there’s potential to
integrate LCA for a broader range of materials or components. Transitioning to
more efficient computation methods, such as graph or network-based techniques,
could enable the inclusion of additional materials or components, thereby
enhancing scalability and applicability.

Developing Decision Support Systems

Developing DSS tailored for policymakers and industry stakeholders is essential
for advancing sustainability in the construction and demolition sector. Expand-
ing these systems to include spatial and temporal analysis can provide valuable
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insights into the potential for circularity improvements in different areas. These
systems can be fine-tuned by engaging stakeholders, including policymakers
and industry representatives, to address specific challenges and support in-
formed decision-making regarding logistics and infrastructure investments for
circularity enhancement.

Connecting environmental and economic models

While existing models, such as the waste sorting model, offer insights into
behaviour patterns, bridging the gap between model outputs and real-world
environmental and economic consequences is necessary. Expanding these models
to incorporate decision-making’s environmental and financial burdens would
require additional layers of analysis and integration with relevant data sources.
This expansion would empower researchers and policymakers to assess the true
impact of policies on waste management practices, facilitating more informed
and sustainable decision-making processes.

Developing dynamic models of Industrial Symbiosis

Industrial symbiosis models are crucial in promoting resource efficiency and
collaboration among industries. However, current models often face limita-
tions regarding data availability and dynamic policy integration. Translating
these models into a rule-based framework can enhance their adaptability and
responsiveness to changing dynamics and policies within industrial ecosystems.
Addressing data limitations through assumptions and engaging stakeholders can
facilitate the refinement of the model, ensuring its relevance and effectiveness
in promoting industrial symbiosis and circular economy principles.

Developing regional metrics to determine circularity po-
tential

Creating a map of potential industrial symbiosis or resource circulation offers
policymakers a strategic tool for developing location-specific policies to promote
sustainability. This map identifies available resources within a territory, such
as raw materials and waste streams, and assesses their suitability for reuse
or recycling. Additionally, it estimates the environmental impact of resource
utilisation, including CO2 emissions or other damages. By integrating spatial
analysis, data collection, and stakeholder input, policymakers can prioritise
interventions that maximise resource efficiency while minimising environmental
harm. This map serves as a roadmap for targeted policies that support circular
economy practices and sustainable development goals.
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A B S T R A C T   

Waste and resources management is one of the domains where urban and regional planning can transition to
wards a Circular Economy, thus slowing environmental degradation. Improving waste and resources manage
ment in cities requires an adequate understanding of multiple systems and how they interact. New technologies 
contribute to improve waste management and resource efficiency, but knowledge silos hinder the possibility of 
delivering sound holistic solutions. Furthermore, lack of compatibility between data formats and diverse defi
nitions of the same concept reduces information exchange across different urban domains. This paper addresses 
the challenge of organising and standardising information about waste and resources management in city 
regions. 

Given the amount and variety of data constantly captured, data models and standards are a crucial element of 
Industry 4.0. The paper proposes an Entity-Relationship Model to harmonise definitions and integrate infor
mation on waste and resources management. Furthermore, it helps to formalise the components of the system 
and their relationships. Semi-structured interviews with government officials, mobile app developers and aca
demics provided insights into the specific system and endorsed the model. Finally, the paper illustrates the 
translation of the ERM into a relational database schema and instantiates Waste Management and industrial 
Symbiosis cases in Buenos Aires (ARG) and Helsingborg (SWE) to validate its general applicability. The data 
model for the Circular Flow of Waste and Resources presented here enhances traditional waste management 
perspectives by introducing Circular Economy strategies and spatial variables in the model. Thus, this research 
represents a step towards unlocking the true potential of Industry 4.0.   

Introduction 

The current linear economy, based on "take-make-dispose", is un
sustainable; in the year 2020, only 8.6% of global resources were being 
reused (Circle Economy 2020). To satisfy the material needs of this 
traditional economic system, we need 1.7 Planet Earths (Lin et al. 2018), 
forcing life to operate beyond its safe limits (Steffen et al. 2015). 
Humans need to act urgently to avoid irreversible damage to the envi
ronment (Policymakers 2018). Thus, the Circular Economy (CE) para
digm has gained momentum among academics, practitioners, and 
policymakers as a promising alternative. This paradigm seeks to maxi
mise resources utilisation by following the 3Rs principle: Reduce, Reuse, 
and Recycle. The CE focus on eco-effectiveness instead of eco-efficiency 
(Toxopeus, De Koeijer, and Meij 2015) by decoupling economic growth 
from the extraction of natural resources (Kjaer et al. 2019). 

Simultaneously, cities play a crucial role in meeting the Paris 
Agreement and Sustainable Development Goals (SDGs) (European 
Commission 2018; OECD 2020). Although urban areas only occupy 2% 
of the world’s total land area, they are hotspots of resources consump
tion and resulting wastes (Themelis 2019). Cities are globally respon
sible for producing 70% of the wealth, 70% of the waste, and 70% of the 
greenhouse gases (United Nations Conference of Housing and Sustain
able Urban Development 2016). 

The Circular Cities Hub1 defines a Circular City as a place where (1) 
"resources can be cycled between urban activities, within city regions" 
and (2) "cities can be designed so that land and infrastructure can be 
reused/recycled over time". One area of spatial planning that can 
directly contribute to (1) is waste management (Gravagnuolo, Angri
sano, and Girard 2019; ESPON (European Spatial Planning Observation 
Network) 2019), and solving this problem requires a holistic approach 

* Corresponding author at: halmers University of Technology: Chalmers tekniska hogskola, Sweden. 
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that integrates knowledge from different domains. 
According to P. Hall a systems approach must be adopted when 

dealing with spatial planning issues, and that planning should be "[...] 
exploratory and instructive. It should aim to help communities think 
clearly and logically about resolving their problems (...). In other words, 
it should aim to provide a resource for democratic and informed deci
sion-making" (Hall 1992, Ch. 1 & 9) and technological ubiquity and 
open-data can contribute to materialise these ideas. Moreover, he re
minds us that computer-aided systems (’cybernated planning’) do not 
necessarily imply making planning more straightforward but making it 
more flexible. By considering more information, planning becomes 
’potentially’ more rational. As more information is needed to tackle 
complex challenges, the need for adequate Information Systems and 
Knowledge Management (KM) also increases (Reyes-Córdoba, Sharratt, 
and Arizmendi-Sánchez 2008; Israilidis, Odusanya, and Mazhar 2021). 

An entire ecosystem of new technologies is being developed and 
deployed to improve waste and resources management. In industrial 
terms, this is often known as the fourth Industrial Revolution or Industry 
4.0, and known as intelligent, data-driven, smart, or digital cities in 
urban studies and with regards to city management. Digitisation pro
cesses (such as IoT, big data, and information processing) are funda
mental to achieving several of the SDGs (Batty et al. 2012; Lang et al., 
2018). Waste management has used these technologies for (i) Data 
capture and development of sensor-based technologies, (ii) Data trans
mission and communication, (iii) Testing capabilities and IoT experi
ments, and (iv) Tracking routing and achieving efficient operations 
(Esmaeilian et al. 2018; Hannan et al. 2015). Digitalisation processes 
have shown to improve resource use in city regions, for instance, 
addressing resource scarcity (Perkins et al. 2014), material criticality 
(danger) (Chauhan, Jakhar, and Chauhan 2021; Chou and Fan 2010), or 
the financial burden on local authorities (Huang et al. 2018; Oliveira 
Neto et al. 2017). 

Although Industry 4.0 is supporting spatial planning processes and 
the CE, data continues to be sparse and heterogeneous in frequency, 
geography and quality, and solutions overlap, making it difficult to track 
progress towards the CE. The development and use of common data 
standards can enhance collaboration and information exchange between 
governmental agencies (Kontokosta 2018). (Lam 2005) reports that 
"lack of architecture interoperability" and "incompatible technical 
standards" are fundamental barriers for e-government integration; 
hence, the importance of data standardisation and of adopting a stan
dard data model to secure a common definition of concepts. Compre
hensive reviews of how industry 4.0 is contributing to deliver CE and 
more sustainable production practices agree that future research needs 
to take a multidisciplinary approach to include different perspectives 
(Alnajem, Mostafa, and ElMelegy 2021). In particular, Lang et al., 2021 
highlight the need "for a well-understood digitization standard, and each 
stage of this process needs to be clarified and proceeded." More specif
ically, lack of standardisation is among the most critical barriers to 
developing smart waste management systems (Sharma et al. 2020; 
Rajput and Singh 2018). One can identify a mismatch between the 
amount of data generated to manage waste and resources, and the ca
pacity to handle these new data sources to deliver sustainable urban 
planning and waste management. 

Looking at other urban planning domains, one can find examples 
where this mismatch has been addressed. The General Transit Feed 
Specification 2(GTFS) is a data standard for public transport services that 
has revolutionised how public transport is managed and studied in cit
ies. Thanks to this development, both logistic operations have improved, 
citizens can plan their trips more easily (Bob 2000, Ch. 10), and 
numerous digital tools and research projects have been delivered. In 
terms of information integration, Land Use and Transportation Inte
gration Models (LUTI) empirically explore the relationship between the 

land use and transport systems. The integrated modelling of these urban 
systems has allowed planners to explore future scenarios and analyse 
how their realisation might impact urban dynamics (Acheampong and 
Silva 2015). Finally, CityGML 3 is an open data standard developed to 
represent and exchange 3d city models. Besides being an example of 
how a data standard can ease information exchange for different 
application domains, it allows models to be expanded and scaled up. 
Since adopters of the standard share the same point of departure 
-database structure-, it is easy to develop extensions for new urban do
mains such as water and energy systems. 

Given the outstanding challenges of digitalisation in the waste and 
resources management domain, and inspired by the examples from 
other domains, the objective of this study is to improve KM for the CE in 
city regions by proposing a data model for Circular Flow of Waste and 
Resources (CFWR). On the one hand, data models offer researchers and 
practitioners that work with resource usage a structured means to store 
and query data. On the other hand, standardising data inputs and out
puts allows researchers and practitioners to build scalable analytical 
tools. This study considers waste management in its most comprehen
sive form, where waste is a by-product of human activity with potential 
value for reuse as a resource. The scope is limited to the process of 
closing material loops by focusing on the following phases of a typical 
supply chain cycle: Collection and Disposal, Recycling and Recovery, 
Circular Inputs and Manufacturing (Kalmykova, Sadagopan, and Rosado 
2018). The study adopts a methodology that includes an on-desk liter
ature survey, a data model development process, and stakeholder 
engagement through interviews for both knowledge acquisition and 
validation of the results. 

The paper is organised as follows. Section 2 presents previous efforts 
to manage knowledge about waste and resources by developing data 
standards or models. Section 3 describes the methodology, followed by 
Section 4 presenting the results: a conceptual diagram of the system, 
formalised into an Entity-Relationship model (ERM), and translated into 
a relational database schema for demonstration purposes. Section 5 il
lustrates how the model can be applied, and was validated using four 
cases relevant to waste management and industrial symbiosis. The paper 
concludes by discussing the results and giving indications for future 
research. 

Related work 

This section reviews efforts to manage knowledge about waste and 
resources in city regions in a context of digitalisation. The first part 
covers significant contributions that use elements of Industry 4.0 to 
tackle environmental challenges, namely specific applications for waste 
management, industrial symbiosis and urban metabolism, showing what 
information is being captured and how it is stored. In the second part, 
existing (and developing) data standards and solutions to organise in
formation about waste and resources are presented. 

Industry 4.0 applications 

As reviewed in (Esmaeilian et al. 2018), technological advancement 
in waste management has focused on 4 areas: data acquisition and 
sensor-based technologies; communication technologies and data 
transmission infrastructure; the capabilities of IoT systems in field ex
periments; and truck routing and scheduling for waste collection oper
ations. After the review the authors suggest that a centralised waste 
management system is needed and they emphasise on the importance of 
collecting data on the lifecycle of products and the use of IoT to provide 
real-time data. 

Several studies introduce devices to capture information about the 
status of waste bins, such as temperature, humidity, or current capacity 

2 https://developers.google.com/transit/gtfs 3 https://www.ogc.org/standards/citygml 
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(Gutierrez et al. 2015). Information about the status of waste bins can be 
used to optimise collection routes, and real-time data can make this 
process even more efficient (Faccio, Persona, and Zanin 2011). In other 
cases, information about collection trucks, resource consumption, 
emissions, current position and time is being generated and used to 
optimise waste management operations (Arribas, Blazquez, and Lamas 
2010; Bing et al. 2014). On a related note, the Trash Truck MIT 4 project 
uses ’digital dust’ to map the flow of specific waste streams. By 
embedding GPS devices in waste objects, the researchers were able to 
gather accurate data about how waste moves in space and time, which is 
crucial to control what happens in the real world and validate plans and 
models. 

Individual smartphones have also become devices for capturing data 
relevant to waste and resources management. UnWaste 5 and Litterati 6 

are two examples of crowd-sourced platforms that allow users to upload 
data about waste disposed on streets and open spaces. 

These new data sources can be relevant to planners when the in
formation is integrated with social and built environment data sets. For 
instance, to identify if sufficient waste bins exist near littered objects, or 
if waste accumulates near specific activities such as fast-food chains or 
transportation hubs. Although all these projects focus on developing the 
IoT device and smartphone technology for data collection, and can 
enhance waste management operations, the importance of managing the 
data generated and of using an adequate database structure is recog
nised (Maksimovic 2016; Hannan and Zailah 2012). Medvedev et al. 
(2015) propose a Smart waste management system to reduce collection 
inefficiencies. Their system integrates real time operation data, cameras 
and sensors to populate a system that automatically improve several 
performance indicators. By incorporating surveillance cameras and dy
namic routing, their system proves to improve collection times. 

Vitorino de Souza, et al., (Vitorino de Souza Melaré et al. 2017) 
provide a systematic review of the various technologies used in Decision 
Support Systems (DSS) for waste management. They noted that the use 
of database technology was sparse, and consequently it was grouped 
with other tools and methods, making it impossible to discriminate the 
extent and purpose of use of this technology. Despite the variety of DSS 
created to address different operative and strategic questions in waste 
and resources management, these tools are hardly used in practice 
because of their limited or lacking support for interpreting the results. 
Furthermore, the spatial dimension relevant to city planning is mainly 
considered when studying logistics or location problems (Uran and 
Janssen 2003; Rubenstein-Montano 2000). 

In a recent example, the Repair project 7 released an open-source 
Geo-design Decision Support Environment (GDSE) that can be used as 
a co-creation planning tool in workshops, to define spatial strategies for 
waste exchanges to support IS (Arciniegas et al. 2019). The tool is 
innovative since it provides a bottom-up approach, overcoming several 
of the barriers discussed in Uran and Janssen (2003). During the 
workshop, knowledge from experts is extracted and captured in the 
GDSE, and the data is stored in a geo-server. The tool integrates per
spectives of various actors to understand how different circular economy 
strategies can affect resource usage in city-regions. The GDSE allows 
users to explore visually and interactively various territorial strategies, 
and contributes to illustrating the strong relationship between spatial 
planning and urban metabolism. 

Although, it was designed as a co-creation tool, it relies on detailed 
information about waste flows in urban areas, so it would be important 
to detail what information and with what level of granularity is required 
to use the GDSE. This information could be valuable to design top-down 
approaches where algorithms are used to determine what scenarios 

provide better outcomes. 
Metabolic studies of cities are known for being data intensive and 

obtaining the necessary data is critical and time-consuming. Metabolism 
of Cities 8 is an ambitious crowd-sourced effort that addresses this 
challenge by providing a hub of all the data needed to estimate the 
metabolic process of various cities. Although volunteers have initiated 
collecting information on more than 60 cities, data and documents can 
be uploaded without a strict protocol, resulting in variability in 
completeness and quality. A data standard or protocol could help solve 
this problem, and would provide a structured database for the tools 
developed to calculate urban metabolism. Shahrokni, Lazarevic, and 
Brandt (2015) try to reduce the existing data gap in urban metabolism 
studies by exploring how the Smart City paradigm can support urban 
metabolism calculations. Smart Citizens can contribute by providing 
individual spatial data about their consumption behaviours and daily 
practices, such as transportation or what and when they use electronic 
devices. These new bottom-up data are more granular than environ
mental statistics and might play an essential role in establishing urban 
metabolism concepts at a neighbourhood or household level. 

GeoFluxus 9, a spin-off platform from the Repair project is a clear 
example of how spatial information about waste materials can be used to 
advise governments and industries to better use resources. It resembles 
in function an industrial symbiosis facilitator, and illustrates how digital 
platforms that organise this knowledge can have positive effects over 
enhancing industrial networks. Yet, after reviewing various IS networks, 
(Paquin and Howard-Grenville 2012; Domenech et al., 2018; Bacudio 
et al. 2016) conclude that there is a major need for harmonised frame
works to analyse and enhance industrial symbiosis practices. Efforts to 
reduce this gap have explored how semantic web technology can 
contribute to capture information about industries and automatically 
identify potential waste exchanges. For example, (Song et al. 2017) 
exploits information available in web sites of companies and extracts 
valuable data that is needed to understand if two firms could be matched 
to exchange resources. The process relies on other databases and pro
jects with the objective of standardising information about waste, 
pollution or industrial processes. A comprehensive list of available data 
sources is provided in the study. Similar approaches were taken in 
(Ghali and Frayret 2019), (Cecelja et al. 2015), but in these cases on
tologies are used to model tacit and explicit knowledge extracted from 
the industries’ web sites. These latter studies are important first steps 
that show how public information on the internet can be exploited and 
organised to initiate industrial exchanges. 

The works covered in this section illustrate how Industry 4.0 is 
improving waste and resource management. Significant IoT, data ana
lytics and DSS are being developed and applied, but diversity and lack of 
harmonisation of data and models hinder their widespread usage. 
Recent bibliometric reviews (Alnajem, Mostafa, and ElMelegy 2021; 
Lang et al., 2021) identified that standardisation and clarification of 
processes through digitalisation are essential to materialise the CE. And 
as suggested by Chou and Fan (2010), effective KM can provide a shared 
background for constructing long-term solutions. 

Data management and standards in waste and resources management 

System integration is at the core of the Smart Cities paradigm, and 
developing and adopting data standards is essential to exchange infor
mation easily. For example, in the UK, Manchester municipality is 
working with Dsposal 10 to develop a data standard for residential waste 
recycling centres 11. The project aims to harmonise information on 
Household Waste Recycling Centres across the municipality to overcome 

4 https://senseable.mit.edu/trashtrack/  
5 https://www.unwaste.io/  
6 https://www.litterati.org/  
7 http://h2020repair.eu/ 

8 http://metabolismofcities.org  
9 https://www.geofluxus.com/  

10 https://dsposal.uk  
11 https://github.com/OpenDataManchester/Open3R 
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the challenge of information availability, variability, and quality. By 
adopting a data standard, the city expects to improve its waste man
agement operations by providing reliable and uniform information to its 
citizens. Technology advances at a fast pace and individual actors can 
generate significant contributions outside government and academia, 
thus GitHub and other collaborative platforms need to be surveyed to 
capture the state of the art of industry 4.0 in various domains. For 
example, the Smart Data Models 12 initiative is currently hosting a data 
model of waste containers, that was not mentioned in the literature 
surveyed. The model includes an extensive description of the container 
object, container model specification and clusters of containers (named 
’islands’) that can help municipalities to better manage such 
information. 

Research on semantics and domain specific ontologies contributes to 
integrating heterogeneous systems, consequently plays a crucial role in 
multidisciplinary practices like sustainable urban planning. Web se
mantics apply ontological models to translate explicit knowledge about 
a domain by defining concepts and the relationships between them. 
These translations are computer readable, support executing calculation 
and automated processes, and in particular ontologies allow information 
interoperability across systems. For example, Howell, Rezgui, and 
Beach (2017) proposes an ontology to enhance water management 
systems by incorporating components of the demand-side. However, 
ontology construction is complex and requires the engagement of 
various experts to provide knowledge about city systems and how the 
technology can be deployed (Sattar et al. 2021; Ahmad et al. 2018). 
provide a methodology to construct ontologies using municipal waste 
management as a case study. They create an ontology called OntoWM 
for waste management and present how it can manage smart bins. The 
method used to construct OntoWM is useful for developing other data 
models and standards, like the ones presented later on in this paper. 

The use of ontologies is used to tackle the challenge of dealing with 
radioactive waste materials, (Chou and Fan 2010) propose an archi
tecture and data structure to exchange and store information system
atically. The data model proves to be helpful by showing how an agent 
model can navigate the XML document to maintain and manage critical 
information of the system. Although, the radioactive waste system can 

be seen as simpler (i.e. in terms of diversity of actors and having only 
waste stream), this study contributes to comprehend the potential 
behind handling knowledge adequately. Throughout the study, one can 
appreciated the central role played by well structured databases, on 
which several stages of this development depend on. 

While discussing the future of Industrial Ecology, (Davis, Nikolic, 
and Dijkema 2010) highlights that these studies require data sources 
that are usually ’unavailable, inaccessible, incomplete, incompatible, or 
unreliable’ (as cited in (Ravalde and Keirstead 2017)), and data stan
dards and protocols could help to improve cohesion across the disci
pline. To handle industrial waste and support industrial symbiosis 
strategies, the Maestri Horizon 2020 project 13 created the first database 
of existing industrial symbiotic relationships. Using NACE codes 14 to 
categorise industrial activity, and List of Waste (LoW) codes 15 to define 
waste streams, it is possible to understand what industries have taken 
secondary materials as inputs (Baptista et al. 2018; Holgado et al. 2019; 
Ferrera et al. 2017). Using two standardised nomenclatures helps extract 
knowledge from the database by a wider community of stakeholders in a 
systematic way. Namely, (Patricio et al. 2017) exploits the database to 
explore all the possible industrial exchanges in a Swedish region for a 
specific industry sector. In another example, (Ravalde and Keirstead 
2017) developed a first of its kind data set that contains information 
about 202 production methods, and illustrate how information about 
capacity, production method used, and materials needed to perform a 
specific process can be managed. Future studies can use the exact 
specification to estimate environmental impacts, in a comparable, 
replicable, and validated approach. 

Fundamental research about databases and data standards are at the 
core of Industry 4.0 advancements. On the one hand, effective databases 
are needed to host data captured by the growing IoT applications. On the 
other hand, standards and protocols help in the digitalisation process by 
providing structured and comprehensive information that can be pro
cessed by machines. Several of the previously cited works have identi
fied the mismatch between big data (i.e. large volume, velocity, veracity 
and variety) of data generated and the need to organise it. In the 
following section, the methodology used to develop a data model for 
waste and resources is detailed. 

Methodology 

The methodology followed in this study to develop the proposed data 
model for Circular Flow of Waste and Resources in city-regions (CFWR) 
adapts previous methods for building information systems (Storey 
1991), and can be decomposed into four main activities: (i) Desk liter
ature survey, (ii) Engagement with stakeholders, (iii) Development of 
the data model, and (iv) Validation using case studies. Activities (i) and 
(ii) helped understand the system, identify the problems and case 
studies, and set the solution’s scope in light of related efforts. With the 
support of these activities, the model was designed and developed in 
activity (iii), and activity (iv) was performed to demonstrate and eval
uate the main output of this research. Fig. 1 presents the main activities 
carried out during this study and how they interact to achieve the pa
per’s primary goal. The process that led to the final version of this data 
model was organic and iterative. Further explanation of each of these 
activities can be found in the remainder of this section. 

Desk literature survey 

A desk literature survey was carried out on how Industry 4.0 has 
been used to improve the KM of waste and resources in cities and 

Fig. 1. Methodological stages and their interactions.  

12 https://github.com/smart-data-models/dataModel.WasteManagement 

13 https://maestri-spire.eu/  
14 https://ec.Europa.EU/competition/mergers/cases/index/nace_all.html  
15 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02 

000D0532-20150601 
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regions. Scientific studies, grey literature, and technology projects were 
surveyed to identify the system components, the current challenges, and 
how information is being captured, used and managed. Moreover, this 
task was critical to identify potential case studies and stakeholders to 
interview. For academic articles, the Scopus database was queried using 
a combination of domain =-specific terms and specific tools or methods. 
Domain specific terms included: (i) Urban Metabolism, (ii) Circular 
Economy, (iii) Industrial Symbiosis, (iv) Waste Management. And tools 
and methods included: (i) UML OR Entity-Relationship Model (ERM) OR 
Conceptual, (ii) Knowledge management, (iii) Relational database OR 
Ontology OR Graph database OR SQL OR NOSQL OR POSTGRESQL, (iv) 
IoT OR ICT OR smart OR industry 4.0. 

The survey was complemented with grey literature dealing with the 
CE and smart waste management systems to learn how these topics were 
being approached in practice, including Deloitte, IBM, Ellen Mac Arthur 
Foundation, and several governmental projects. 

Finally, since the challenge of this research lies within the Industry 
4.0 paradigm, new sources of knowledge such as source code re
positories (e.g., GitHub) and mobile device applications (Apps) were 
also surveyed. Within GitHub, the following combination of keywords 
was searched: "Circular Economy", "Urban Metabolism", "Industrial 
Symbiosis", and "Waste Management". The main outcomes of this stage 
are reported in Section 2. 

Engagement with Stakeholders 

Semi-structured interviews and workshops with different stake
holders helped to complement and validate knowledge gained from the 
literature survey. Although there is no single method to develop a data 
model, using interviews to extract knowledge from stakeholders is 
common practice when developing digital solutions (Gupta et al. 2019). 
The interviews provided first-hand information on how waste materials 
are being managed by practitioners, and how the digitalisation process 
of information can enhance their practices. Table 1 provides information 
on the different stakeholders and interview stages. 

Three groups of stakeholders were consulted at different stages: (i) 
public sector staff from municipal waste management or environmental 
departments; (ii) tech developers; (iii) domain experts from the fields of 
UM, CE and data management. Although all these stakeholders are 
working to halt environmental degradation by using resources more 
efficiently, their views and understanding of the system vary, thus are 
complementary. In order to gain a broader perspective on the domain 
and capture specificities of the system in various context stakeholders 
from different locations were contacted. The interviewees were from 
Buenos Aires, Rosario and San Isidro (Argentina), London and Man
chester (United Kingdom), Maputo (Mozambique), Philadelphia (United 
States) and Gothenburg and Helsingborg (Sweden). 

Three types of interviews were performed. During the first round of 
interviews (SI), initial contact was established. Semi-structured in
terviews were used to understand better the actors’ challenges and how 
the system was operating. The second interaction took the form of a 
workshop (SII), where a first version of the data model was presented to 
verify if any system components were missing. This workshop was 
helpful to map the different actors and their roles in the system. Finally, 
the last interviews (SIII) validated the model applied to the specific use 
cases of each stakeholder and explored how KM could be used in their 
practice. 

Data model development 

The third stage of the study involved developing the data model of 
CFWR in cities in three steps: first, developing a conceptual diagram; 
then, formalising the model into an ERM; finally, translating the ERM 
into a database schema, in this case, using a relational database. 

The objective of the conceptual diagram was to identify the different 
components of the waste and resources management system, an 
abstraction needed to develop more formal models. The proposed con
ceptual diagram was developed based on knowledge acquired in the 
previous two stages and is consistent with the meta-model used to create 
OntoWM (Kultsova et al. 2016). It was used during the interviews to 
validate the system components, to capture how they can be inter
connected, and to identify the attributes of each of these components. 

The conceptual diagram was then formalised into an ERM using the 
enhanced ERM notation (Chen 1976). The ERM provides a more detailed 
representation of the system components as entities, explicitly defines 
their relations, and defines the set of characteristics that describes those 
entities as attributes. Fig. 2, shows two entities related to each other. The 
diamond shape in the middle indicates the cardinality of the relation
ship, where there can be many (n) of Entity A related to one (1) Entity B. 

For instance, a waste bin is an entity, and colour is one of its possible 
attributes. The waste bin can be owned by a firm (another entity), thus 
ownership defines the relationship between the firm and a waste bin, of 
which a firm can own many. 

The development of the ERM is a crucial step towards a database 
architecture. Entities, attributes and relationships can be translated into 
different types of database management systems such as hierarchical, 
graph, or relational. In this case, we used a relational database schema to 
demonstrate how the ERM can be implemented. A relationship is a 
formal link between two entities or in this case tables. Usually, there is 
an ID attribute that will be used to connect information between them. 

The ERM was constructed using DataBase Markdown Language 
(DBML) 16, an open-source Domain Specific Language (DSL) used to 
define and document the database schema. Using a built-in Command 
Line Interface (CLI), a PostgreSQL database schema was generated. 

Validation using case studies 

Finally, with insights from the interviews and literature survey, four 
case studies were selected and formalised using the ERM for waste and 
resources management in the cities of Buenos Aires (Argentina) and 
Helsingborg (Sweden). Two municipal Waste Management (MSW) and 
two Industrial Symbiosis (IS) case studies were instantiated and evalu
ated using a set of competency questions. These questions, relevant to 
the stakeholders’ practice, are used to understand to what extent the 
database developed can respond to domain-specific questions (Tolle 
2021). Then, once the ERM was applied to represent the case studies, a 
final round of interviews was used to warrant that the model could 
describe, analyse, and manage knowledge of different waste streams in 
cities or regions. 

Table 1 
Interviews with stakeholders.  

Stakeholder group N SI SII SIII Total 

Representatives of waste management units 
(public sector) 

7 7 5 3 15 

Tech developers 6 2 4 3 9 
Domain experts (non-public) 4 - 4 3 7 
Total interviews  9 13 9 30  

Fig. 2. ERM - notation Rein85.  

16 https://www.dbml.org/home/ 
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Results 

Conceptual diagram of circular flow of waste and resources 

The Conceptual Diagram of CFWR is general and captures the min
imum set of components required to describe various waste and re
sources management related scenarios. The conceptual diagram 
presented in Fig. 3 is described below. 

Any urban or regional system is composed of numerous and diverse 
actors who, while using, producing or consuming products, generate 
waste (residual material) and it needs to be handled adequately. 
Consequently, Waste (1 in Fig. 3) is any substance or object that an actor 
discards, intends to or is required to discard; it cannot be sold or pur
chased, has no market value and is associated with a cost. Although the 
actors in such systems can be diverse, their actions about waste can be 
generalised into five roles, represented as circles in Fig. 3:  

• Generation: Every time, there is a process that generates waste.  
• Recycling: By various means, any waste or part of it is transformed 

into a resource that can be reintroduced in the market for its use as 
energy or materials.  

• Storage: Whenever waste materials are stored over a period of time, 
for instance, in a transfer station or a landfill. 

Fig. 3.. The Conceptual diagram of Circular Flow of Waste and Resources.  

Fig. 4.. Entity Relationship Model (ERM) for waste and resources management - Rein85 notation.  
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• Usage: After a waste material gets recycled, it is ready for another or 
the same actor to use it.  

• Transportation: Every time waste material is moved from one 
Container to another, there is a need for Transportation. 

An actor with the role Generation produces different waste streams 
(1 in Fig. 3) that are disposed of in Containers (2 in Fig. 3). These con
tainers are places of waste materials that can be found in geographic 
locations (5 in Fig. 3) of actors. Actors with the role Transportation can 
move these waste materials from one container to another. This move
ment of material means from the place where it was generated to a place 
associated with another actor, for example with the role Storage. Actors 
with the role Recycling contribute to reintroducing disposed materials 
into the system by transforming them into Resources (3 in Fig. 3). 

Recycling activities are crucial to delivering sustainability and range 
from cleaning, sorting or more complex resource manipulations. Waste 
transformed into resources is ready for actors with the role Usage. 

The (conceptual diagram) also includes place-specific characteristics 
(4 in Fig. 3) that determine the geographic and institutional context and 
highlight how the waste and resources system can integrate (or be in
tegrated with) other systems. Regulations, institutions, built environ
ment, demographics and jurisdictions impose restrictions and determine 
the set of possible actions that can be performed over the system. 

Entity-relationship model (ERM) of circular flow of waste and resources 

The Conceptual model was then formalised using a ERM. Fig. 4 
presents the proposed ERM of waste and resources management in city 

Fig. 5.. Relational data model schema for containers.  
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regions, focusing on the relationships between entities so that these can 
be described and visualised properly. The attributes of each entity will 
be detailed later, in the relational database schema. 

The entities of the model are grouped into five categories. Actors and 
their roles in dark blue represent the stakeholders in the system. The 
second group of entities, in light blue, is related to waste and resources 
and captures information about how waste is generated, transported and 
transformed into resources. The places that hold waste are represented 
in black. Finally, in red are the entities related to waste transportation, 
and in green are institutional related entities, such as regulations and 
maintenance. Next, we describe the entities and their relations in more 
detail. 

Actor is a parent entity with seven child entities that represent 
possible roles that an actor can have, the primary roles being: Generator, 
Recycling, Storage, CE Consumer and Transport. Two secondary roles, 
Public office and Maintenance, are incorporated to capture additional 
complexities of the system. The roles will hold specific data about the 
actors’ activities. Since the same stakeholder can engage in different 
activities, any general information such as name or address are attri
butes of the parent entity Actor, to avoid repetition. 

An Actor can have several instances of the Generation role for each 
waste stream that it produces. Data about the actual waste generated 
will be recorded in the Waste Generated entity. The Waste Generated 
entity has two connections, one to the Actor and another to Waste Place, 
where it is disposed of. 

Waste Place has data about a general location where waste materials 
are kept, e.g. a disposal site or a street corner. It is a parent entity 
allowing for different child categories, and supports groups of containers 
as in a recycling collection point or hub. At present, only a general 
container is represented, but more categories could be created to define 
other types of waste container. Each Container can have several IoT 
Devices that generate different reports about the Container status, such 
as weight, temperature, gasses or an image. 

Waste Transfers is an entity that registers waste movement, holding 
data about how the transfer was done, from where, to where, when the 
process occurred, and the type of waste and quantity that was moved. 
Waste Transfers has two pointers to Waste Place because waste is being 
transported from one place to another place. Waste Transfers has two 
additional relationships, one to Equipment, and another with Staff, in 
both cases entities related to the Transport role of an Actor. This role is 
linked to additional entities that store information about the Collection 
Route and Vehicle transporting waste and waste materials. 

This model is relevant for tracking progress in closing material loops 
since it contemplates Actors that have other vital roles such as Recycling 
and CE Consumers. In this case, Recycling contains data about places 
where waste is transformed into a resource; CE Consumer is the final role 
that an actor can have in the circular supply chain and will have data 
about what is being used and for what purpose. Both roles are related to 
the entity Resource: on the one hand capturing information about the 
stock of material saved, and on the other, the amount that is ready to be 
used again. 

The Actor entity can capture different relationships between stake
holders via Contract and Messages. Actors can establish formal re
lationships with other actors in a Contract, recording who is demanding 
a service, who is providing it, and who is controlling that the relation
ship is working accordingly. Contract can be used, for instance, to 
indicate that a municipal unit has a contract with a private firm that is 
responsible for the collection of waste. Furthermore, the model can store 
information transferred between actors in Messages, for instance, a 
waste management unit notifying its citizens of a change in collection 
times or a resident informing that a waste bin was vandalised. Finally, a 
Key Performance Indicators (KPI) entity related to Actor captures data 
on different KPIs, and will enable to track and analyse the performance 
of difference entities. 

The ERM for Circular Waste and Resources Flows has been designed 
to incorporate spatial aspects of the system supporting spatial planning. 

Actors, Waste Places, GPS reading, Service Zone, and Collection Routes 
are spatial entities with location (i.e., geographic coordinates) in their 
attributes. This feature enables answering spatial planning related 
questions and, more importantly, it allows establishing links with other 
data sources or geographical models of the built environment. 

Relational database schema 

The final data modelling step was the translation of the Circular Flow 
of Waste and Resources ERM to a relational data model schema, con
taining a total of 27 tables and 281 fields. The following examples 
reinforce the understanding of the data model and illustrate the attri
butes that define a class in more detail. To improve the organisation and 
readability of the study, Appendix A (Fig 10-12)contains detailed figures 
of different parts of the relational database schema; only Fig. 5 has been 
included in this section. 

Actor is a central class of this data model that can represent the 
household, productive, recreational or administrative units of a city. 
Actors (i) are of many types, (ii) can employ resources, (iii) must comply 
with regulations, (iv) communicate with other actors, (v) set objectives, 
and (vi) define operation details. Fig. 10 shows the attributes contained 
in the Actor class and its child classes (roles). 

Waste generated holds a registry with information about who 
generated the waste (actor id), what type and how much was generated, 
and where it was placed (waste place id). Moreover, there is a rela
tionship between Regulation and Waste generated that stipulates what 
regulations apply to a given waste type. The full details of the attributes 
and cardinality of these tables can be found in Fig. 11. 

Containers are one of the most frequently addressed entities in waste 
related smart city applications. This class’s attributes include location, 
colour, type of waste that it should contain or capacity, and identify a 
particular waste container in the system. Containers can also be 
embedded with IoT Devices that produce various readings on the status 
of the bin, its content (i.e., current capacity, temperature, humidity, 
open lid), and its surroundings (i.e., sun exposure, temperature, image). 
A single container can have multiple devices, and each of these devices 
generates readings with a specific frequency. Fig. 5 shows the cardi
nality and attributes of each of these tables. 

Waste transfers has two Waste place ids indicating a starting and an 
ending container, and it has a timestamp that shows when the waste 
transfer job was performed, what waste types and amounts were 
transferred. Moreover, it is connected to Equipment and Staff to retrieve 
information from those tables. Details of these table’s attributes can be 
seen in Fig. 12. 

The complete data model schema can be found in an open source 
repository in dbml and SQL formats for PostgreSQL 17. Also, an inter
active version has been uploaded for visual exploration 18. 

Validation of the data model of circular flow of waste and 
resources using case studies 

The CFWR data model proposed in this study is aimed at supporting 
the modelling – for data management, description, analysis, simulation 
or visualisation - of the widest range of waste and resources manage
ment scenarios, while being flexible to represent the different local 
contexts. Four case studies were implemented to test to which extent the 
proposed data model can be applied to different contexts. 

The first two cases are related to Municipal Solid Waste Management 
(MSWM): (i) Recycling: Material recovery in Buenos Aires City and (ii) 
Optimization: IoT in waste management operations in Helsingborg. 
Although, the topic in both cities is the same, the operations of waste 
management differ significantly. In Buenos Aires, urban pikers sort and 

17 https://github.com/Urban-JonathanCohen/GeneralWasteDataModel  
18 https://dbdocs.io/Urban-JonathanCohen/Waste2Resources 
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Fig. 6.. Recycling: Material recovery in Buenos Aires City.  
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Fig. 7.. Optimization: IoT in waste management operations in Helsingborg.  
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Fig. 8.. Reuse of materials: Construction and demolition sector in Buenos Aires City.  

J. Cohen and J. Gil                                                                                                                                                                                                                             



Resources, Conservation & Recycling Advances 12 (2021) 200058

12

Fig. 9.. Regional waste exchanges: A general implementation.  
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collect recyclable materials on the street after the citizens have put them 
on the streets and in the case of Helsingborg, the sorting is done at origin 
and the municipality is testing an on-demand collection service. 

The third and fourth cases are about Industrial Symbiosis (IS): (iii) 
Reuse of materials: Construction and demolition sector in Buenos Aires 
City and (iv) Regional waste exchanges: A general implementation. IS 
happens when two or more firms engage in cooperation by exchanging 
resources. This activity is of particular interest to the CE since it enables 
the reuse of waste materials, as waste resulting from a production pro
cess is treated as a potential input to another. 

Each case study is presented by an instantiated diagram of the CFWR 
data model, and a set of three competency questions relevant to the 
specific case are used to test the logic of the data model. For each of the 
case, in Appendix B (Fig 13-16 & Table 2-5) we included a more detailed 
ERM and a longer list of competency questions is included. 

Recycling: material recovery in Buenos Aires city 

In Buenos Aires City, urban pickers play an essential role in recov
ering recyclable material. These workers are employed by the Munici
pality and belong to a set of self managed recycling cooperatives. Today, 
the Municipality of Buenos Aires works with six cooperatives and sup
ports the work of approximate 6000 urban pickers. Each cooperative is 
assigned a zone and the Municipality assigns a specific area of 6 urban 
blocks to each worker, who collect paper, cardboard, glass, plastics and 
metals (dry waste). Waste is transported to facilities where the materials 
get sorted, cleaned, and readied to be sold to recycling firms that will 
transform it into a resource. 

shows a sample of how the data model can be used for this specific 
case. Among the stakeholders of this case, we can find the municipality 
and its departments (hygiene, recycling or circular economy) and the 
cooperatives, residents, staff, and recycling firmsFig. 6. 

The case shows how information at different scales can be organized 
using the data model. City-data such as population and boundaries can 
be found in the Public Office entity. Waste generation information can 
also be represented at different scales: zones or buildings. In this case, a 
single building is responsible for generating different Waste Generated 
streams such as mixed, paper, metal, or plastics. Waste generated is then 
disposed of in different containers. Containers holding recyclable ma
terials are visited by municipal Staff, and they take the material to a 
Recycling facility where the material is treated for later reintroduction 
in the system as Resource. The other Containers are visited by Staff on 
Vehicles and taken to Storage in a landfill, where the waste is weighed 
and discarded. Note that the recycling facility also generates waste, and 
this is sent to the landfill in trucks. 

The following Competency Questions could be answered: (i) How 
much material of a specific type was collected at a specific time and 
place? (ii) How much material and of what type arrives at the recycling 
facilities? (iii) Is there available capacity for recycling? 

Optimization: IoT in waste management operations in Helsingborg 

Helsingborg municipality, located in the southwest of Sweden, has a 
contract with a firm responsible for managing municipal waste (NSR 
AB). Currently, an on-demand system to collect waste generated by 
households is being tested with a set of 6000 units. Using an IoT device 
attached to the waste bins, the residents can demand a collection ser
vice. This test will allow NSR to re-evaluate their operations and 
improve its operations. 

shows how the data from this case study could be captured using the 
data model. The implementation represents two processes: waste bins 
equipped with the IoT device; and the traditional system. Moreover, in 
this case, the trucks’ position is currently being recorded, and such data 
can also be incorporated in the CFWR model. Finally, the model shows 
how data about the process of transforming organic material into com
posted soil ready for retail can be representedFig. 7. 

The following Competency Questions could be answered using this 
database: (i) How long does it take to fill a waste container? (ii) What is 
the relationship between the property size and the waste generated? (iii) 
Which system generates the most pick-ups? 

Reuse of materials: construction and demolition sector in Buenos Aires City 

The construction and demolition (C&D) sector is vital for the CE of 
cities because of the number of resources handled. Depending on the 
location and other variables such as economics or regulations, the 
amount of C&D waste can reach between 20% and 40% of the total 
municipal waste 19. Better management of the C&D sector will decrease 
not only the environmental pressure but also the financial costs of 
managing these materials. 

Since 2013, Buenos Aires City has a recycling centre to recover 
materials from the C&D sector. Registered transport firms that comply 
with current regulations can access and dispose of materials for free. On 
arrival, transported containers, in this case skips, are weighed. More 
than 3000 tons of solid material gets into the facility per day and uses 
different technologies to reuse it by the construction sector. 

demonstrates how the proposed data model can be used to manage 
information on C&D waste streams. The Actor construction site can be 
the source of different waste streams depending on the project’s stage, 
and in this case, two waste typologies are presented, polymer and tim
ber. These resources are disposed of in a skip, transported to a recycling 
centre, detached and left for later transportation. This status of the skip 
is captured in the table Deployment. Another construction project can 
use resources recovered at a recycling facility. As the recycle centre 
recovers different materials, some material is disposed of into another 
container and later transported to a landfill. The table Waste Transfer 
holds information about where the waste material is transportedFig. 8. 

The following Competency Questions could be answered: (i) How 
much material is transported per skip? (ii) How much material is being 
reused and for what purpose? (iii) How much material is gathered per 
day? 

Regional waste exchanges: a general implementation 

Urban planning can promote IS processes by deliberate creation of 
Eco-Industrial Parks (EIPs). By fostering the co-location of different in
dustries and businesses, barriers for exchange of knowledge and re
sources are eroded. These exchanges can also happen outside EIPs, and 
the data model can be used to manage information about actual and 
potential exchanges. 

In this case, the CFWR model in Fig. 9 represents an exchange be
tween two industries in different sectors and locations. Both industries 
are contained within a geographical boundary, in this case a city, but the 
model can be used to represent regions or country-level data. In this 
example, Industry A generates a waste categorized as LoW X and In
dustry C generates waste streams classified as LoW R and S. The appli
cation shows how a recycling centre transforms the residual material 
from Industry A into materials (X1 and X2) that can be used by Industry 
C. 

The following Competency Questions could be answered: (i) What is 
the closest industrial facility where a waste could be used?, (ii) What is 
the contribution to GHGs of transporting the waste within a region? and 
(iii) What waste materials are being recycled the most and the least? 

Discussion 

Industry 4.0 can play a significant role in delivering sustainable 
urban futures. IoT and new computational methods are expanding how 

19 https://www.buenosaires.gob.ar/educacion/escuelas-verdes/conoce-la 
s-plantas-de-tratamiento 
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we manage waste and resources in city regions. As the ecosystem of 
digital tools and techniques continues to grow, there is an increasing 
demand to manage and integrate these new data sources and tools. As 
identified in sections 1 and 2, effective KM and data standards are 
critical elements in the Industry 4.0 and data-driven paradigms. 
Knowledge silos and islands of IT are known factors that make the 
transition towards a Circular Economy difficult. Lack of compatibility 
between data formats and diverse definitions of the same concept re
duces information exchange across different urban planning domains. 
This paper has addressed this challenge by proposing a data model to 
support information management for waste and resources in city- 
regions. Stakeholder engagement proved to be a critical part of the 
process, helping to incorporate different perspectives and correct 
modelling inconsistencies. This model can be used in various contexts, 
by different actors, and at various stages of the supply chain. 

Despite the existence of different waste streams and that their 
management varies across local contexts, this paper has shown that 
municipalities worldwide face similar challenges. Information collected 
and used to address these challenges is also similar, if not the same. 
Namely, the operations of municipal waste services differ greatly from 
city to city, but the general components of the CFWR data model are 
sufficient to capture the specificity of the different cases. For example, in 
the cases of Buenos Aires City and Helsingborg, where waste is managed 
significantly different, it was shown that the data model can be used to 
describe both contexts. For instance, waste collection and transfers by 
urban pickers (actors) plays an important role in the Buenos Aires 
context, whereas in Helsingborg case study, the containers, the IoT de
vices and their reporting become central components of the system. 
Although both cases depart from the same general data model, it be
comes clear that the instantiating of the data model acquired different 
forms. Although the resulting database implementations will differ from 
case to case, by using the same standard these two cases could be 
compared, or even digital tools developed for one case can be adopted in 
the other with relative ease. Finally, the same CFWR data model also 
managed to accommodate a generic industrial symbiosis case, where it 
can be noticed that the same actor is having different roles: a recycling 
centre is a recycling actor but also a waste generator. 

Contributions of the CFWR data model as a standard 

The primary contribution of this study is a general framework to 
integrate information about waste and resources management in city 
regions that conciliates perspectives from various actors. The proposed 
data model goes beyond traditional waste management tools by 
considering the circular economy and the spatial dimensions. On the one 
hand, the data model expands the traditional waste management 
perspective so that wastes are seen as potential resources. By including 
in the model recycling and how the materials are being re-used, the data 
model can support tracking progress on material circularity. On the 
other hand, the data model brings the ideas of CE closer to spatial 
planners’ practice. By including geographical attributes in several 
classes, it allows to ground Circular Economy strategies and Key Per
formance Indicators on the territory. For example, by explicitly 
including the location of firms, it is possible to analyze resource effi
ciency in different territories. Moreover, this information can be used to 
prioritise locations for intervention, based on the results from pre
defined performance indicators. Finally, the more granular the infor
mation about waste and resources becomes (in spatial terms), the closer 
urban metabolism analyses get to urban planning practice. For instance, 

waste generation and product consumption patterns at the building level 
can provide useful insights to better plan neighbourhoods. 

Besides managing knowledge about waste and resources, the pro
posed data model provides a framework for digital tools and methods to 
be validated, compared, replicated, inter-operated and extended. 
Adopting a data standard enables the creation of reproducible tools and 
analysis methods, which is of particular interest for small and medium- 
size municipalities without financial or technical resources to develop 
such tools. There is an untapped potential that by using a data standard 
and developing open-source tools, solutions built for one place can be 
reproduced in another with ease. Local action is needed to tackle global 
environmental challenges; therefore, data standards, more and better 
open data and processes, all contribute to enhancing waste and re
sources management. 

Moreover, the proposed data model offers several data points of 
entry and exit that can be used to facilitate the interoperability between 
KM systems. The geographic location of objects stored in the model is a 
clear point of linkage to other data sources. For example, by including 
the geographic location of waste containers the model can be linked to 
other aspects of the built environment, namely incorporated in digital 
twins of cities for visualisation and analysis in impact assessment of 
traffic, noise or air pollution. Conversely, other data sets such as those 
from Litterati or Unwaste can be directly linked to the waste place class, 
feeding this crowd sourced data into a CFWR database to find where 
littered objects are typically found. 

Finally, the methodology described in section 3 can guide future 
research pursuing a similar objective of Knowledge Management for CE. 
Other CE strategies, such as sharing economy, would require the 
development of new classes and relationships to fit specific analysis and 
objectives. Therefore, a new process going through the different stages, 
including a new conceptual model and engagement of different stake
holders and experts, would be required. And ultimately these models 
could be easily linked to provide a more integrated understanding of 
Circular Cities. 

Limitations 

This study’s primary focus was to track objects from when they are 
disposed of until they are stored, processed or reused. As a result, the 
proposed data model falls short of managing knowledge regarding other 
CE strategies, such as sharing economy or design for circularity. For 
instance, to accommodate circular design, where material sourcing, 
modularity and working towards expanding the life span of products are 
key principles, new classes would be needed to capture production 
processes. In addition, the model would need some rethinking to include 
the sharing economy since there is no disposal of objects. In this case, the 
model should include a new class to represent shared objects and their 
users to show the availability and usage intensity, among other attri
butes. Nevertheless, it is possible to link related models, developed 
separately, to expand their individual capabilities. 

In the development of the data model, even though the interviews 
were thorough, the number of stakeholders involved was limited. To 
fully understand to what extent the proposed model is more generally 
useful to manage knowledge about waste and resources in cities, more 
cases and interviews are needed. By interviewing new stakeholders, new 
perspectives and narratives will emerge to complement this study. The 
validation process will continue, as more applications and studies use 
the data model proposed here. 

Beyond the list of stakeholders reported in section 3, many other 
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engagements did not result in interviews or workshops, potentially 
limiting the scope of application of the data model. For different reasons 
meriting reflection, it was challenging to collaborate openly with some 
stakeholders, and as a result, those who shared their knowledge already 
understand the value of and need for digitalisation of their processes. 
The interviews fulfilled their purpose, but it would be worth investi
gating some institutions that are more reluctant towards digital trans
formation processes than others. Including their visions can be essential 
to address other challenges and dynamics not captured in the present 
CFWR model. 

There are also possible uncertainties surrounding the general adop
tion of the data model, because the diversity of actors and political in
centives around the waste and resources system are extensive. The 
multiplicity of actors translates into knowledge and data fragmentation, 
which the proposed model tries to address, but requires more than 
technological efforts to reconcile in one platform. Digitalisation pro
cesses can be perceived as a threat, and changing institutional, behav
ioural and corporate culture is a complex but worthy endeavour. In 
addition, business confidentiality and market competition erode po
tential collaborations that could improve how we allocate and consume 
resources, as documented by efforts to establish IS networks. 

Finally, it is important to highlight that the data model proposed in 
this research is theoretical, and although it was validated to comply with 
the rules of DBML syntax and by showing its application in different 
contexts, a final validation with extensive data sets and a database 
implementation is needed. Until then, the model’s usability and real 
capabilities remain uncertain. 

Future work 

As stated in the limitations, the CWRF model proposed here was 
developed based on knowledge derived from the stakeholders and 
almost no data was used during the process. Consequently, the next 
natural step is to acquire various data sets and implement databases for 
different case studies, in order to demonstrate application of the model 
in practice, and to confirm if the classes, attributes and relationships 
currently implemented are sufficient. Furthermore, one must continue 
to engage with additional stakeholders to identify new cases, available 
data sets, and to understand to what extent the proposed model can 
become a data standard for waste and resources management. 

As reported in Section 2, several initiatives are generating informa
tion about waste an resources systems, and developing specific data 
standards. Future efforts should pursue how to integrate these new data 
sources and standards into a common framework, namely linking them 
to the proposed CFWR data model. By developing APIs, and defining 
clear data points of entry and exit, the proposed data model can be 
queried, populated and linked to other systems. Researching the inter
operability of the proposed model with other data sources, standards 
and tools will be crucial to understand its usability in urban spatial 
planning. 

In this paper we presented a translation of the ER representation to a 
relational database because of their simplicity and popularity. However, 
other database technologies are available, in particular ontologies and 
graph database technologies, more closely linked to the semantic web. It 
would be relevant to study possible benefits and limitations in data 
processing, integration, storage, analytic performance, and usability, to 
provide users with the adequate tool to tackle their challenges. 

Finally, the proposed CFWR data model provides a stable informa
tion structure to develop different automated tools and methods, that 

can boost the municipal digitalisation process. For example, developing 
tools to extract information about waste treatment from municipal re
ports or from open-data web sites, and loading this information into a 
database so that is it more easily findable, queried and analysed. Or for 
instance, by adhering to the classes, attributes and relationships of the 
proposed model, the tools or methods developed for one place can be 
easily replicated in a different context. Future work can focus on 
developing these tools and methods and exploring how to integrate 
already existing DSS with the proposed CFWR data model. These studies 
are vital to increasing the DSS’ transparency and unpack black-box 
analysis that only fit one problem. 

Conclusion 

This paper proposed a framework to improve KM for the waste and 
resources sector by developing a data model of Circular Flows of Waste 
and Resources (CFWR). The CFWR data model details how different 
components of the system of waste and resources are related and defines 
the characteristics that describe these components. As an intermediate 
step towards developing an ERM, the paper delivered a conceptual di
agram that identifies the fundamental system components needed to 
manage waste and resources in city regions. The ERM representation 
expands this to captures the system’s components, their attributes, and 
their relationships. Moreover, the paper provides a formal representa
tion of the CFWR data model in the form of a relational database schema 
that should allow the sharing of information with ease. Although the 
conceptual diagram and the ERM were intermediate steps towards the 
relational database, these representations were extensively used to 
communicate with stakeholders and experts about how the urban waste 
and resources system operates, and to detail its various components. 
Finally, to validate the model and test its general applicability, it was 
used to represent different municipal waste management and industrial 
symbiosis cases. Instantiating the ERM into these specific use cases was 
helpful to discuss with stakeholders the functioning of the specific sys
tem, its components, and their relationships. The diagrams and the data 
schema are available online and freely accessible. 

The outputs of this work represent a step forward in the digital 
agenda for waste and resources management. Using new digital tech
nologies to measure, analyse or visualise information are relevant ad
vances that illustrate some of the potential that Industry 4.0 has to offer. 
Additional (stronger and long term) benefits of digitising existing com
plex urban systems will materialise when the replication, expansion and 
integration of the different processes and systems is enabled. Specifi
cations and protocols for handling data are a fundamental pre-requisite 
to unlock the potential of Industry 4.0, and to achieve more Circular 
Cities. 
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Appendix A: Relational database schema 

Figure 10, 11 & 12 Should be here 
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Fig. 11.. Relational data model schema of waste generated.  

Fig. 10.. Relational data model schema of actors and roles.  
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Appendix B: Case Studies implementation 

Figures 13, 14, 15, 16 should be here and Table 2, 3, 4, 5. Moreover, 
the order should be: Figure 13, followed by Table 2.Figure 14, followed 
by Table 3.Figure 15, followed by Table 4. Finally, Figure 16, followed 
by Table 5 

Fig. 12.. Relational data model schema for waste transfers.  
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Table 2 
Competency questions for Material recovery in Buenos Aires City.  

Recycling: Material recovery in Buenos Aires City 

1. How many workers have been working at a specific time-place? 
2. How much material of a specific type was collected at a specific time-place? 
3. What distance do they travel every day? 
4. What is the average distance between each container? 
5. What is the time distribution of time spent sorting and collecting in each container? 
6. How much material and of what type arrives at the recycling facilities? 
7. Is there available capacity for recycling? 
8. How much value is recovered by an employee? 
9. How many cooperatives are working in the city? 
10. What is the area covered by each cooperative?   

Fig. 13.. ERM for Recycling: Material recovery in Buenos Aires City.  
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Fig. 14.. ERM for Optimization: IoT in waste management operations in Helsingborg.  

Table 3 
Competency questions for IoT in waste management operations in Helsingborg.  

Optimization: IoT in waste management operations in Helsingborg 

1. What is the most popular time to demand a pick-up service? 
2. What areas demand the most pickups? 
3. How long does it take to fill a waste container? 
4. Does the on-demand service generate more demands than the non tested one? 
5. What is the most collected waste stream? 
6. What is the relationship between plot size and waste generated? 
7. What is the average distance between one transfer waste place to another? 
8. What is the difference in distance between containers in one system and the other one? 
9. which system generates the most pickups?   
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Table 4 
Competency questions for re-use of materials in CnD in Buenos Aires.  

Re-use of materials: Construction and demolition sector in Buenos Aires City 

1. How much material is gathered per day? 
2. How many skips are in use every day? 
3. How many skips are available? 
4. How much material is transported per skip? 
5. How many construction sites are currently happening in the city? 
6. What is the total distance travelled between construction sites and recycling facility? 
7. How does the number of construction permits and waste received at the recycling facility 
correlate? 
8. How many emissions are being produced due to the transportation of these materials?   

Fig. 15.. ERM for Re-use of materials: Construction and demolition sector in Buenos Aires City.  
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Fig. 16.. ERM for Regional waste exchanges: A general implementation.  
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A B S T R A C T   

Industrial Symbiosis (IS) can reduce industrial waste and the need for virgin material extraction by utilizing 
waste generated by one industry as a raw material for another. Input-output matching is a commonly used 
approach for identifying potential IS partnerships. Usually, to collect necessary data for input-output matching, 
companies are asked to participate in workshops or surveys. However, such activities can be costly and time 
consuming. Additionally, companies may be unwilling to participate due to issues around data confidentiality. 
This article aims to show how these barriers can be overcome by a new method for identification of IS oppor
tunities, which does not require companies to be surveyed. The developed matching approach uses statistical 
datasets and IS databases. The underlying principle is to use known IS partnerships and databases developed by 
the authors containing data on typical waste generation and resource use by industries, to expand and link other 
potential donors and receivers. This allows the expansion of one IS example into multiple potential relationships. 
The method promotes Circular Economy development by identifying more opportunities to utilize more sec
ondary resources through connecting previously unrelated industry sectors. The method has been tested in 
Sweden, where the goal was to identify potential partnerships between industries that generate sawdust as a 
waste product and companies that could utilize sawdust in their industrial processes. Out of 6,726,534 potential 
symbiotic links identified by the method, 159,630 were shortlisted using prioritization criteria reflecting an 
increased likelihood of symbiosis.   

1. Introduction 

Industrial Symbiosis (IS) involves collaboration between companies, 
in which they exchange materials, energy, water and/or by-products 
(Chertow, 2007). Together with eco-industrial parks and supply 
chains, IS is one of the three main fields supporting sustainable indus
trialization within the Circular Economy arena (Homrich et al., 2018). In 
recent decades, IS has gained much attention among policy makers, 
businesses, and academia, as a means to support the transition to a 
circular model (Gregson et al., 2015). In the European Union (EU), IS has 
been recognized as a tool that can be used to promote sustainable 
growth and resource efficiency in industrial systems. In 2012, IS was 
defined as one of the top seven priority areas by the European Resource 
Efficiency Platform (Johnsen et al., 2015). 

A number of different methods can be used to identify potential IS 
partnerships, including New Process Discovery, Relationship 
Mimicking, Material Budgeting, and Input-Output Matching (Grant 
et al., 2010; Holgado et al., 2018). Input-Output Matching is perhaps the 

most commonly used method, and involves finding potential IS matches 
by analyzing characteristics of output streams (i.e. wastes and 
by-products) from industries and the material inputs they require, 
before matching one to the other (Bin et al., 2015; Hein et al., 2016; Low 
et al., 2018; Yeo et al., 2019). This method can be used to achieve higher 
efficiency in industrial parks (Holgado et al., 2018), via IT-enabled 
identification using semantic matching (Trokanas et al., 2014) or 
expert-facilitated workshops (Maqbool et al., 2019). The most widely 
known program using Input-Output Matching is the National Industrial 
Symbiosis Program (NISP), which uses bottom-up approaches to facili
tate IS in a given region. Using a cross-sectoral and supply chain 
approach, NISP is able to identify opportunities among stakeholders 
participating in workshops (NISP Canada, 2017). 

Although bottom-up approaches have been shown to be successful in 
identifying opportunities for IS partnerships, they have some limita
tions. In order to obtain the necessary data, companies must take part in 
certain activities, such as registering resources or wastes on web plat
forms, or sharing information by participating in workshops or meetings 
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(Alvarez and Ruiz-Puente, 2017). However, certain factors can limit the 
necessary data acquisition, including: 1) data confidentiality, 2) time 
constraints, and 3) high costs. There are multiple examples of companies 
being reluctant to share confidential information, e.g. on raw material 
consumption or waste generation (Bacudio et al., 2016). Additionally, 
companies hesitate to share information if they do not see clear value 
gains (Patala et al., 2020) and in many cases companies do not have time 
to engage in these types of activities (Patricio et al., 2018). Conducting 
audits and interviews to collect information about inputs and outputs is 
associated with high costs and may be very time consuming (Hein et al., 
2016). Sometimes companies may simply not have been considered for a 
workshop, forgotten to register their wastes on an online platform, or to 
fill in a questionnaire. 

At the same time, we are facing the Fourth Industrial Revolution 
(Industry 4.0) which among other things, relies on the availability of 
large amounts of data. Data-driven analysis can now be used to optimize 
sustainable solutions, including the efficient use of resources and energy 
(Reis and Kenett, 2018; Tseng et al., 2018). The results and methods 
developed as part of Industry 4.0 may help decision-making processes 
and identify approaches that effectively promote waste circularity 
(Winans et al., 2017). As a result, it may be possible to employ top-down 
approaches that utilize available datasets, and to develop tools with the 
ability to identify IS opportunities. However there are still some chal
lenges relating to data availability that have been identified. Chen and 
Ma (2015) have pointed out the lack of comprehensive and standardized 
databases for material streams. This is even more evident for waste 
generation datasets, which are usually only available with very high 
aggregation (Reynolds et al., 2016). 

It is also known that considering different industries at the same time 
improves the chances of finding potential applications for waste reuse in 
a particular geographical area. According to Jensen (2016), diversity 
within industrial ecosystems promotes resource reuse and, potentially, 
increased system production. However, there is a lack of tools that allow 
identification of potential relations between multiple sectors and in
dustries (European Commission, 2018). One explanation for this may be 
the lack of comprehensive and standardized databases for material flows 
(Chen and Ma 2015). In particular, waste generation datasets are usually 
only available with very high aggregation (Reynolds et al., 2016). If this 

data was available, input-output matching could rely on information 
about stream characteristics and technological capability, rather than 
the willingness and ability of individual companies to share data (Yeo 
et al., 2019). 

The aim of this article is to introduce a method for identification of 
potential IS partnerships that makes use of available detailed datasets. 
This has been achieved by coupling a top-down approach with input- 
output matching. The developed method intends to: 1) use available 
data to avoid direct involvement of companies in the preliminary phase 
of IS, overcome common issues, including confidentiality problems and 
the use of time-consuming tools such as surveys or interviews, and to 2) 
employ comprehensive tools to consider potential relationships between 
companies from different sectors operating within the same spatial area. 
To achieve this, the method considers 103 industries, 1,264 material 
input types, and 816 waste types. The method has been tested in a 
spatial application on the Västra Götaland region. 

2. Method 

The method developed in this study identifies potential matches for 
IS using a top-down approach. A schematic diagram of the method is 
presented in Figure 1. The method consists of three steps: 1) identifi
cation of industrial wastes generated by industries, 2) identification of 
material inputs needed by industries, and 3) matching industrial wastes 
to material inputs. It has been developed using Eurostat standard no
menclatures, which correspond to similar nomenclatures used in other 
regions of the world. The method has been tested in a spatial application 
that involved analysis of potential IS opportunities considering distances 
between companies. In this study, the method was applied to wood 
wastes generated in the Västra Götaland region in Sweden. The meth
odology is explained in detail in Section 2.2. 

2.1. Nomenclatures and Data Collection 

In this article, industries, material inputs and wastes have been 
classified using Eurostat standard nomenclatures, which correspond to 
similar nomenclatures used in other regions of the world (Ramon, 
2020). 

Figure 1. - Top-down Method for Identifying Industrial Symbiosis Opportunities  
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• Industries are classified using the Statistical classification of eco
nomic activities in the European Community nomenclature, abbre
viated as NACE. More specifically, the NACE rev. 2 nomenclature at 3 
Digits is used. This study includes companies from agriculture, 
mining and manufacturing sector, corresponding to NACE 011 up to 
NACE 380, a total of 103 activities, referred henceforth as ‘in
dustries’. For example, NACE code 310 stands for “Manufacture of 
Furniture”. The entire list of NACE codes can be found in Table 1 in 
Supplementary Information. There is a correspondence between 
NACE and United Nations’ International Standard Industrial Classi
fication of all economic activities (ISIC).  

• Products or material inputs are used interchangeably in this article 
and represent all the goods used by industries. This includes struc
tural products, auxiliary products and investment goods (see Patri
cio et al (2020) for more details). They are classified according to the 
Combined Nomenclature (CN), the classification used in the Euro
pean Commission for collecting and processing data on foreign trade. 
The four-digit disaggregation (CN4) is used (Table 2 in Supplemen
tary Information), which includes 1,264 different products. As an 
example, CN4 code 4407 stands for “Wood sawn or chipped 
lengthwise, sliced or peeled, whether or not planed, sanded or 
end-jointed, of a thickness of > 6 mm” (Eurostat, 2020). The CN 
codes correspond to the  Harmonized System (HS) which is the 
internationally standardized system of names and numbers to clas
sify traded products.  

• Industrial wastes are classified according to the European List of 
Wastes (LoW) nomenclature, developed by the European Commis
sion. This waste nomenclature encompasses 839 wastes types. As an 
example, LoW code 30101 stands for ”Waste bark and cork (Euro
stat, 2010). The LoW codes can also be aggregated into European 
Waste Classification for Statistics (EWC-stat) waste categories. 
Following the same example, LoW code 30101 (waste bark and cork) 
belongs to the EWC-stat 07.5 “Wood wastes”. 

The method employs three databases that were developed using 
existing datasets: 1) Material Input Data contains detailed international 
trade data on products (8-digit CN codes) imported in a specific year, at 
country level and by industry (NACE codes). The International Trade 
dataset is a detailed database that measures value and quantity of goods 
traded both between EU Member States and between EU Member States 
and non-EU countries on a product basis (Eurostat, 2016). Data for 
Portugal for the years 2000 through 2012 was used; 2) Industrial Waste 
contains detailed data on wastes (LoW codes) generated by industries 
(NACE code). This data is collected by APA under the Portuguese 
regulation Decree-Law no 73/2011, which makes it mandatory for 
companies and operators to disclose information regarding waste gen
eration and transfers on a yearly basis. Data for Portugal for the period 
from 2010 until 2014 was used; 3) Industrial Symbiosis Case Studies, 
developed using published literature, contains IS case studies with in
formation on waste donor, waste receiver, and type of exchanged waste 
(See Table 3 in Supplementary Information for more detailed informa
tion on the databases). Due to difficulties in acquiring the first two 
datasets for Sweden, data for Portugal was used. As shown in Patricio 

et al. (2021), material inputs to industries in Portugal and Sweden are 
60-80% similar, which makes use of developed databases suitable for 
Swedish conditions as well. The use of the datasets is limited to identi
fying the frequencies of production of waste and the frequency of use in 
industries since some products with high dependence on domestic input 
sources will not be captured with the International Trade datasets and 
therefore skew the quantification of the inputs amounts in weight. 

2.2. Top-Down Methodology 

2.2.1. Typical Waste Identification (Step 1) 
The first step identifies the types of wastes generated by different 

industries (by NACE codes). This is based on the assumption that com
panies within the same industry generally generate similar types of 
waste. Based on the previous work by Patricio et al. (2020), a matrix of 
typical wastes generated within each industry was developed. The Waste 
Frequency database has also been created based on the Industrial Waste 
dataset described in section 2.1 Nomenclatures and Data Collection. The 
frequency value indicates the number of years in which at least one 
company within a particular industry (k) generated a specific waste type 
(j) within a given time span. This means that if only one company within 
a particular industry generated a specific waste type in a given year, the 
frequency value is 1, regardless of the amount of waste generated. The 
time span used in this study was four years (2012 to 2015), and the 
frequency values therefore vary from 0 to 4. As an example, a frequency 
value of 2 means that at least one company within a particular industry 
generated a specified waste in two of the four years. This does not 
necessarily have to be the same company. Following the same example, 
a frequency value of 2 can also mean that two companies within the 
same industry each generated the same waste type once in two different 
years. A frequency value of 4 represents a waste that is highly likely to be 
generated by a certain industry, and 0 represents a waste that is unlikely 
to be generated within a given industry.  

2.2.2. Typical Material Inputs Identification (Step 2) 
Typical inputs used by industries were identified using the method 

developed by Patricio et al (2021), which assumes that companies 
belonging to the same industry (NACE codes) typically use the same 
types of material inputs. Using international trade statistics, a Material 
Inputs Frequency database was developed for all industries and all CN 
codes. This database is the equivalent of the Waste Frequency database, 
but for material inputs. It contains information on the frequency for each 
CN product (i) used by each industry (k) during a fourteen year-period 
(2000 to 2013). The frequency value indicates the number of times a 
given product was imported by an industry, and the values therefore 
vary between 0 and 14. The value 0 corresponds to a product that was 
never imported by an industry, and the value 14 a product that was 
imported in all the years. Any product with a value of 14 in the Material 
Input Frequency database is highly likely to be used by companies 
operating in that industry.  

Wj,k =

⎡

⎢
⎢
⎣

W1,1 ⋯ W1,103

⋮ ⋱ ⋮

W839,1 ⋯ W839,103

⎤

⎥
⎥
⎦W = Waste Outputs frequency, j = 1, 2 .. 839 classes of wastes (LoW codes) and k = 1, 2..103 industries (NACE codes)

(1)   
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2.2.3. Matching Process (Step 3) 
In this step, potential IS partnerships between NACE industries are 

identified. IS case studies found in the literature and the frequency da
tabases developed in Section 2.2.1 and Section 2.2.2 were used to 
identify other industries that generate similar wastes (Donors) and need 
similar material inputs (Receivers). The core idea is to expand one single 
IS case study into multiple potential IS matches, defined in this study as 
the Matching process. The Matching process is divided into 4 stages: 1) 
Industrial Symbiosis case study details; 2) Expansion; 3) Matching, and; 
4) Results printing. The Matching process is explained in detail below 
and in Figure 2. 

In Stage 1 (utilization of IS case studies), the tasks done involved the 
identification of proven links between wastes and material inputs from 
IS case studies found in the literature. Existing databases are preferred 
sources of data, as they include multiple IS partnerships in a summarized 
format, and some are compiled using standard nomenclatures. The 
MAESTRI (MAESTRI project, 2020) and IS Data (IS Data, 2020) are 
examples of such IS databases. For illustration purposes, this article uses 

the MAESTRI database. 
The MAESTRI database is a list of IS examples assembled by an EU- 

funded research project (MAESTRI Project, 2020). For each IS case 
study, the MAESTRI database contains information on: the NACE code of 
both industry Donor (i.e., waste provider) and Receiver (i.e., material 
inputs user); LoW code for the exchanged waste; and the CPA (Classi
fication of Products by Activity) code of the material input. To use the 
MAESTRI database, certain data treatment was required. First, some 
missing nomenclature codes were added to the MAESTRI database, 
based on descriptions available in the database. Second, nomenclatures 
were converted into the ones used in this method. The CPA codes for 
material inputs in the MAESTRI database were converted to CN codes 
using a correspondence table, available in Eurostat (Ramon, 2020). 

In total, the MAESTRI database contains 425 IS case studies. Non- 
applicable case studies were excluded as part of the data treatment 
performed in Stage 1. The removed case studies included: symbioses not 
related to materials, for example, heat, electricity, water, or vapor (72 
cases); and lacking fundamental information, such as LoW or CPA codes 
(155 cases). Additionally, some of the case studies were duplicates. Each 
of the remaining 158 case studies in the MAESTRI database were used to 

Table 1 
- Summary of Potential Matches between Wastes and Material Inputs  

Ii,k =

⎡

⎢
⎢
⎣

I1,1 ⋯ I1,103

⋮ ⋱ ⋮

I1264,1 ⋯ I1264,103

⎤

⎥
⎥
⎦I = Material Inputs frequency, i = 1, 2 .. 1, 264 classes of products (CN codes) and k = 1, 2..103 industries (NACE codes)

(2)   
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create a match between a waste (LoW code) and material input (CN 
code). The relations between wastes and material inputs were then used 
in Stage 2, Expansion. 

Stage 2 (Expansion) tasks, involved identification of potential Do
nors and Receivers for each relationship identified in Stage 1. Starting 
with the first relationship, the Waste database (section 2.2.1) was used 
to identify all industries that may generate the waste in question, by 
selecting those with frequency values higher than 1. Frequencies with a 
value of 1 are not considered because they may relate to sporadic events 
or measurement errors, for which the nomenclature was not correctly 
assigned. In this article, these industries are defined as potential Donors. 
The same process was applied for the material inputs, i.e. all industries 
which may use the relevant material inputs in their industrial processes 
and had a frequency value above 1 in the Material Input database 
(Section 2.2.2) were identified. These industries are defined in this 
article as potential Receivers. The frequency value for each material was 
extracted from the Waste and Material Input databases. 

Stage 3 is defined as the Matching process. In this step, the re
lationships found in the MAESTRI database were expanded to match 
more potential Donors and Receivers. All potential Donors were 
matched to potential Receivers, as identified and selected in Stage 2. 
These expanded matches of potential IS partnerships are here defined as 
Potential Matches. They are represented with arrows in Figure 2. 

The final stage, Stage 4 (Results printing), consisted of registering all 
obtained Potential Matches into a final database, defined as the Matches 
database. All four stages were repeated for all the 158 IS case studies 
selected from the MAESTRI database, and the resulting pairs were 
entered into the Matches database. 

2.2.4. Cross-Comparison Analysis for Method Validation 
To validate the method, the Matches database was crosschecked 

against the existing MAESTRI database. The cross-comparison process 
consisted of verifying whether, for each case study, the actual industry 
Donors and Receivers from the MAESTRI database were captured in 
Stage 2 (Expansion). If they were captured, they would also be identified 
in Stage 3 (Matching process). These are represented with blue arrows in 
Figure 2. For a blue arrow, the Donor industry, represented with a grey 
circle, is the same as the Donor industry in the case study from Stage 1 – 
IS Case Study details. The Receiver industry is represented with a black 
circle and is also the same industry as in Stage 1. This shows that both 
the Input Frequency and the Waste Frequency database were able to 
capture the industries identified in the original case study. 

Only complete case studies in the MAESTRI database were consid
ered in the validation process, i.e., cases where Donor, Receiver, LoW 
code, and CN code of the Material Input data were present. For each 
MAESTRI case study, the validation process included three checks: 1) 
whether the Donor of the waste in the MAESTRI case study was also 
found in the Matches database; 2) whether the Receiver of the material 
input in the MAESTRI case study was also found in the Matches data
base; and, 3) whether both the Donor and the Receiver from the 
MAESTRI case study were found in the Matches database. Additionally, 
an analysis of the obtained Waste frequencies and Material Input fre
quencies for both Donors and Receivers was performed. The aim of this 
final analysis was to verify whether the frequency databases returned 
high values for the wastes and input materials considered. 

3. Results and Discussion 

3.1. Waste and Material Input Frequency Databases – Step 1 and 2 

The Waste Frequency database provides information on the types of 
wastes generated by different industries. The heat map presented in 
Figure 3 relates to the Waste database compiled in this study. Waste 
types (LoW) are presented in rows, while the industries that generate 
them, along with the corresponding industry sectors, are found in the 
columns. The heat map shows which industries can be expected to 

produce a given waste. As an example, Box 1 shows that animal and 
vegetable wastes are mainly expected to be generated within the food 
processing and agricultural sectors. It would also be possible to identify 
the types of wastes expected to be generated by a given industry. Box 2 
shows that companies within the Manufacture of musical instruments 
(NACE 322) sector produce mostly wastes belonging to the metallic 
waste group. 

The Material Inputs typically needed by each industry have been 
visualized using a heat map (Figure 4). The rows contain the types of 
input materials, according to CN4 code. The columns show the industry 
types as well as the sectors they belong to. As an example, Box 1 shows 
that base metals are widely used within the Manufacture of electrical 
equipment, with frequency values very close to the maximum of 14. Box 
2 shows that food related products are generally not used in industries 
belonging to the Textile, Wood, or Transport sectors. Finally, Box 3 
represents all the material inputs needed by an individual industry 
within the Agriculture sector. 

3.2. Matches Database – Step 3 

The matching process developed in this article aims to identify po
tential IS relationships between two industries, using their NACE clas
sification codes. Using the developed methodology, 158 IS cases from 
the MAESTRI database were expanded to a total of 211,114 potential IS 
matches, which were stored in the Matches database. Records with a 
frequency value of 1 were removed from the Waste and Material Input 
databases, which reduced the number of matches to 96,622. Additional 
exclusions are possible, such as removing industries with low values for 
Waste or Material Input frequency. Table 4 in Supplementary Informa
tion shows the number of matches between Wastes and Material Inputs 
for each frequency value (excluding those with a frequency value of 1). 
There were 6,707 matches between industries with a frequency value of 
2 (out of maximum 4) for generation of a particular Waste and industries 
with a frequency value of 2 (out of maximum 14) for requiring a 
particular Material Input. Theoretically, matches become stronger with 
increasing frequency values, as both supply and demand for the waste 
become more reliable. The strongest possible matches, with values of 4/ 
4 and 14/14 for Waste and Material Input frequency, respectively, 
comprised 10% (9,709) of the total number of obtained matches. 
However, all the frequencies could be considered, as the reliability of 
individual matches may also depend on other factors in addition to 
supply and demand. 

Table 1 presents a summary of the obtained 96,622 matches. It shows 
the relations between Waste and Material Inputs, aggregated by waste 
and material input groups. These represent unique matches between two 
industries. Note that a cell may contain a repeated Waste – Material 
Input relation, however the industries will be different. Wastes are 
presented in rows, the columns contain the Material Inputs they may be 
able to replace. Both wastes and material inputs have been aggregated 
into European Waste Classification for Statistics (EWC-stat)1 and CN 2 
categories2, respectively. In the Matches database, 67 different potential 
wastes (LoW codes) were matched with 80 material inputs (CN codes). 
As an example, Spent solvent wastes, in row number one, can be used to 
replace two material inputs, namely Organic Chemicals and Miscella
neous Chemical products. Cement-related inputs could be replaced by 
Combustion waste materials. The most representative waste group in 
numbers is Combustion wastes. These wastes have been identified as 
potential replacements for material inputs used in the production of 
Cement and concrete products. A total of 115 unique potential Donor 
industries were found, and 112 industries were identified as potential 
Receivers. Although, approximately 100,000 possible IS matches are 

1 The European Waste Classification for Statistics (EWC-stat) covers 12 waste 
groups and further subcategories. Each LoW code is assigned an EWC category  

2 The Combined nomenclature 2 digits, includes 99 groups of goods. 
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identified with the MAESTRI database, the same process could be 
applied to the IS Data dataset and to other cases found in the literature to 
enrich the database and update with new possibilities that arise from 
technological development. Recent developments in data mining could 
also be employed to further the possible IS matches, such as, applying a 
big-data approach to discover Industrial Symbiosis using standard no
menclatures (Song et al. 2017). 

3.3. Matching Validation 

The validation process included verification of whether the in
dustries from the MAESTRI database case studies used were also present 
in the Matches database. For the cross-comparison, all MAESTRI case 
studies containing complete information on Donor, Receiver, exchanged 
waste, and material input were used; 146 cases in total. With respect to 
the Donors, 98 of the 146 industries in the MAESTRI database were also 

Figure 2. – Schematic diagram of the matching process  
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found in the Matches database. More than 75% of these 98 Donors had 
the maximum Waste frequency value of 4 out of 4. Therefore, these 
industries were considered high probability waste generators. In the 
case of the Receivers, 119 of the 146 industries present in the MAESTRI 
database were also found in the Matches database. Here, 50% of the 
industries had a frequency value of at least 10 for Material Inputs, and 
more than 25% registered a value of 14. In 77 out of the 146 cases, both 
Donor and Receiver were found in the Matches database. There are a few 
reasons why more Receivers than Donors were found. In a review of the 
European list of waste classification, some difficulties were mentioned 
by the Member States, including: Problems resulting from the lack of 
suitable waste codes; Ambiguous classification on account of two or 
more possible codes; Problems resulting from unclear or imprecise 
definitions (Ökopol GmbH, 2008). Therefore, in some particular cases, 
the LoW codes may not have the adequate level of detail for IS 
exploration. 

3.4. Application of the Matching Process 

In this section, an example from the MAESTRI database is used to 

illustrate the Matching process. In the MAESTRI case study, the Donor is 
a plywood manufacturing company (NACE 162) that generates sawdust 
(LoW 30105), which is then used as fuel wood (CN 4401) by a chemical 
production company (NACE 205) (Receiver). Applying the developed 
methodology, the waste type (LoW 30105) and the input type (CN code 
4401) are the only fixed variables. 

All industries (NACE codes) that may generate waste type LoW 
30105 were identified using the Waste database. In total, 44 industries 
were identified as potential Donors; 11 industries with frequency value 
1; 4 with frequency value 2; 5 with frequency value 3, and; 24 with 
frequency value 4. Some of the industries identified as potential Donors 
were expected, including Manufacture of products of wood, cork, straw 
and plaiting materials (NACE 162), Manufacture of furniture (NACE 
310) and Manufacture of cutlery, tools and general hardware (NACE 
257). One of the industries identified as a producer of waste type LoW 
30105 was Plywood manufacturing (NACE 162), which shows that the 
model also captures the industry that generates the waste in the 
MAESTRI case study example. 

The identification of industries that use similar material inputs to the 
one identified in the case study (potential Receivers) is performed in 

Figure 3. – Heat map for the Waste Frequency database  
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Stage 2 – Expansion. In the CN nomenclature, fuel wood has the code 
4401 (Fuel wood, in logs, billets, twigs, faggots or similar forms; wood in 
chips or particles; sawdust and wood waste and scrap, whether or not 
agglomerated in logs, briquettes, pellets or similar). Table 5 in the 
Supplementary Information shows the industries identified as currently 
using this product as a material input, as well as the corresponding 
Material Inputs Frequency, extracted from the Material Input database. 

The identified uses are not limited to the original usage from the 
MAESTRI database. In the MAESTRI database, sawdust was used as an 
energy source. However, with the applied method, many other potential 
uses were identified; a selection of potential uses is available in Table 5 
in the Supplementary Information. Each possibility identified through 
the Material Input Frequency database was cross-checked through a 
literature review. In the case of this particular waste being used as 
material input, the cross-check confirmed that the method correctly 
identified potential users. For example, high frequency values, of 12 and 
14 respectively, were found for sawdust being used for animal bedding 
in NACE 14 (Animal production), or to produce wood boards such as 
fiberboards or oriented strand board in NACE162 (Manufacture of 
products of wood, cork, straw and plaiting materials). 

The final step included matching all companies that may generate 
sawdust with all potential sawdust users. In this process, a single IS case 
study from the MAESTRI database was expanded into 910 different 
matches. 

3.5. Spatial Application 

In this section, the matching method presented above is applied to 
industries working with wood resources in the Västra Götaland region, 

Sweden. This example analyzes residual sawdust, shavings, cuttings, 
wood, particle board, and veneer (LoW 30105). Based on the 
geographical location of the companies, the linear distances between 
potential Donors and Receivers were calculated. This section demon
strates how spatial proximity can be used to identify realistic IS oppor
tunities by applying different filters to the Matches database. 

A total of 2,520 companies located in the region, and potential Do
nors or Receivers of LoW 30105, were analyzed. Each company was 
classified by NACE code in the dataset used. In total, 6,726,534 potential 
IS links were identified. These links did not take into account in-house 
reuse, i.e. companies that reuse their own waste. First, a set of three 
restrictions was applied to select the most promising links: 1) Waste 
generation frequency; 3) Material Input frequency; and 3) distance be
tween companies, where distances above 48km were excluded. This 
distance was selected based on results obtained by (Jensen et al.,2011), 
where typical resource movement distances for different waste types 
were calculated based on actual IS partnerships in the UK. The summary 
of results of this analysis is provided in Table 6 in the Supplementary 
Information. With the unrestricted dataset (R0) as a starting point, the 
distance restriction of 48km was introduced, along with frequencies for 
Waste and Material Input (R1). The latter restriction led to a significant 
reduction in the number of potential Donors and Receivers. 

Application of the most restrictive filters (R2) reduced the number of 
potential IS relationships to 159,630 links, which is only 2.3% of the 
initial number. By applying restrictions relating to distance and possi
bility that a given waste will be produced (Waste Frequency), and used 
(Input Frequency), the number of potential opportunities can be reduced 
to more feasible cases, which can then be used to stimulate policies, 
business opportunities, and ultimately reduce the requirement for 

Figure 4. –Heat map of Material Input Frequency database  
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natural resource usage. Among the Potential Donors, NACE 256 and 
NACE 331 (Machining manufacture and Repair of fabricated metal 
products, machinery and equipment, respectively) were among the most 
representative Donors in terms of number of companies (17% and 11%, 
respectively). Of the potential Receivers, companies with NACE code 
162 (Manufacture of products of wood, cork, straw and plaiting mate
rials) accounted for 29% of the database, followed by those with NACE 
codes 259 (Manufacture of plastics products), 310 (Manufacture of other 
fabricated metal products), and 293 (14%, 11%, and 10% respectively). 

Two maps were produced to spatially locate the Donors and Re
ceivers, and the corresponding links (Figure 5). Map A shows potential 
IS relationships by mimicking the original case study from the MAESTRI 
database. In this example, LoW 30105 generated by a plywood 
manufacturing company (NACE 162) is burned to produce energy by a 
chemical production company (NACE 205). Once the 48km restriction 
had been applied, 19 similar opportunities were identified in the region. 
Following the methodology developed in this article, Donors and Re
ceivers of the same waste type were mapped and linked. MAP B shows 
the obtained results, with 159,630 potential symbiotic links mapped. 

3.6. Discussion 

The method presented in this article identifies potential IS partner
ships in a given spatial area. The results show that the databases 
developed by the authors can be used to identify potential partnerships 
without the need to survey companies. This overcomes some of the 
challenges of the bottom-up approaches, such as the dependence on the 
willingness of companies to share input and output data, confidentiality 
issues, and time constraints. However, the reliability of the obtained 
results would be greater if more datasets were available. For example, 
there is a very limited number of detailed datasets on industrial waste 
generation. Still, the available datasets can be used to give an indication 
of potential IS partnerships. 

A comprehensive approach is applied that considers all businesses, 
wastes, and material inputs, and uses data to identify companies from 
different sectors with the potential to engage in IS. This has been 
demonstrated in the spatial application, according to which it would be 
possible to share sawdust between companies from a multiple number of 
different sectors operating in the studied region (see Table 5 in the 
Supplementary Information for different application examples). This 
shows that the ability to evaluate several sectors simultaneously opens 
opportunities for innovative resource management. 

The spatial analysis shows that the method can be easily applied to 
any given situation, and that the number of identified potential IS links 
can be very high. On one hand, having many links increases the prob
ability of finding a promising IS relationship. On the other hand, having 
many links can also be overwhelming and make it difficult to prioritize 
potential IS partnerships. In fact, this is one of the drawbacks of using a 
top-down approach (Jiang et al., 2014). Nevertheless, techniques can be 
applied to aid the selection of the most promising IS partnerships. In this 
context, frequency values and distances between potential Donors and 
Receivers have been shown to be easily available criteria for filtering of 
potential IS partnerships. Additional criteria can be applied, depending 
on the aim of the analysis and the type of stakeholder that is analysing 
the possibilities. For example, available quantities and Technology 
Readiness Level information for the IS could be used to identify the most 
likely options for companies interested in sharing their waste or 
substituting their raw materials, or specific benefits such as CO2 miti
gation potential (Patricio et al. 2017) or Biogas production potential of 
each different process (Patricio et al. 2020) could be relevant for 
regional planners to understand the impact of their choices. 

The developed top-down method provides a starting point for iden
tification of potential IS relationships. However, there are some limita
tions in the obtained results. One is the level of uncertainty. Unlike 
bottom up approaches, this method is based on statistical data and the 
usage of standard nomenclatures, which in some cases may be too broad. 
For example, within the Waste nomenclature, LoW code 30105 includes 
a wide range of wastes, including sawdust, shavings, cuttings, wood, and 
particle boards. In another example, facilities with the same NACE code 
are assumed to use similar technologies in their industrial processes but 
some NACE codes are broad and include more than one type of 
manufacturing process or final product. NACE code 241, relates to all 
industries that manufacture basic chemicals, including the production of 
plastics in primary forms and manufacture of industrial gasses. There
fore, potential IS partnerships should be selected for more detailed 
studies. 

The analysis performed in this study was based on datasets collected 
for one country. It may be worth performing the Material Inputs and 
Waste frequency analysis for more countries, to evaluate if there are 
major differences in the types of materials needed and wastes generated. 
Additionally, the Waste frequency analysis was performed for a time 
span of 4 years. The analysis could be optimized if the database covered 
more years, however, detailed information on the wastes generated by 
companies is very limited and difficult to obtain (Salhofer, 2000). 

Figure 5. – Map of obtained potential IS links for LoW 30105. Left map (A) using the MAESTRI case study; Right map (B) using the matchmaking process presented 
in this article 
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This method does not provide any information about the expected 
mass. Accounting for mass may be a way to make the matching process 
significantly more accurate. Additionally, the Material Inputs database 
has been populated with international trade data. Although some of the 
domestic material inputs are also expected to be captured in this data
base (see Patricio et al., 2021 for further explanations), some products 
may be missed. 

Technologies in the initial development phase, or emerging tech
nologies, may have a very low frequency value or may not be captured 
by the Material Input database. Therefore, low frequency material in
puts should not be ignored, as they may contain valuable information. In 
some cases, it may be useful to cross-check the potential uses of different 
types of input materials, using for instance literature review. 

4. Conclusions 

This study is a contribution towards promoting IS development. A 
top-down method that identifies potential IS partnerships without any 
need to survey companies has been developed and presented. Instead of 
contacting companies, the method uses available statistical datasets. 
The method consists of three main steps: 1) Identification of Waste 
generated by companies; 2) Identification of Material Inputs used by 
companies, and; 3) Matching of Waste to Material Inputs, in a so-called 
Matching process. The final result is a Matches database, containing 
potential relationships between industries. The database is compre
hensive, considering 123 industries, 839 waste types and 1,264 material 
input types. The method can be applied at different scales, from single 
facilities to industrial parks, regions, and entire countries. 

The Matching process identified 96,622 potential matches between 
Waste generators and potential Material Input receivers, after applying 
filters reflecting the probability of waste generation or material input 
needs, based on frequency values relating to production and use in the 
datasets. This process was performed using 158 IS case studies from the 
MAESTRI database. Of the 96,622 matches, 10% corresponded to re
lationships with the maximum values for Waste or Material Inputs 
Frequency. 

In this article, the Matches database was further expanded in a 
spatial example, used to identify potential IS partnerships for wood 
wastes generated in the Västra Götaland region. Based on known IS 
partnerships, available in the MAESTRI database, multiple similar Do
nors and potential Waste Receivers were mapped using the matching 
process developed in this study. The spatial application identified 
159,630 potential symbiotic links between companies that generate 
sawdust and companies with the potential to use this waste as raw 
material. 

In the future, this top-down method can be applied to additional 
waste and material input datasets. Regarding the Västra Götaland 
example, future work includes adding more features in order to priori
tize and select links with higher implementation potential, considering 
different types of stakeholders and their specific needs. Additionally, 
there is room for methodological improvements. First, the number of 
matches identified in the Matches database can be expanded. In this 
article, only one database of IS case studies was used, namely the 
MAESTRI database. To systematically increase the number of links in the 
Matches database, other IS databases should be used. 
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9 Abstract

10 Efficient waste management is vital for sustainable urban development, reducing emissions, 

11 and increasing recycling. Waste separation at the source relies on citizens' behaviour. The 

12 theory of planned behaviour (TPB) can explain waste sorting behaviour, but factors like bin 

13 distance, recycling facilities' characteristics, and information campaigns need more research. 

14 This study explores the relationship between the built environment and residential waste 

15 sorting using a spatially explicit agent-based model (ABM) with TPB. The article details how 

16 TPB was exploited to model the behaviour of waste sorting. The ABM was implemented in 

17 two urban areas with low and high population densities, showing that changing bin placement 

18 affects sorting and proximity to recycling bins influences adequately sorted residual waste. 

19 This article demonstrates how to model and study the link between urban planning and waste 

20 sorting performance, revealing the impact of individual residents' behaviour on sorting 

21 percentages.

22 Keywords: 
23 Agent-based model; Theory of Planned Behaviour; Waste sorting; Waste Management; Urban 
24 planning 
25
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26 1. Introduction 

27 Under the current linear economic system, waste materials are an unavoidable and 

28 undesirable by-product of daily activities that need adequate management. Globally, it is 

29 estimated that by 2050, waste generation will grow to 3.4 billion tons, and municipal waste 

30 management (MWM) related emissions will grow to 2.6 billion tons of CO2e (i.e. 5% of global 

31 emissions) (Kaza et al., 2018). As environmental concern continues to increase, waste-related 

32 issues are gaining attention and ranking high in priority worldwide (Matiiuk & Liobikienė, 

33 2021). 

34 The activity of MWM involves collecting, transporting, disposing, and recycling waste 

35 materials generated by households, and municipalities dedicate between 4% to 20%  (high-

36 income and low-income countries) of their budgets to managing waste (Kaza et al., 2018. 

37 p102). Despite being often overlooked (Ewijk & Stegemann, 2020), improvements in MWM 

38 systems contribute to moving forward several Sustainable Development Goals (SDGs) 

39 (Elsheekh et al., 2021; Roy et al., 2023). Environmentally, efficient waste management 

40 provides a healthy and clean environment, reduces greenhouse gases (GHGs), and reduces 

41 resource depletion by recycling and reusing strategies. 

42 Waste separation at source is perceived as an effective MWM strategy. This strategy depends 

43 on citizens' behaviour in separating their waste into different fractions, and it is adopted or 

44 implemented in many cities. However, the success of such a strategy relies on an adequate 

45 understanding of the drivers of waste-sorting behaviour (Kaplan Mintz et al., 2019; Matiiuk & 

46 Liobikienė, 2021) and how different aspects of the system interact. 

47 The behaviour of waste sorting and recycling has been extensively studied in various contexts 

48 and analysed through different theoretical frameworks. The Theory of Planned Behaviour 
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49 (TPB) (Ajzen, 1991) stands out as the most widely used and validated theory for understanding 

50 the drivers behind individual waste sorting (Phulwani et al., 2020; Raghu & Rodrigues, 2020). 

51 Besides internal factors determining the behaviour of residents, such as environmental 

52 knowledge or attitudes, the urban environment also plays a role in determining the behaviour 

53 towards waste separation (Cohen et al., 2024; Rousta et al., 2020; Struk, 2017a). Moreover, 

54 few studies have focused on linking the behaviour of individual residents with the actual 

55 amounts disposed of (Perrin, D; Barton, 2000). Research on this gap is relevant to determine 

56 how much and how well waste is being sorted at neighbourhood and city levels. 

57 To tackle these issues, waste sorting and waste management can be studied and understood 

58 as Complex Adaptive Systems (CAS) (Chen & Gao, 2021; G. Luo et al., 2016; H. Luo et al., 2020). 

59 This perspective allows research to include multiple agents with microscopic behaviours that 

60 interact with each other and their environment. Within CAS, Agent-Based Models (ABMs) are 

61 computational tools for developing simulations that incorporate these agents and their 

62 interactions. ABMs are an adequate methodological approach to addressing the complexity 

63 of waste sorting because they include rich decision-making and bottom-up processes that 

64 allow for the emergence of system properties (Ceschi et al., 2021; Tong et al., 2018). As a 

65 result, ABMs can contribute to answering questions that would otherwise be difficult to 

66 assess, such as “How would the recycling rate of a neighbourhood change if there were twice 

67 as many waste bins?”. 

68 Several studies advocate the integration of TPB and ABMs (Jager, 2017; Muelder & Filatova, 

69 2018; Scalco et al., 2018) since TPB offers a behavioural model for the agents. However, more 

70 applications for residential waste sorting and recycling are needed. First, we need to 

71 understand how individual behaviours result at a household or city level. Moreover, 
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72 simulations are often non-spatial(Chen & Gao, 2022; Meng et al., 2018; Tucker & Smith, 

73 1999), or space and location of different urban elements related to waste sorting are 

74 abstracted (Tong et al., 2018), making the models unsuitable for urban planning. 

75 This study aims to explore the relationship between the built environment and residential 

76 waste sorting through individual behaviour. To accomplish this, this paper describes an ABM 

77 that incorporates the TPB to model how residents sort their waste. The model is spatially 

78 explicit by incorporating relevant characteristics of the built environment and allows for the 

79 assessment of urban scenarios. By simulating the interactions between the built environment 

80 and the residents’ behaviour in different hypothetical scenarios, the research offers a tool to 

81 quantify and visualise the quality of residential waste sorting. 

82 The remainder of this paper is structured as follows. Section 2 introduces the state of the art 

83 on TPB and ABM for waste sorting. Section 3 describes the methodology and the proposed 

84 ABM. Section 4 describes the data and case study of Gothenburg. Section 5 presents the 

85 application of the ABM to different urban scenarios, which is discussed in Section 5. Section 

86 6 concludes by highlighting the main findings. 

87 2. Models for studying waste sorting: state-of-the-art

88 This study builds on two research streams: Theory of Planned Behaviour (TPB) and Agent-

89 Based Models (ABM). Firstly, the TPB has been extensively applied to study waste-sorting 

90 behaviour (Phulwani et al., 2020), and it offers a valuable understanding of the various factors 

91 affecting waste sorting. Secondly, ABM provides an adequate (bottom-up) approach to 

92 analysing a system with many agents and their interactions. The TPB fits this approach by 

93 informing how the ABM agents behave, and the integration of ABM with TPB has been used 

94 as a framework for studying waste sorting outcomes.
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95 2.1. Waste Sorting and Theory of Planned Behaviour

96 According to the TPB, people’s behaviour (BEH) is determined by four primary constructs: 

97 intention  (INT), social norm (SN), attitude (ATT), and perceived behavioural control (PBC) 

98 (Ajzen, 1991). ATT refers to an individual’s evaluation of performing a particular behaviour. It 

99 encompasses beliefs, knowledge, and a subjective valuation of performance. SN refers to the 

100 perceived social pressure or influence by other individuals to perform a behaviour. Finally, 

101 PBC refers to the perceived ease or difficulty of performing the behaviour. It encompasses 

102 internal and external factors such as skills, resources, opportunities, and barriers. Combined, 

103 ATT, SN and PBC are used to determine the INT that (with PCB) leads to a specific BEH. Figure 

104 1 presents the original conceptualisation proposed by Ajzen. It can be noted that the 

105 constructs are determined using observable variables (att1, att2, att3, sn1 …, beh3).

Figure 1 Conceptualisation of the Theory of Planned Behaviour (Ajzen, 1991).

106 TPB allows the inclusion of other constructs in addition to these primary constructs, and 

107 previous research has shown evidence that awareness of consequences (Hu et al., 2021; 

108 Tonglet et al., 2004; Wang et al., 2020), situational factors (Azlina et al., 2013; Govindan et 

109 al., 2022; Tonglet et al., 2004; Zhang et al., 2019), self-identification (Issock Issock et al., 2020; 

110 Knussen et al., 2004) or past behaviour (Knussen et al., 2004; Lakhan, 2018) are relevant 
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111 constructs in specific contexts. Empirically, to evaluate the validity of a TPB model, 

112 researchers design a survey that captures various aspects of each construct. 

113 Existing studies usually consider the behaviour of individual waste sorting or recycling as a 

114 single phenomenon. For instance, specific studies have focused on food waste (Abdelradi, 

115 2018; Azlina et al., 2013) and the return of packaging (Struk, 2017b). Moreover, research 

116 shows that perceived increased distance towards waste bins can reduce how residents sort 

117 their waste. Li, et al. (2020) provide evidence that distance does not play a significant role in 

118 participation in recycling, while other studies found that shorter distances to bins are 

119 associated with more involvement in recycling and pro-environmental attitudes (Cohen et al., 

120 2024; Ibrahim, 2020; Lange et al., 2014; Rousta et al., 2020; Struk, 2017a).

121 Despite these advancements, linking the individual behaviour of residents with the actual 

122 amounts disposed of needs to be further researched (Perrin, D; Barton, 2000). Research on 

123 this gap is relevant to determining how much and how well waste is sorted at neighbourhood 

124 and city levels. Moreover, studies have yet to address the temporal aspect of behaviour. For 

125 instance, Hu et al. (2021) follow a community for three months and show evidence that 

126 environmental knowledge and guidelines can induce behavioural changes over time.

127 2.2. Waste sorting and Agent-Based Models

128 Tucker et al. provided the first example of an ABM simulation for waste and resources (Tucker 

129 & Fletcher, 2000; Tucker & Smith, 1999) to study how waste sorting changes over time by 

130 introducing different disturbances to the system. Although their early conceptualisation does 

131 not explicitly incorporate TPB, the authors include Attitudes, Norms and Conditions in their 

132 model to determine the behavioural aspects of the simulation. 
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133 Other studies have used or proposed using TPB with ABM to explore waste sorting outcomes. 

134 TPB is beneficial in an ABM context because it enriches the behavioural mechanism that 

135 determines the agent's actions with an established model, bringing realism to the simulations. 

136 The integration of TPB within an ABM framework is represented in Figure 2.

Figure 2 Integration of TPB and Agent-Based Models.

137 Researchers have approached the topic of waste recycling using ABM to explore the role of 

138 the informal waste system (Chen & Gao, 2021) and the introduction of taxes (Meng et al., 

139 2018). In both ABMs, the agents include psychological variables and a utility function is used 

140 to determine their behaviour. Tong et al. (2018) ran a social experiment using technology to 

141 affect residents' incentives for waste recycling, and TPB was used as a baseline mechanism to 

142 represent their behaviour. Results showed that Social Norms played a crucial role in their 

143 context. An ABM was then developed to explore different waste disposal possibilities and 
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144 study the level of recycling participation, using an abstract representation of the town divided 

145 into zones with other demographics. Finally, Ceschi et al. (2021) developed an ABM 

146 incorporating the TPB primary constructs for waste recycling to evaluate norm-nudging 

147 policies. Although the ABM was able to reproduce historical data and provide evidence of 

148 how TPB can be used in an ABM setting, the model takes advantage of two simplifications: 

149 first, it is spatially abstract by representing households as grid cells, and second, the TPB 

150 individual behaviour is applied at the household level.

151 To sum up, three gaps have been identified in the literature: (1) Empirical studies that 

152 estimate TPB mainly focus on intentions or self-reported behaviour, leaving a need to 

153 establish a link between internal perception of behaviour and the actual action; (2) 

154 Simulations are spatially abstract or do not take into consideration environmental 

155 determinants such as the location or status of waste bins; (3) The unit of analysis at which 

156 TPB has been integrated into ABM has been the household, despite empirical data being 

157 collected at the level of residents.  

158 3. Methodology

159 This section describes the proposed ABM for simulating waste sorting in urban scenarios, 

160 including how waste sorting behaviour was calculated and integrated into the ABM 

161 framework “Residents planned behaviour of waste sorting to explore urban situations 
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162 (1.4.0).”1. First, following the TPB, a set of equations is described to estimate the behaviour 

163 of waste sorting. Second, the agents and the heuristics of the ABM are presented.

164 3.1. Determining the behaviour of waste sorting

165 The coefficients of the TPB model were specified based on empirical observations by 

166 extracting the mean values of the path coefficients from a Structural Equation Model (Cohen 

167 et al., 2024). The values in Figure 3 correspond to the estimated coefficients and offer a visual 

168 representation of how the waste sorting behaviour of an agent in the ABM is calculated. 

169 Following the estimation methods used to determine the behaviour, each of the TPB 

170 constructs were computed using linear equations (Eq 1 to Eq 6). All these equations include a 

171 constant, and the estimated coefficients are in italics with a sub-index representing the 

172 dependent variable, while upper-case refers to factors. For more details on the mean value 

173 and standard deviation of these coefficients, see the appendix Error! Reference source not 

174 found.. 

1 Update and extensions of the model are available at https://www.comses.net/codebases/592f0caf-8a02-48f5-
bb73-b6fdc969982f/.
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Figure 3 Path analysis of TPB coefficients. Source: adapted from (Cohen et al., 2024).

175 INT, PBC, KNOW, DIST and PANT determine the calculation of behaviour (BEH). Each of these 

176 factors have an associated estimated coefficient (𝑖𝑛𝑡𝑏, 𝑝𝑏𝑐𝑏, 𝑘𝑛𝑜𝑤𝑏𝑑𝑖𝑠𝑡𝑏, 𝑟𝑒𝑡𝑏) as presented 

177 in Eq 1.

𝐵𝐸𝐻 
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑏 + 𝑖𝑛𝑡𝑏 × 𝐼𝑁𝑇 + 𝑝𝑏𝑐𝑏 × 𝑃𝐵𝐶 + 𝑘𝑛𝑜𝑤𝑏 × 𝐾𝑁𝑂𝑊 + 𝑑𝑖𝑠𝑡𝑏 × 𝐷𝐼𝑆𝑇 + 𝑟𝑒𝑡𝑏
× 𝑃𝐴𝑁𝑇

E
q 
1

178 In the equation above, DIST accounts for the average distance (meters) that a resident travels 

179 to dispose of organics, residuals, and recyclable waste. PANT is a dummy variable that 

180 identifies whether a resident exchanges packages for their economic value at supermarkets. 

181 Also, following the path analysis, intention (INT) is estimated using Eq 4 and includes SN, ATT, 

182 PBC and KNOW, with their associated estimated coefficients (𝑎𝑡𝑡𝑖, 𝑠𝑛𝑖, 𝑝𝑐𝑏𝑖, 𝑘𝑛𝑜𝑤𝑖). 

𝐼𝑁𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑖 + 𝑎𝑡𝑡𝑖 × 𝐴𝑇𝑇 + 𝑠𝑛𝑖 × 𝑆𝑁 + 𝑝𝑏𝑐𝑖 × 𝑃𝐵𝐶 + 𝑘𝑛𝑜𝑤𝑖 × 𝐾𝑁𝑂𝑊 Eq 2
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183 The value of Attitude (ATT) is assumed to be a normally distributed variable with a mean value 

184 of 𝑥 and 𝛿2 as its standard deviation. Each resident is assigned a value because it represents 

185 internal valuations and preferences (Eq 3). There is no interaction with the environment, and 

186 it is an internal characteristic of the agents.

𝐴𝑇𝑇~𝑁(𝑥,  𝛿2) Eq 3

187 Social Norm (SN) represents the waste-sorting behaviour of the residents' social context. It is 

188 calculated using the average behaviour of each resident’s friends, co-workers, household, and 

189 community. Moreover, SN also includes the effect of social media (MEDIA). The estimated 

190 coefficients in Eq 4 are 𝑓𝑟𝑖𝑒𝑛𝑑𝑠𝑛, 𝑚𝑒𝑑𝑖𝑎𝑠𝑛, 𝑤𝑜𝑟𝑘𝑠𝑛, ℎℎ𝑠𝑛, 𝑏𝑖𝑛𝑠𝑠𝑛.

191 Perceived Behavioural Control (PBC) represents how much a resident believes that it can sort 

192 waste. It is calculated using a linear combination of a variable of the status of the waste bin 

193 and another of how much waste sorting space agents have at home. The estimated 

194 coefficients in Eq 5 ℎ𝑝𝑏𝑐, 𝑡𝑝𝑏𝑐, 𝑝𝑝𝑏𝑐, 𝑠𝑝𝑏𝑐.

195 Knowledge (KNOW) represents the resident's knowledge level. It is assumed to be a function 

196 of the information displayed in the public waste bins. The estimated coefficient in Eq 6 is 𝑖𝑛𝑓

197 𝑜𝑘𝑛𝑜𝑤.

𝑆𝑁
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠𝑛 + 𝑓𝑟𝑖𝑒𝑛𝑑𝑠𝑛 × 𝐹𝑅𝐼𝐸𝑁𝐷 + 𝑚𝑒𝑑𝑖𝑎𝑠𝑛 × 𝑀𝐸𝐷𝐼𝐴 + 𝑤𝑜𝑟𝑘𝑠𝑛 × 𝑊𝑂𝑅𝐾 + ℎℎ𝑠𝑛
× 𝐻𝑂𝑈𝑆𝐸𝐻𝑂𝐿𝐷 + 𝑏𝑖𝑛𝑠𝑠𝑛 × 𝐶𝑂𝑀𝑀𝑈𝑁𝐼𝑇𝑌

E
q 
4

𝑃𝐵𝐶 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑝𝑏𝑐 + ℎ𝑝𝑏𝑐 × 𝐻𝑌𝐺𝐸𝑁𝐼𝐶 + 𝑡𝑝𝑏𝑐 × 𝑇𝐼𝑀𝐸 + 𝑝𝑝𝑏𝑐 × 𝑃𝐿𝐸𝐴𝑆𝐴𝑁𝑇 + 𝑠𝑝𝑏𝑐
× 𝑆𝑃𝐴𝐶𝐸

E
q 
5
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𝐾𝑁𝑂𝑊 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑘𝑛𝑜𝑤 + 𝑖𝑛𝑓𝑜𝑘𝑛𝑜𝑤 × 𝐼𝑁𝐹𝑂 Eq 6

198 The values of the TPB constructs range between 0 and 100, with 0 being the lowest possible 

199 score. More information in the Supplementary Materials describes the estimation process of 

200 PBC, SN, KNOW and ATT.

201 3.2. The ABM of residential waste sorting

202 The developed ABM is a micro-simulation of residential waste sorting at the individual level, 

203 where residents of a neighbourhood decide how to sort their waste according to TPB. This 

204 individual level is consistent with the TPB framework used to determine individual behaviour. 

205 It avoids assumptions on how a household (integrated by a set of individuals) solves its waste-

206 sorting problems based on individual preferences. 

207 The ABM simulates the behaviour and interactions between various agents, namely residents, 

208 buildings, households, workplaces, waste bins and bin collectors. The model was developed 

209 to represent an entire year, and every step in the simulation represents a third of a day. The 

210 agent classes and their attributes are based on the entities presented in Cohen & Gil (2021). 

211 Each of the agents represented in the model is described below.

212 3.2.1. Residential buildings

213 Residential buildings are spatially explicit agents represented by polygons, and their primary 

214 function is to create the households and the total population of residents. Each building has 

215 information about the number of households and the total population living in each building. 

216 3.2.2. Households

217 The households are an abstract agent in the ABM to determine which residents share the 

218 same housing unit, and the average behaviour of these residents is used to determine SN. 
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219 Moreover, the households have attributes that represent the private waste bins for organic, 

220 residual, and recyclable waste at residents’ homes. Because the model aims to trace how 

221 residents dispose of waste, a set of variables tracks how much waste of each type is placed in 

222 an organics, residuals, and recyclables bin.

223 Every time the sum of waste in a private waste bin is greater than zero, a counter for every 

224 time step starts. This mechanism reflects the effect of waste decomposition so that after a 

225 specific count, waste needs to be transported to the designated public waste bins (the closest) 

226 outside the building.

227 3.2.3. Public waste bins

228 The public waste bins hold waste outside the households of the residents. These bins can be 

229 used for organic, residual, or recyclable waste. As the waste bins of each household reach 

230 their limit (a random value between 1 and 2 kg), waste is transferred to public waste bins. The 

231 waste bins have specific attributes to trace how much waste of a particular type is being 

232 placed in each bin. Moreover, the public waste bins have an attribute to indicate the level of 

233 information displayed in each bin, which is used for the calculation of knowledge.

234 1.1.1. Workplaces

235 The workplaces are spatially explicit agents represented by polygons and have two functions. 

236 Firstly, they hold all the waste material that needs to be disposed of outside of the home. The 

237 model does not focus on how waste is disposed of outside the home because the waste 

238 sorting behaviour may be different (Greaves et al., 2013a). Specific literature has focused on 

239 waste sorting behaviour in working environments, and the determinants of such behaviour 

240 may vary (Greaves et al., 2013b). Secondly, this agent represents the various working groups. 
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241 Each resident is randomly assigned to a workplace, forming groups of residents that are co-

242 workers. The average behaviour of a group is used to determine the SN (Eq 2) of a resident.

243 1.1.2. Residents

244 Each resident agent belongs to a household with designated public waste bins for organic, 

245 residual, and recyclable waste and a workplace. Resident agents also belong to different social 

246 groups that impact SN: friend groups are a random set of resident agents; co-worker groups 

247 are resident agents that share the same workplace; household groups are resident agents 

248 that share the same household; and community groups are resident agents that share the 

249 same public waste bin. 

250 During each step of the model, the residents follow a daily routine that includes commuting 

251 to work, generating waste, assessing its behaviour, disposing of waste at home, and later 

252 transferring it to waste bins. Based on their behaviour, the residents make different decisions 

253 on how to sort their waste.

254 Figure 4 presents the sequence of actions followed by the residents during every step of the 

255 simulation. First, the residents’ TPB constructs are updated, and their behaviour is calculated. 

256 Second, based on the probability of heading to work, the agents commute. The waste 

257 generated away from home is outside the scope of the model. The agents staying at home 

258 receive a sum of organic, residual, and recyclable waste that they dispose of in their private 

259 waste bins. The amount of waste assigned varies across residents. 
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260 At this stage, the residents’ behaviour score determines how they dispose of their home 

261 waste based on a set of probabilities presented in 

262 If the waste bins at home are found to be full, or the waste has been standing for a certain 

263 number of days, one resident of the household proceeds to empty the household waste bins 

264 and the waste amount is transferred to the public waste bins. For instance, when a resident 

265 has a positive amount of organic waste, it accesses the behaviour score. Let us imagine this is 

266 65, which, according to the model, represents “Good” behaviour. The agent is assigned an 

267 80% to 95% probability of throwing the organic waste into the organic waste bin and a 10% 

268 to 30% probability of throwing the organic waste into the residual waste bin. The cut-off 

269 values of what defines very bad, bad, or good behaviour are based on the results presented 

270 in the appendix Error! Reference source not found..

271 Table 1 Probability distribution of disposal of various waste streams, depending on the 
272 averaged behaviour of residents.

  Behaviour
  0-30 30-55 55-75 75-100
  Very bad Bad Good Very good
Disposal of organic     

Figure 4 Routine of residents
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 Prob( … in organic) 0-50 50-80 80-95 95-100
 Prob( … in residual) 60-100 30-60 10-30 0-10
Disposal of residual     
 Prob( … in residual) 0-65 65-75 75-80 80-100
 Prob( … in organic) 0-0 0-5 2-5 0-2
Disposal of recyclable     
 Prob( … in recyclable) 0-75 75-80 80-85 85-100
 Prob( … in residual) 80-100 50-80 25-50 0-25

273

274 If the waste bins at home are found to be full, or the waste has been standing for a certain 

275 number of days, one resident of the household proceeds to empty the household waste bins 

276 and the waste amount is transferred to the public waste bins.

277 2. Simulation of residential waste sorting in Gothenburg

278 The ABM developed for this research has been applied to two distinct neighbourhoods in the 

279 city of Gothenburg, Sweden. The model parameters, the location of buildings, households, 

280 and public waste bins, are specific to these selected locations. Here, we present the data 

281 inputs and the urban scenarios used in the simulations, which further elucidate the ABM 

282 simulation requirements.

283 2.1. Data inputs

284 The ABM requires three data sets as input to the simulation: (i) the amounts of waste 

285 generated per day for each waste stream, (ii) the value of the coefficients to specify the TPB 

286 for waste sorting, (iii) and a set of geodata files that determine the spatial context.

287 First, the amount of waste generated per individual resident is determined by a set of values 

288 taken from the Annual Swedish Waste Management Report (Avfall Sverige, 2022), which 

289 reports that residents generate approximately 42 kg/year of organic waste, 157 kg/year of 

290 residual waste, and 65 kg/year of recyclable waste (glass, paper, metal, and so forth). 
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291 The second input needed by the ABM, the parameters to specify the residential waste sorting 

292 behaviour, were derived from the data collected and the analysis developed in a study of 

293 waste sorting behaviour in Gothenburg (Cohen et al., 2024)Table A 1 in the appendix contains 

294 the values of the estimated coefficients used in the TPB model. 

295 To determine the four types of behaviour (very bad to very good) and the probabilities of how 

296 to dispose of waste, empirical data from the survey was used. In this case, the respondents 

297 indicated a percentage of properly sorted waste for organic, residual, and recyclable waste. 

298 These three values were averaged, and the calculation of quartiles of the averaged behaviour 

299 gave the ranges of four distinguishable groups, which are presented in the appendix in Error! 

300 Reference source not found.. 

301 Finally, a set of 3 geographic data files are required to define the spatial context of the 

302 simulation: (i) polygons representing residential buildings’ footprints, (ii) polygons 

303 representing workplace locations and (iii) points representing public waste bins. The data files 

304 defining the building footprints were obtained from Lantmäteriet (Swedish cadastre agency). 

305 The point data set of waste bins has information about the designated type of waste of each 

306 bin: residual for mixed and burnable waste; organics for food scraps and other forms of 

307 degradable material; and recyclable bin stations.

308 In Sweden, residents are expected to dispose of plastics, metals, glass, papers, and other 

309 recyclable materials in recycling stations. The location of these recycling stations was used to 

310 identify two distinct urban areas in terms of population density. Google Street View was used 

311 to determine the location of residual and organic bins. Usually, low-density areas have waste 

312 bins next to each house, while in higher-density areas, households share bins with others from 

313 the same building.
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314 2.2. Urban scenarios

315 In this study, we simulate two urban areas: a low-population housing area and a high-density 

316 population area. Figure 5 presents the low-population density (Panel 5a) and high-population 

317 density (Panel 5b) urban areas. For each urban area, six urban scenarios were created using 

318 different numbers and locations of public waste bins.

319 Scenario 1 (S1) represents the current situation. In the low-density area, each household owns 

320 a pair of waste bins for residual and organic waste and uses one shared recycling station for 

321 recyclable materials located outside the neighbourhood. In the high-density area, each 

322 building has its bins for residual and organic waste, and all buildings use the same recycling 

323 station outside the neighbourhood. In scenarios 2 and 3 (S2 & S3), the recycling station is kept 

324 in the exact location as in S1. However, the number of residual and organic waste bins is 

325 reduced so that the distance to the bins increases, and the interaction between residential 

326 agents also increases. In scenarios 4, 5, and 6 (S4 – S6), the number of recycling stations 

327 increases, and they are located in the neighbourhood, close to the buildings, while the 

328 location and number of the residual and organic waste bins are the same as in scenarios S1, 

329 S2, and S3.

330 Combined, the geographic data files representing residential buildings, work areas, and waste 

331 bins are used to define a single urban scenario. In this study, the model was implemented in 

332 two urban areas by changing the location within the city and providing data files on different 

333 residential buildings and workplaces. This enables the simulation of how the behaviour of waste 

334 sorting is affected by these changes. 
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Panel 5a
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Panel 5b

Figure 5 Urban scenarios created for the ABM simulations: panel 5a) low population density 
scenarios; panel 5b) high population density scenarios.

335
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336 2.3. Simulation and analysis

337 To explore the relationship between behaviour and waste sorting, each urban scenario was 

338 simulated 200 times. The ABM was programmed to retrieve the percentages of properly 

339 sorted waste of each waste stream and the behaviour of the residents. More specifically, the 

340 results will be assessed by looking at the average value of behaviour and the percentages of 

341 properly sorted waste (i.e. organic, residual, and packaging) across the population at the end 

342 of one year.

343 3. Results

344 In this section, we present a summary of the results obtained from the simulation runs of the 

345 ABM on the different urban scenarios. For each urban area (i.e. low and high density), six 

346 urban scenarios are evaluated (S1 to S6), where scenarios S1 – S3 explore the impact of 

347 reducing the number of organic and mixed waste bins, and scenarios S4 – S6 explore the effect 

348 of increasing the number of recycling stations. Specific details of the results of the simulations 

349 are provided in the Supplementary material. 

350 3.1. Residents’ waste sorting behaviour

351 The waste sorting behaviour of the residents is presented in Figure 6. Panel 6a presents the 

352 results for the low-density single-family housing urban area, and Panel 6b presents the results 

353 for the high-density multifamily housing urban area. Comparable results can be appreciated 

354 across both urban areas. In both cases, S1, S2, and S3 have lower average behaviour than S4, 

355 S5, and S6. Recall that more waste bins for recyclable materials were placed in the latter 

356 scenarios. 

357 In the low-density area, the initial scenario (S1) produced an average behaviour of 60 with a 

358 standard deviation of 4. As expected, the simulated behaviour decreases when residual and 
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359 organic bins decrease in S2 and S3 to an average of 59 and 56, respectively. S4, the scenario 

360 with the most waste bins, presents the best-behaved simulated agents with a score of 96. 

361 Again, moving to scenarios S5 and S6, where the number of residual and organic bins 

362 decreases, so does the average waste sorting behaviour, to 94 and 84, respectively.

363 In the high-density area, S1 has an average behaviour of 76 with a standard deviation of 5. As 

364 residual and organic bins decrease in S2 and S3, the average behaviour decreases to 67 and 

365 59. Urban scenario S4 presents an average behaviour of 98 and a standard deviation of 1. As 

366 the number of residual and organic bins decreases, the average behaviour drops to 94 in S5 

367 and 84 in S6.

Panel 6a Panel 6b

Figure 6 Average waste sorting behaviour under different urban scenarios: a) low 
population density scenarios; b) high population density scenarios.

368 3.2. Properly sorted waste percentages

369 Besides tracking the residents' waste sorting behaviour, the model follows the amounts of 

370 adequately sorted waste. Figure 7 shows plots of the distribution of the percentage of 

371 adequately sorted waste for three waste streams (i.e., organic, residual, and recyclable) in 

372 each urban area (i.e., low-density and high-density) for the different simulated urban 

373 scenarios. In each plot, one can find six distributions, one for each scenario (S1 to S6).
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374 The results presented in Panel 7a and Panel 7b show that in all urban scenarios, at least 50% 

375 of organic waste is correctly sorted. However, scenarios S4 to S6 (top) perform better than 

Panel 7a Panel 7b

Panel 7c Panel 7d

Panel 7e Panel 7f

Figure 7 shows the Density distribution of the percentage of adequately sorted waste in low 
and high-population density scenarios. Panels 7a, 7c, and 7e present results of low-density 
scenarios for organic (green), recyclable (blue), and residual (red) waste streams, 
respectively. Panels 7b, 7d, and 7f present results of high-density scenarios for the same 
waste streams. 
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376 scenarios S1 to S3 (bottom). In high-density scenarios (Panel 7b), there is more variability than 

377 in low-density scenarios (Panel 7a).

378 S1 has an average of 56% properly sorted organic waste in the low-density area. As the 

379 number of waste bins decreases in S2 and S3, the average of properly sorted waste increases, 

380 but the standard deviation slightly worsens. In the high-density area, the current situation S1 

381 exhibits higher variability and a higher average than S2 and S3.

382 S4 has the highest number of bins, and as a result, the percentage of adequately sorted 

383 organics increases to 92% on average. In S5, the tail of the distribution shifts to the left, 

384 indicating less properly sorted waste. Finally, S6 demonstrates the highest volatility across the 

385 population, and by increasing the number of recyclable bins, the average of organic sorting 

386 increases along with the variability. 

387 When it comes to recyclable waste (as shown in Panel 7c and Panel 7d), every scenario (S1 to 

388 S6) has an average of over 70% of adequately sorted waste. Even in low-density scenarios 

389 (Panel 7c), sorting accuracy ranges from 70% to 78% in S1 to S3. However, when the bins for 

390 organic and residual waste are reduced (S2 and S3), the percentage of correctly sorted 

391 recyclables decreases slightly. Equivalent results were observed in high-density areas (Panel 

392 7d), where S1 had an average of 79%. However, reducing the number of bins (S2 and S3) led 

393 to a decrease in the percentage to 71%. In both urban areas, placing more accessible bins for 

394 recyclable materials increased the percentage of waste that was sorted correctly, specifically 

395 in S4, to 94% in low-density areas and 97% in high-population-density areas. In the low-

396 density area, as waste bins were located further away from residential units, the average 

397 percentage of properly sorted waste decreased. S5 has, on average, 93% of correctly sorted 
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398 recyclable waste, while S6 has only 84%. The high-density scenario produced comparable 

399 results.

400 Proper waste sorting is highest with residual waste (Panel 7e and Panel 7f), with more than 

401 90% properly sorted in all urban scenarios. The distributions follow a similar trend to the 

402 previous waste types, with scenario S4 performing the best. However, the changes observed 

403 between scenarios are small, and introducing more recyclable bins may not necessarily 

404 increase the proper waste sorting of residual waste.

405 In summary, the results indicate that waste is being appropriately sorted by more than 50% 

406 in all scenarios and that there are significant differences across waste streams and scenarios. 

407 The percentage of properly sorted residual waste has minor variability, ranging from 90% to 

408 100% in all scenarios; recyclable waste varies from 70% to 100% depending on the urban 

409 scenario, and organic waste displays the most variability across all scenarios. Lastly, the 

410 baseline scenario (S1) presents more significant variability in the high-density urban area 

411 when it comes to organic and recyclables.

412 4. Discussion

413 The behaviour of waste sorting is usually considered dichotomous: individuals recycle or do 

414 not sort (or recycle) their waste. The ABM simulations in this work, incorporating a TPB model 

415 of waste sorting, have shown that residents behave differently for different waste streams. 

416 Improvements in how the waste sorting behaviour is measured are critical to understanding 

417 how municipalities can increase the amount of waste purity or material circularity. The 

418 relationship between individual behaviour and waste streams is not independent of the built 

419 environment or each other. After 200 simulations in each urban scenario, it was possible to 

420 extract the effect of different waste bin scenarios. The results seem to indicate that 
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421 improvements in the spatial distribution and number of recyclable material collection points 

422 can also yield improvements in properly sorted residuals and organics. 

423 4.1. Contributions

424 Firstly, the present study has developed an ABM that researchers and city planners can use 

425 to analyse how different urban scenarios might affect residential waste sorting. Users can 

426 change the parameters in the model, such as the level of information available in the bins or 

427 how often they are cleaned. Additionally, they can provide alternative initialisation files, such 

428 as geodata on the location of waste bins or the buildings and population distribution. This will 

429 allow users to explore different what-if scenarios. The ABM of waste sorting behaviour is 

430 available online as an open-source resource with an ODD protocol that can help users adapt 

431 the model to fit other contexts or TPB formalisations. Future research will be able to look at 

432 the programmed functions in detail, allowing for discussion, improvement, and expansion of 

433 the model.

434 Secondly, the ABM advances agent-based modelling for waste sorting by explicitly modelling 

435 space and by introducing a direct connection between the built environment, individual 

436 behaviour, and waste sorting quantities. By being spatially explicit, the ABM enables city 

437 planners to evaluate how different what-if scenarios perform in relation to waste sorting. 

438 Moreover, agents in the model are individual residents instead of households, harmonising 

439 the unit of analysis between TPB and its implementation in an ABM setting. In addition, the 

440 model formalises the relationship between behaviour and percentages of properly sorted 

441 waste, demonstrating a direct relationship between TPB and waste sorting.

442 Finally, the simulations reveal the effect of various waste bin quantities and locations on 

443 waste sorting quality. Since the model was calibrated using results from a survey study, the 
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444 simulation results follow the main trends from the statistical model. The results show that 

445 although placing more bins leads to better waste sorting, there is room for planners to make 

446 decisions regarding how many waste bins, of what kind, and where they should be placed. A 

447 critical outcome of the study is showing the relationship between organic, residual, and 

448 recycling waste bins. More recyclable bins increase the proportion of adequately sorted waste 

449 for recyclables and for residual waste. The results show that high-density urban areas perform 

450 better than low-density ones, reflecting the fact that bins are positioned closer to the 

451 residents. However, these results require further research as socio-demographics and 

452 population density are not independent.

453 4.2. Limitations and future research

454 In the ABM, the relationships between the items used to calculate the TPB constructs and the 

455 objects in the model are not validated. For instance, from the empirical model, it is possible 

456 to know that the distance to waste bins is a factor that hinders the probability of adequately 

457 sorting waste. However, since the distance to bins is a variable outside the scope of the TPB, 

458 the coefficient linking both was assumed. This is also the case for other items and constructs 

459 of TPB. How a resident's perceived peer pressure relates to the peers' actual behaviour still 

460 needs to be researched. To summarise this point, previous research has found TPB to be a 

461 practical framework to map individual behaviours. However, for TPB and other psychological 

462 theories to become relevant for models supporting public policy, future research must 

463 address the connection between perceptions and quantifiable variables of the objective 

464 realm.

465 Another aspect of the study that needs to be further developed is the dynamic aspects of TPB. 

466 While the behaviour of individual agents can change during the simulation, given the 
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467 interactions with the environment, the coefficients of TPB used in the ABM stay constant over 

468 time, and this assumption can be challenged. Future research involving longitudinal surveys 

469 would make it possible to assess changes in behaviour and TPB constructs, addressing this 

470 knowledge gap. 

471 Although the residents in the ABM are heterogeneous, these differences are driven by 

472 stochastic processes rather than socio-demographics or lifestyles. The earlier survey did not 

473 collect information about the respondents' personal characteristics or living environments. 

474 Therefore, the outputs in this study used the same distribution of perceived home space in 

475 all the simulations, regardless of housing typology. Future models could use synthetic 

476 populations to explore this heterogeneity. 

477 This study evaluated specific urban scenarios; however, other relevant variables not 

478 considered here can positively affect waste sorting. The information available at waste bins, 

479 how clean the waste bins are, and the amount of household space are variables encoded in 

480 the proposed ABM and can be set as parameters for different scenarios. Further exploration 

481 of such determinants of waste sorting can be used to guide urban policy (Bernstad, 2014).

482 In this study, the ABM operationalised TPB to model waste sorting behaviour. While this 

483 theory is widely used in waste sorting research, future studies should explore how to 

484 incorporate other relevant behavioural models, such as social contagion theory. (Griliches, 

485 1957; Mansfield, 1961).

486 A stochastic process in the global section of the ABM defines the amount of waste generated 

487 by residents. As a result, waste reduction strategies relevant to the Circular Economy and 

488 environmental sustainability in general are beyond the scope of this model. This aspect of 
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489 waste management is essential, and future studies should also focus on researching how 

490 effective waste reduction strategies are. 

491 5. Conclusion

492 This study implements an Agent-Based Model (ABM) to investigate how changing the spatial 

493 distribution and quantity of waste bins of diverse types affects recycling rates. The research 

494 is based on previous studies that support the use of TPB as a framework for modelling waste 

495 sorting behaviour. The ABM was applied to two urban areas with different building typologies 

496 and population densities, and various scenarios were simulated to assess how changes in 

497 waste bin location affect waste sorting rates. The results of the study show that reducing the 

498 distance to recycling bins has a significant and positive impact on waste sorting rates. 

499 Additionally, the simulation results indicate that the number of bins for residual and organic 

500 waste could be reduced without significantly affecting how people sort waste.

501 This model allows other researchers and urban planners to explore waste management 

502 scenarios. The model is based on empirical data derived from surveys, and the residential 

503 agents' behaviour is based on a behavioural theory that allows for complex decision-making 

504 by residents. The ABM developed for this study advances previous efforts by creating a 

505 spatially explicit model, modelling individuals as agents instead of households, and 

506 establishing a direct link between behaviour and the percentage of adequately sorted waste 

507 for different waste streams. Finally, the study's model is open source, which enables future 

508 research to investigate how waste sorting might change under various conditions and to 

509 improve the details of the model.
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Understanding residential waste sorting 

behaviour with situational factors: a data-

driven approach 

Abstract 

Waste separation at source is perceived as an effective Municipal Waste Management strategy, and 

the success of such a strategy depends on understanding the drivers of proper waste sorting 

behaviour. The Theory of Planned Behaviour (TPB) has been extensively applied to determining the 

importance of different psychological constructs in waste sorting behaviour. Despite evidence of its 

validity in specific contexts, in urban contexts one requires understanding how the built environment 

affects waste sorting behaviour. Furthermore, the TPB is typically applied starting from pre-defined 

items assigned to its constructs. This study introduces the use of Exploratory Factor Analysis as a data 

driven approach to define various TPB constructs from a collection of items, including situational 

factors such as distance to waste bins or the condition of recycling facilities, and shows how this 

technique outperforms the top-down approach. This study surveyed residents of Gothenburg, 

Sweden, to capture empirical data on factors known to affect the planned behaviour of waste 

separation. Structural Equation Modelling (SEM) is used to develop the extended TPB model and 

extract the drivers of waste sorting behaviour. Results from the study can extend the application of 

TPB to inform decision-making processes in residential waste sorting.  

Keywords 

Waste Management; Theory Planned Behaviour; Case study; Built Environment; TPB 
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1. Introduction 

Municipal waste management is an urban service that imposes high financial and environmental costs 

on local governments (Kaza et al., 2018). Providing efficient solutions to address waste management 

issues can contribute to accomplishing several SDG targets. One of the most effective strategies to 

improve the efficiency of the waste management system is waste sorting at source. This means that 

residents are responsible for sorting their waste before disposal. Still, it requires committed residents, 

proper infrastructure, and adequate advertising campaigns to keep residents informed (Barata, 2003).  

Although Sweden is one of the frontrunners in waste management (Alonso-Betanzos et al., 2017), 

according to Swedish Waste Management, 60% of the contents of the residual waste bins are 

missorted (Swedish Waste Management 2021, 2021). Currently, waste recycling averages 65%, with 

glass being 86% and plastic being 19% of the total composition. Using estimates from a medium-sized 

Swedish city of 100 thousand residents, the economic costs of waste missorting can add up to 1.46 

million EUR (Rousta & Ekström, 2013). At a national scale, Ibrahim (2020) developed a risk map of 

improper waste sorting that showed that despite the recycling centres' having information about what 

can be recycled, the long distance to recycling centres offsets the benefits of clear information. In this 

study, the authors use geographic information to identify specific sites that need to increase the 

amount of bins and extend the opening hours window. Although waste sorting is simple enough to be 

implemented globally, it relies on the behaviour of residents, and municipalities need help finding 

effective alternatives to improve waste sorting.  

The theory of Planned Behaviour (TPB) has been used to assess a variety of behaviours, and it has 

been extensively used to assess waste sorting and recycling. TPB proposes that the behaviour (in this 

case of waste sorting) is determined by a combination of attitude, subjective norms, perceived 

behavioural control and intentions. A better understanding of these constructs and the factors behind 

each one can provide valuable insights for policy-making seeking to increase waste sorting rates. 
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This study aims to model the behaviour of waste sorting, establishing a direct link with the built 

environment by employing the Theory of Planned Behaviour on data from a survey carried out in the 

city of Gothenburg, Sweden. It contributes to extending the TPB of waste sorting by including new 

situational factors, and by taking a data-driven approach to modelling the constructs using Exploratory 

Factor Analysis (EFA) and Structural Equation Modelling (SEM). Ultimately, the knowledge derived 

from this study can inform the development of more effective and tailored policies to improve 

residential waste management practices. These policies, grounded in empirical evidence and a 

nuanced understanding of the factors influencing behaviour, are essential steps towards achieving the 

dual goals of environmental sustainability and financial well-being in urban centres facing similar 

waste management challenges.  

The following Section introduces the theoretical background, and Section three presents the 

methodological steps followed to develop the study. Finally, results are presented and discussed.  

2. Theoretical Background 

TPB is a psychological theory extensively explored to explain waste sorting behaviour (Phulwani et al., 

2020). According to Ajzen ( 1991), the behaviour of people is determined by four primary constructs: 

Intention (INT), Social Norm (SN), Attitude (ATT), and Perceived Behavioural Control (PBC). Since these 

constructs are unobserved variables, they are considered latent, and their estimation requires 

combining observable variables to determine these constructs. In the original conceptualisation 

proposed by Ajzen, the constructs are defined using observable variables and how these constructs 

determine behaviour. The TPB states that ATT, SN and PBC predict the INT to behave in a specific way. 

Then, INT and, to some extent, PBC are used to explain people's behaviour. In addition, the TPB allows 

the inclusion of other constructs (Armitage & Conner, 2010; Davies et al., 2002; Davis et al., 2006).  

Previous research focused on waste sorting and recycling has shown evidence that awareness of 

consequences (M.-F. Chen & Tung, 2010; Issock Issock et al., 2020; Tonglet et al., 2004a), situational 

factors (Azlina et al., 2013; Govindan et al., 2022; Tonglet et al., 2004a; B. Zhang et al., 2019), self-
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identification (Issock Issock et al., 2020; Knussen et al., 2004) or past behaviour habits-(Knussen et al., 

2004; Lakhan, 2018) are relevant constructs in specific contexts. Empirically, to test the validity of the 

pre-defined TPB model, researchers design a survey that captures distinct aspects of each construct.  

Waste sorting behaviour using TPB has been extensively studied in different contexts, including 

Australia (Chan & Bishop, 2013),  China  (Ma et al., 2018; Shen et al., 2019; Wan et al., 2014; Y. Wang 

et al., 2021; Xu et al., 2017; D. Zhang et al., 2015), the UK (Tonglet et al., 2004b; Visschers et al., 2016), 

USA and Canada (Lakhan, 2018; Park & Ha, 2014), South Africa and Nigeria (Issock Issock et al., 2020; 

Khalil et al., n.d.; Strydom, 2018), Greece, Norway (Ofstad et al., 2017), India (Halder & Singh, 2018a) 

and Sweden (Stoeva & Alriksson, 2017). In these studies, a survey is conducted to capture empirical 

data for the TPB constructs. In most cases, because of the survey’s extension with numerous 

questions, specific groups have been targeted, such as students or faculty members. Structural 

equation modelling (SEM) and confirmatory factor analysis (CFA) are prevalent statistical techniques 

to model the constructs from the survey results quantitatively. 

Overall, there is evidence that together all TPB constructs, specifically for waste sorting,  are valid at 

the same time (Chan & Bishop, 2013; Liu et al., 2022; Ofstad et al., 2017; Oztekin et al., 2017; Razali 

et al., 2020; Shi et al., 2021; Stoeva & Alriksson, 2017; Taylor & Todd, 1995; C. Wang et al., 2021; S. 

Wang et al., 2020). It is essential to notice differences across how these studies have measured these 

constructs and assessed waste sorting behaviour. Despite the evidence provided, there is no 

significant evidence of attitude affecting intentions (M.-F. Chen & Tung, 2010; Hu et al., 2021; Shen et 

al., 2019; Wan et al., 2014; Xu et al., 2017). The relevance of Social Norms has also been contested 

(Lakhan, 2018; Stoeva & Alriksson, 2017; Tonglet et al., 2004a; Y. Wang et al., 2021). There has been 

more statistical evidence of the importance of PBC towards Behaviour, but again, when seeking to 

determine intention, it falls short in several cases (M. F. Chen & Tung, 2010; Passafaro et al., 2019; 

Strydom, 2018; Visschers et al., 2016; Xu et al., 2017; Zaikova et al., 2022).  
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The study conducted by Stoeva & Alriksson (2017), is noteworthy for its comparative analysis of waste 

sorting behaviour among students in Bulgaria and Sweden. The study found significant differences in 

the waste sorting behaviour of the two populations, which highlights the importance of context-

specific models like TPB. While the core TPB model was validated in the Swedish case, the subjective 

norm was not found to be significant in the Bulgarian case. Additionally, the study revealed that the 

model had a better fit in the Swedish case than in the Bulgarian case. Interestingly, the study extended 

the TPB model by including satisfaction with local facilities in the analysis. It was found that satisfaction 

with local facilities was not significant in Sweden, but it was significant in Bulgaria. These findings 

provide valuable insights into the factors that influence waste sorting behaviour and have implications 

for waste management policies in different contexts.  

Two studies in the Swedish context provide evidence of the importance of three factors to improve 

waste sorting in cities: (i) better information, (ii) reduced distance to bins, and (iii) improved space and 

bins inside of homes. All these measures have proven to impact the Swedish context positively. In the 

first study, stickers were used to increase information, and the distance to bins was reduced from 2km 

to 50m, significantly affecting how people sorted different waste streams (Rousta et al., 2015). 

Moreover, better information is combined with improvements in the bins at home. Results  (Bernstad, 

2014) provided evidence that better information improved organic waste sorting by 10%, compared 

to 44%. 

3. Methodology 

The study presented here had two phases. The first phase encompassed all activities related to 

developing and deploying a TPB questionnaire among residents of Gothenburg city. The second phase 

included all activities associated with developing the Structural Equation Modelling (SEM) to evaluate 

the TPB and extract relevant information about how residents behave towards waste separation at 

source.  
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3.1. TPB Questionnaire 

The literature of TPB specific to waste sorting or recycling was reviewed to extract a list of questions 

used in previous studies. Questions were preselected and adapted to the local context. Based on 

previous research, the questionnaire included questions to accommodate an extended version of the 

TPB with additional constructs. The survey was developed to capture situational factors (Issock Issock 

et al., 2020; Knussen et al., 2004), awareness of consequences (M.-F. Chen & Tung, 2010; Issock Issock 

et al., 2020; Tonglet et al., 2004a), self-identification (Issock Issock et al., 2020; Knussen et al., 2004) 

and past behaviour (Knussen et al., 2004; Lakhan, 2018). Since the survey was delivered to residents 

of Gothenburg, Sweden, the questionnaire was written in English and Swedish. As in previous studies 

that focused on a similar challenges, this work aimed to collect a minimum of 200 valid responses 

given the number of items in the TPB questionare (Chan & Bishop, 2013; Halder & Singh, 2018b; 

Passafaro et al., 2019; Stoeva & Alriksson, 2017; Tang et al., 2023; Tonglet et al., 2004b; D. Zhang et 

al., 2015).  

A first draft of the questionnaire was translated into Swedish, and a pilot was done to evaluate how 

residents responded to the survey. Insights collected were used during the final stage of the survey 

development. The questions were modified, and different wording was used to reflect the response 

from the respondents. The survey was deployed online and distributed virtually via various social 

media platforms and physically through pamphlets that were placed in public spaces such as libraries, 

restaurants, schools, supermarkets, and cafes. The survey questions and results are available as 

Supplementary material. 

3.2. Modelling TPB with Structural Equation Models 

As discussed in the literature review section, the TPB investigates three primary constructs to explain 

an intention or behaviour. Since these constructs are not observed, variables are used to determine 

them. The survey was developed following a specific structure representing the three primary 
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constructs plus four additional situational constructs. Two approaches were used and compared to 

create these constructs, and the TPB was validated using Structural Equation Modelling (SEM).  

Typically, Confirmatory Factor Analysis (CFA) is used to measure unobservable (latent) variables such 

as SN or PBC. This approach can be used to validate a hypothesised measurement model or factor 

structure. It aims to assess the fit between observed data and a pre-specified theoretical model, which 

includes a priori assumptions about the relationships between observed variables and underlying 

latent factors. In our case, the main modules of our survey represent these factors and the first 

statistical model using CFA was developed. Using different goodness of fit indices, these constructs 

were evaluated to understand the degree of reliability (Kline, 2015). 

On the other hand, Exploratory Factor Analysis (EFA) is a data-driven technique used to reduce the 

dimension of information. It aims to identify the underlying structure and patterns in the data by 

transforming the original variables into a smaller set of meaningful factors. EFA does not involve 

hypothesis testing; results are generated from pure mathematical operations. An EFA was 

implemented to investigate if an agnostic method could contribute to expanding the understanding 

of how the latent variables might be grouped. In this case, the researcher needs to specify the number 

of factors used to reduce the dimension of the information. A set of tests can be carried out to 

determine the optimal number of factors, but there is no unique answer or golden rule, and it is a 

research decision. 

The results from EFA were compared against those from CFA and evaluated. The EFA model is 

preferred if it can reduce the data's dimension while passing the evaluation. The validity of the factors 

extracted and their robustness were evaluated using Cronbach's alpha, Composite Reliability (CR), 

Average Variance Extracted (AVE), Maximum Shared Variance (MSV) and by comparing Heterotrait-

Monotrait Ratio of Correlations (HTMT) values against the correlation. When testing for discriminant 

validity, MSV and AVE must be analysed together. Here, the heuristics suggest that if the Maximum 

Shared Variance (MSV) is higher than AVE, it might imply discriminant validity problems. In this case, 
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Attitude and Consequences can potentially have some issues. Cronbach's alpha to test internal 

consistency should be above 0.7.  

After evaluating the different methods and combinations to create the constructs, one alternative was 

selected, and other SEMs were developed to assess the hypothesis raised in the TPB. Different 

combinations of constructs were tested to model behaviour, and multiple Goodness of Fit Indexes 

(GFIs) were used to determine the validity of the models (Kline, 2015). Finally, the best-fitting model 

was identified, and its results will be presented in the next section of the study.  

Therefore, SEM or path analysis encompasses both measurement and structural models. The 

measurement model relates observed to latent variables, while the structural model tests all the 

hypothetical dependencies among latent variables based on path analysis. 

The statistical analysis for this study was performed using R, mainly with a lavaan package to fit the 

SEMs and an effect size package to calculate the goodness of fit indices. The corresponding code and 

the reproduction of the results are provided as supplementary material. 

4. Results 

In this section, we first present descriptive statistics of the survey on waste sorting behaviour in the 

case of Gothenburg. Second, two methods to develop the TPB constructs are applied to the survey 

results, and the constructs are evaluated. Finally, the TPB for waste sorting behaviour is developed 

using SEMs. 

4.1. Waste sorting behaviour 

Between June 2022 and December 2022, the survey link was accessed by 460 residents of Gothenburg, 

and 63% of them completed it. After a process of data cleaning and deletion of missing values, a total 

of 275 valid responses were taken into consideration. 

The survey showed that the respondents are relatively well-behaved. On average, they declared to 

sort their recyclable materials 88% of the time, sort their organic material 79% of the time and 
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sufficiently sort their residual material 73% of the time. These three variables were combined to 

calculate an average waste sorting behaviour, which has a mean of 80% and a standard deviation of 

16%. Regarding the intention of sorting waste, 95% of the residents responded positively, 4% declared 

neutral, and 1% responded negatively. 

On average, 89% of the respondents use the deposit system (pant). Those who do not pant present 

an average waste sorting behaviour of 70%, and those who do pant have an average behaviour of 

82%. Also, the survey revealed that residents who dispose of organic waste more than twice a week 

dispose of residual waste 1.7 times a week and 1.3 times per week for recyclable waste.  

Figure 1 shows the responses to the 29 items from the survey that provided data to determine the 

latent variables or TPB constructs. The satisfaction levels with the waste management system reveal 

that 69% of the residents declared to be satisfied or very satisfied, 22% are indifferent, and 9% are not 

happy. When looking at different items within the general satisfaction, residents have shown 

dissatisfaction because they believe other residents need to sort their waste correctly (37%) and the 

containers need cleaning (37%). Although 66% feel that the waste containers are close to their homes, 

21% feel dissatisfied with the distance. Among the items explored, residents seem to be most satisfied 

with the amount of information provided (77%). 

It can be observed that the most disagreement in the responses was found in relation to Subjective 

Norms (SN). In this module, the level of disagreement among respondents varied between 36% and 

44%. 
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Figure 1 Survey Items used to determine TPB constructs 

It is noteworthy that 25% of the participants in the survey provided their feedback through an open-

ended text section. These comments offer insightful information on the challenges associated with 

waste sorting and disposal. A preliminary analysis of the responses revealed that the comments could 

be classified into four distinct categories, highlighting areas that require attention to improve the 

waste management system. 

The first category refers to "Waste bins availability and usage", reflecting grievances about inadequate 

space for waste disposal during weekends, with overflowing waste bins, or while commuting to work 

or dropping off children at school. The second category relates to "Waste sorting challenges", 

highlighting the difficulties faced in sorting waste, and the lack of appropriate facilities for specific 

waste streams. The third category relates to "Hygiene and maintenance", expressing concerns about 

the lack of cleanliness, which in turn attracted insects and rodents. Finally, the fourth category relates 

to "Convenience and location", where participants suggested measures that could enhance the overall 

waste sorting experience. These included installing automatic doors, ensuring spacious containers, 

and making all the waste categories available at all recycling stations. 
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4.2. TPB Constructs 

This section presents the results of the two approaches used to identify TPB constructs from the 

survey results. First, Confirmatory Factor Analysis (CFA) was used to determine the latent variables. 

The structure tested in this approach came from the literature review and the structure of the survey. 

The second approach was data-driven, and Exploratory Factor Analysis (EFA) was used to reduce the 

dimensionality of the data—resulting in 5 or 6 factors.  

The goodness of fit for each case is presented in Table 1 and indicates that EFA models were 

performing slightly better than the Structure from the CFA. EFA with six factors presents the smaller 

Chi-square and Root Square Error of Approximation (RMSEA). Moreover, EFA 6 also has the highest 

Comparative Fit Index (CFI) and Tucker-Lewis Index (TLI). Overall, EFA 6 performed better and was 

used in the study's next steps.  

 

Table 1 Evaluation of TPB constructs 

After extracting the six factors, the data-driven approach produced a reasonable grouping of the items 

from the survey. The EFA method succeeded in grouping the items (variables) of the Consequences, 

Social Norms and Satisfaction constructs as they were included in the survey. The construct of Self-

identification disappeared, and its items are distributed among the other constructs, mainly 

associated with Attitude and Satisfaction. A new factor grouping knowledge-related items was 

created. This factor includes several variables that initially belonged to PBC, but were capturing the 

residents' level of knowledge. The item satisfaction 3 in the survey corresponds to the level of 
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satisfaction that the residents have over the available information level. Finally, the PBC construct only 

contains two items initially assigned to PBC, but includes two items of Attitude related to how hygienic 

the waste has been and how pleasant residents think sorting waste is.  

The tests validating the resulting constructs are presented in Table 2. Most constructs present an 

acceptable level of Composite Reliability CR (> 0.7), indicating greater internal consistency and 

reliability of the measurement variables for each construct. PBC is the weaker construct and should 

be used with caution. The variance captured by these constructs (AVE) ranges from 0.31 to 0.55, 

providing evidence that the constructs contain a substantial amount of the variance. The Cronbach's 

alpha for PBC and Satisfaction are below the recommended threshold. Overall, the six constructs 

identified by EFA pass most of the tests or are within the limits of doing so.  

In the calculation of the construct of Consequences, the most critical factor is understanding pollution 

(0.35), followed by an awareness of the consequences of climate change (0.23). For Social Norms, 

Friends are the most relevant item (0.45), followed by the perceived pressure by co-workers (0.22). 

The construct of knowledge was dominated by understanding how to separate waste (0.56), and 

similarly, in PBC, availability of time was the most influential factor (0.59). For the construct of 

satisfaction, the most significant coefficient was present in the overall level of satisfaction with the 

waste system. Finally, having a good attitude and feeling that sorting was necessary were the most 

influential items, with beta coefficients of 0.31 and 0.21, respectively.  

 

Table 2 Fit assessment and validity test of the TPB constructs. 
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4.3. The behaviour of waste sorting 

The TPB model of the behaviour of waste sorting was estimated using SEM. Although multiple 

specifications were tested and evaluated, only the three best-fitting models are presented (Figure 2), 

where the level of complexity was increased progressively. The first model in Panel a, represents the 

basic TPB formulation, and the subsequent models (Panel b and Panel c) represent extensions of the 

model. The three models were evaluated using different goodness of fit measurements following the 

literature recommendations.  

The first SEM (Model A) explores the formation of Behaviour with Intention and PBC and the formation 

of Intention with Attitude, Social Norms and PBC. Panel a) shows these constructs and the numbers in 

the arrows are the statistically significant standardised path coefficients with a confidence level of 5%. 

The model indicates that the path from Intention has more than two times the strength of the path 

from PBC to Behaviour. Moreover, PBC is the principal factor in explaining Intention. Attitude and 

Social Norms present similar importance, measured by the standardised path coefficients. 

Model B (Panel b) extends the core model, including knowledge, satisfaction, and consequences. It is 

important to recall that knowledge contains variables of PBC. Still, the results from EFA gave evidence 

to isolate knowledge-related variables, such as satisfaction with information and knowing how to 

dispose of different waste materials. As a result, it should not be surprising that this construct provided 

results statistically significant in explaining both Intention and Behaviour. This model has shown that 

the consequences and satisfaction of local facilities are not statistically significant at 10%, thus being 

removed from further models. By including knowledge and extending the TPB, the strength of the 

intention to behaviour path has decreased, and part of its explanatory power is now explained by 

Knowledge. 

Model C (Panel c) was the most complex and was built on the second SEM specification. This model 

includes the weighted distance to different bins and the dummy variable used to identify if the 
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respondent engaged with the pant system. In this case, distance is the only construct that has a 

negative impact on behaviour, its path strength being as strong as PANT or PBC. 

The three SEM specifications provide evidence to support the hypothesis behind the TPB. Model C 

performs better and contributes to increasing the statistical significance of some of the constructs, 

such as the coefficient of PBC, to determine behaviour. The p-value of this coefficient decreased from 

0.023 to 0.015. In the three specifications, the hypothesis behind the TPB was validated. 

The goodness of fit for the models are presented in the Appendix. It is worth noting that the main 

difference is found in the Relative Fit Index (RFI), which implies a good fit only for Model C. Regarding 

the Parsimony-Adjusted Measures Index (PANFI), no model gets a value higher than the considered 

cut-off of 0,5, suggesting that the optimal trade-off between model complexity and goodness of fit is 

not achieved. This is the only test that Model C fails. Therefore, it is considered a superior and 

preferable model to A and B. The results from then tests are included as an appendix in Table 3 

 

. 

 

Panel a. Path diagram of Model A and SEM results. Base TPB 
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Panel b. Path diagram of Model B and SEM results. Base TPB extended with knowledge, satisfaction, and consequences 

  

Panel c.  Path diagram of Model C and SEM results. Base TPB extended with knowledge, distance, and RECYCLING 

Figure 2 Path diagram of models A, B and C. Complemented with SEM results. 

5. Discussion 

This study provides three SEM that validate the TPB for residential waste sorting behaviour. In all 

cases, the primary TPB constructs contribute to determining the intention and behaviour of waste 

sorting. These results are also consistent with the fact that satisfaction with facilities does not play a 

role in the Swedish context but that statistical evidence supports the TPB's core hypothesis. Although 

the constructs' significance is essential, their weight differs from those presented before (Stoeva & 

Alriksson, 2017), where Attitude was the most critical factor, although this previous study focused on 

university students. The present study found evidence that PBC and knowledge are more significant 

factors than attitudes and social norms. 

The first extended model (Model B) included Knowledge, and Model C added situational factors such 

as distance and whether the residents were engaged in the deposit system. Results from Model C are 
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aligned with previous findings from Borås (Sweden) that show that reducing the distance to waste 

bins and increasing the awareness of residents improve the ratio of properly sorted waste (Rousta et 

al., 2015). This results are also consistent with previous studies that showed evidence that distance to 

bins decreases the behaviour to sort and participate in recycling programs (Ibrahim, 2020; Li et al., 

2020) 

In this study, we used Factor Analysis to test the presumption of how variables from the different 

survey items should be used to identify pre-defined TPB constructs. Results from this intermediate 

step showed that the presumed grouping of items via Confirmatory Factor Analysis (CFA) 

underperformed compared with the data-driven approach (EFA). Moreover, EFA explained better how 

the different items should be grouped. At this moment, we recommend future studies to include and 

evaluate the constructs using data-driven approaches. This study demonstrated that the variables 

require the creation of a construct labelled as knowledge. Moreover, the method suggested that these 

variables should be regarded as part of Attitudes instead of considering the construct of self-

identification. PBC should also capture issues of hygiene and pleasantness since these factors can 

determine residents' self-efficacy. 

In this study, researchers determined the behaviour of waste sorting by surveying how residents 

dispose of different types of waste. This helped to demonstrate that there is no single way of sorting 

waste and that different behaviours are associated with different types of waste. 

5.1. Limitations 

First, the number of valid responses used in the present study is at the lower end of what would be 

acceptable to generalise the results to the entire population of Gothenburg. Extending the survey to 

a larger population would guarantee that the results can be representative at the city level, and would 

increase their statistical power. Moreover, capturing responses from more residents would have 

enabled the use of the zip code to estimate absolute distances to waste bins instead of relying on self-

reported distances. However, the number of surveys is consistent with previous studies,  and future 

Electronic copy available at: https://ssrn.com/abstract=4751831



 
 

17 
 

efforts should focus on expanding the sample (Chan & Bishop, 2013; Shi et al., 2021; Stoeva & 

Alriksson, 2017; Tonglet et al., 2004b) 

Secondly, as in previous studies, the present study does not survey or monitor the residents' waste 

bins, and this information is crucial to establish the link between what people declare and what is 

quantified by waste management agencies. The gap between actual waste separation and how well 

we think we perform the task is known, and it is suggested that TPB studies should be paired up with 

actual measurements, in this case, of waste sorting (Ma et al., 2023; Perrin, D; Barton, 2000). Similarly, 

these models are based on self-declared information, and it would be essential to quantify the social 

norms better.  

Finally, it is essential to improve access to the databases and scripts used in earlier studies that assess 

the TPB for waste sorting to understand better the context and how previous contributions evaluated 

it. Since measuring behaviour differently and extending TPB in various directions can lead to 

inconsistencies, making survey results and methods used openly accessible can enhance the 

comparability and reproducibility of the results. Furthermore, if TPB is to be relevant in policymaking, 

a direct link to quantifiable measurements of the built environment or waste amounts should be 

established. 

6. Conclusion 

Based on the Theory of Planned Behaviour (TPB), this study presented an extended model of waste 

sorting behaviour that incorporated knowledge and the distance to waste bins as part of Situational 

Factors. This model was developed and evaluated using data collected from a survey of residents of 

Gothenburg, Sweden. The results from the study show that the extended TPB model presents a better 

fit, but in all cases, the core TPB propositions are valid. Furthermore, a data-driven approach based on 

Exploratory Factor Analysis was used to determine the TPB constructs and their factors, which 

outperformed the conventional Confirmatory Factor Analysis approach that relies on pre-defined 

constructs. 
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Results from the extended model suggest that improvements in the perceived knowledge and 

convenience of residents can improve waste sorting. Since receiving a cash deposit when returning 

packages (Pant) was proven statistically significant in the models, specific attention should be given 

to the location where this exchange happens. This occurs in some supermarkets, therefore, extending 

this network and integrating other waste sorting facilities could result in better waste sorting. This 

study also shows that waste sorting behaviour is multidimensional and that different waste streams 

can present different behaviours. Usually, the behaviour of waste recycling is assessed, but these 

results show the importance of considering the behaviour towards other waste streams. Residents 

can be good-behaved towards packages, but organics are disposed of in residual bags. This suggests 

that the convenience of organic waste bins can affect the performance of waste management systems. 

The results from the analysis of the survey show that although, on average, residents from Gothenburg 

sort waste adequately and are relatively satisfied with the infrastructure, PBC and distance to bins 

influence the behaviour, meaning that in places where waste sorting is less established, this factor 

could be of greater importance.  

More research on how these findings can be linked to actual waste separation is crucial for designing 

effective waste management systems. Therefore, it is recommended that psychological models are 

integrated with quantifiable measurements of the built environment, residents' social networks and 

actual waste surveys. Future studies could use geographic information on the locations of residents 

to estimate the distance to recycling facilities. Precise information on distances, time and efforts can 

help determine how much waste sorting and recycling activities are affected by convenience. Similarly, 

quantifying the space at home used for waste and recycling could provide insights into how homes 

could be improved to reduce the barriers towards waste sorting by improving the PBC of residents. 

Moreover, TPB models and other efforts to determine waste sorting behaviour should be 

accompanied by accurate measurements of waste. Finally, TPB can be integrated into other modelling 

techniques, such as systems dynamics or Agent-Based Models. These combined models could be used 
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as Decision Support Systems to enable policymakers to study different what-if scenarios of urban 

waste management systems.  
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8. Appendix 

 
Table 3. Conventional cut-off criteria of various goodness of fit. 

Notes: Chisq assesses the overall fit and the discrepancy between the sample and fitted covariance matrices. GFI/AGFI: 
(Adjusted) Goodness of Fit is the proportion of variance the estimated population covariance accounts for. Analogous to 
R2. NFI/NNFI/TLI: (Non) Normed Fit Index. CFI: Comparative Fit Index is a revised form of NFI. Compare the fit of a target 
model to the fit of an independent or null model. RMSEA: Root Mean Square Error of Approximation is a parsimony-
adjusted index. SRMR: Standardized Root Mean Square Residual represents the square root of the difference between the 
residuals of the sample covariance matrix and the hypothesised model. RFI: Relative Fit Index, also known as RHO1. IFI: 
Incremental Fit Index adjusts the Normed Fit Index (NFI) for sample size and degrees of freedom. PNFI: the Parsimony-
Adjusted Measures Index. Extracted from R package effect size. For more details about indexes and cut-offs, visit effectsize 
at CRAN. 
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Abstract 
Reusing existing material stocks can significantly reduce natural resource extraction, 
waste, and the environmental footprint of the construction and demolition sector. 
However, material reuse in urban areas presents technical, temporal, and geographical 
challenges. While scientific contributions on increasing material reuse exist, they need 
to pay more attention to the dynamic and spatially explicit nature of construction and 
demolition activities.  

The city of Gothenburg, Sweden, was taken as a case study and using material intensity 
coefficients, embodied carbon for stages A1-A3 was calculated for residential buildings. 
The article details the steps to develop a simulation to explore how various conditions 
determine savings in embodied carbon and shows the potential of employing 
simulations. 

Our research not only provides a proof of concept for incorporating the spatial and 
temporal dimensions of construction and demolition activities to analyse embodied 
carbon savings in the built environment, but also offers practical implications. The 
simulation we developed can be expanded for more materials, and it sets the baseline 
for future explorations aiming to explore the role of logistics and the availability of 
recycling stations, thereby paving the way for more sustainable practices in the sector. 

 

 

 

 

 

 

 



1. Introduction 
Our research is driven by the urgent need to address the significant environmental impact 
of the construction and demolition (CND) sector, which is a key player in maintaining, 
producing, and replacing housing stock in cities. The industry generates substantial 
waste and greenhouse gases (GHGs), and the buildings and infrastructures it creates 
have long-term consequences that can span several decades. Our aim is to contribute to 
the development of more sustainable practices in the sector by providing a 
comprehensive understanding of buildings' embodied carbon.  

In response to the pressing environmental challenges posed by the increase in 
greenhouse gases and general environmental degradation, the European Union has set 
ambitious environmental targets. These include a 55% reduction in greenhouse gas 
emissions by 2030 and a 90% net reduction by 2040 compared to 1990. The construction 
and demolition (CND) sector, identified as a significant contributor to environmental 
damage, has been under increasing pressure to adopt more sustainable practices since 
implementing the EU Green Deal. 

The construction sector generates over 35% of the EU's total waste, and greenhouse gas 
emissions from CND activities are estimated to be as high as 13%. Improving material 
efficiency in the sector can save 80% of those emissions.  

To comply with current regulations, the CND sector needs to improve its practices by 
implementing selective demolition, increasing material reuse to a minimum of 70% by 
weight, building durability and flexibility, and reducing the total throughput of materials 
by recycling.  

Second, the CND sector needs to reduce the number of new buildings and renovate the 
existing stock to relieve the pressure on virgin materials and the environmental impacts 
of building operations. Currently, only 33% of buildings use renewable heating, and gas 
usage needs to be reduced by more than half. 

Renovating a significant proportion of the European Union's building stock is a massive 
undertaking. The share of dwellings using renewable heating sources needs to increase 
to 100% from just 35% today, and gas usage in buildings also needs to fall by more than 
half.  

1.1. Aim of the study 
This article presents a methodology for studying changes in the embodied carbon of 
buildings due to activities in the construction and demolition sector. The method 
demonstrates the steps to develop the Construction and Demolition (CnD) model that 
overcomes the previously mentioned research gaps.  



The research introduces an explicit spatial and temporal simulation of a city's building 
life cycle, projecting the likelihood of demolition and future material demand based on 
the need for future housing. The CnD model material flows and stocks using a rule-
based simulation to illustrate the dynamic and spatial aspects of future constructions 
and demolitions. The CnD model addresses the previously identified research gaps by: 

• Spatializing build stocks: Material Intensity Coefficients (MIC) are used to 
determine the location of various materials at the building level (wood, concrete, 
glass, bricks, steel, gypsum, steel and stone). 

• Modelling material flow and stock changes over time: Every building in the 
simulation is integrated with a set of rules that contributes to determining inputs 
and outputs of secondary materials. 

• Assessing Co2 offsets: Material stocks and flows are integrated with their 
associated embodied Co2 from extraction to use (A1-A2) 

• Enabling the evaluation of what-if scenarios: The initial conditions, parameters, 
and rules that determine the heuristics can be explored to determine changes in 
the embodied carbon resulting from Construction and Demolition.  

• Promoting transparency: This article describes the model details and provides 
the source code used to run it. This characteristic is critical for developing 
standards for exploring the construction and demolition sector dynamics.  

In the next section, the CnD model and related methodology are described. Next, the 
potential of such a model is presented by applying it to the residential buildings in 
Gothenburg, Sweden. Various parameter combinations are tested to explore the model’s 
capabilities. Finally, conclusions are drawn about the potential contributions of using the 
model to examine the effects of different scenarios. 

 

2. Background 
[TBC] 

 

3. The CnD model 
The methodology used for this research was adapted from System Dynamics because it 
offers an adequate framework to structure the activities followed during the study of 
dynamic processes. (Sterman, 2000).  Figure 1 This section presents the steps followed 
during the study's development, describing steps 2 to 5. The first task consisted of 
identifying the challenge of material use in the construction sector, and the outputs of 
this first step are reflected in the first two sections of this article.  



This section describes the model’s elements and the necessary heuristics to execute it. 
Then, we introduce the following: We describe the model's aspects and the dynamics 
heuristics. Next, we present the main parameters to explore and explain the calibration 
process. 

In step four, the case study and the data requirements are introduced. In this section, the 
model is instantiated. After various simulations, data from the model is obtained. The 
final step consisted of summarising and visualising the information to showcase the 
potential uses of the model.  

The introduction of a case study contributed to determining the model elements and 
heuristics. These are context-specific and may vary from case to case.   

 
Figure 1 Modelling framework used to develop the simulations  (Sterman, 2000) 

3.1. Model elements & heuristics 
Figure 2 This section presents the overall process of the simulation, which shows the 
overall processes in the simulation. The simulation features four key agents: buildings, 
recyclers, planners, and city areas, with buildings serving as the primary agents. The 
simulation is run from 2010 until 2100, and every step is five years long. 



 
Figure 2 The overall process of the simulation and agents 

In this model, each building acts as an independent decision-making entity, determining 
when to renovate or undergo demolition. Renovation triggers a demand for materials, be 
they virgin or recycled, and demolition increases the recycled material at the recycler. 
Based on (Ministry of Infrastructure, n.d.) three renovation strategies were defined and 
presented in Figure 11 in the appendix. These strategies define the amount of material 
needed for the renovations, the amount of waste generated and its impact on the EPD of 
the building. Figure 3 shows a schema of the buildings' processes.  

 
Figure 3 A flow diagram is used to determine building renovations and demolitions. 

 

Although the model anticipates multiple recyclers, it operates with a single recycler, 
functioning as a material collection and distribution broker. Notably, the recycler is the 
last agent to execute the simulation, handling aggregations and CO2e estimations. The 



fact that the model can include several recyclers allows one to study the problem's 
logistic side.  

The planner, another essential agent, considers population increases and lost housing 
due to demolitions. Population demographics inform the construction of new houses, 
crucial for replenishing housing stock lost in demolitions. Influenced by a parameter 
defining housing technology percentages, the model allocates the population demand 
across single or multifamily units. The implementation dynamically adjusts the 
distribution, impacting material requirements and the city's embodied carbon. 

The city area agent defines areas based on a population grid, leveraging officially 
published data with attached population information. Over 200 squares, serving as 
agents, receive input from the planner regarding the required number of buildings. At 
each step, these squares decide whether to build or not. While the current model 
employs a random selection process, it is adaptable to incorporate diverse building 
rules, such as prioritising high-density areas first or experimenting with alternative 
building sequences. 

3.2. Data inputs and processing 
To develop the simulation for this study, we integrated various data sources, with the 
initial dataset originating from Landmateriet, one of the Swedish information authorities. 
This comprehensive geodatabase served as the foundation for initialising the simulation, 
and the required data sources are presented in Figure 4. 

Initially, the database comprised data on residential buildings throughout Gothenburg. 
These records contained essential information about the geographical area and each 
building. By leveraging details on building height, we estimated the gross floor area (GFA). 
Subsequently, outliers were meticulously removed from the database, resulting in a 
refined dataset of buildings, each accompanied by its corresponding GFA. 

The subsequent phase involved augmenting the database with information about the 
materials used in each building. Material intensity coefficients, referenced from the 
research conducted by (Gontia et al., 2018) were employed. This comprehensive study 
covered material intensity across Sweden. The database categorised different materials 
per GFA based on various typologies, accounting for whether it was a single-family or 
multi-family dwelling and the decade of construction. Information from Boverket was 
used to translate each material to a specific value of CO2e.  

Given our interest in understanding the potential impact of the energy certificate 
declarations policy on the new housing stock in the city, we sought to incorporate 
information about energy performance. As citywide implementation of energy 
performance data was still under development, we adopted a stochastic and 
probabilistic approach to define an Energy Performance Declaration (EPD) for each 



building. This approach considered both the age of the buildings and the materials used, 
such as wood, concrete, or brick. 

The final piece completing the initial state puzzle involved integrating population data 
from the city of Gothenburg at a grid resolution of 1 kilometre. This data was incorporated 
by analysing buildings' distribution and heights within each grid. Consequently, we 
estimated the number of people and households associated with each grid. The resulting 
database encapsulated crucial details such as the year of construction, building 
materials, building height, typology (single-family or multi-family), and energy 
performance declarations. 

This comprehensive database served as the base for initiating our simulation. The 
subsequent section delves into the agent-based simulation process and the various 
scenarios explored during its development.  

 
Figure 4 Data sources and processing to develop simulations 

 

3.3. Simulations and scenarios 
Various parameters were integrated into the simulation to fulfil these objectives outlined 
in the introductory phase. These introduced variables facilitate an exploration of how the 
interplay of different parameters yields diverse outcomes, explicitly concerning the 
quantity of recycled materials and CO2 emissions. The key parameters include:  

• Probability of Demolition: When a building reaches the end of its lifespan, typically 
around 100 years after construction (Andersen & Negendahl, 2023), the probability 
of its demolition is determined. 



• Probability of Renovation: Buildings may require renovations within 25 to 50 years 
of construction. This parameter influences the probability of such renovations 
occurring. 

• Percentage of single-family buildings: This parameter determines the typology of 
newly constructed buildings, specifying the percentage allocated to single-family 
or multi-family buildings.  

• Maximum Percentage of Recycled Material Used for New Constructions: This 
parameter dictates how much new constructions can incorporate recycled 
materials. It represents the voluntary amount of recycled material, allowing new 
buildings to use a maximum percentage (of weight). If, for example, the parameter 
is set to 0.25, the new construction will search for 25% of each material in 
recyclers; if unavailable, the remaining 75% is sought in the market of new 
materials.  

• Maximum Percentage of Recycled Material Used for Renovations: Like the 
parameter for new constructions above, this sets the maximum percentage of 
recycled material used for renovations (in weight). 

Exploring the parameter space, which involves all possible combinations of these 
parameters, becomes exponentially complex. To manage and streamline simulations, 
the probability of demolition was assigned values of 1%, 3%, and 5%. At the same time, 
the remaining parameters were explored within the range of zero to one with an 
incremental value of 0.25. Each parameter was tested with five values, resulting in 1875 
scenarios. Each scenario was simulated ten times to enhance robustness, mitigating the 
impact of stochastic elements in the model on the results, generating 18,750 
simulations.  

3.4. Case study: Residential buildings in Gothenburg city 
[TBC] 

3.4.1. Policy scenario: Energy Performance Regulations 
Due to Gothenburg's ambitious pursuit of a climate-neutral future, developing a crucial 
framework was imperative. This framework outlines the repercussions for buildings with 
poor energy performance over time. The policy scenario to be evaluated simulates a 
situation where the local authority imposes a restriction that buildings lacking a 
minimum energy performance label (such as G) will no longer be permitted. In 2045, 
structures with a G-grade energy declaration face an explicit request: either undergo 
mandatory renovation or face demolition. The same parameter spaces were used for 
comparison purposes, and these scenarios were simulated five times, resulting in 9,375 

Simulations. 



3.5. Analysis of simulations 
Even though 15 repetitions per parameter do not offer enough statistical power, this was 
compensated by the number of total simulations generated under different parameter 
combinations. The results from the 28,125 simulations (18,750 with no EPC law and 
9,375 without EPC law ) were summarised using graphs to evaluate how the changes in 
parameters affect the amount of material demand and Co2e in the embodied carbon A1-
A3. These results were complemented using a linear regression where we evaluated how 
the percentage of saved Co2e changes. The savings in Co2e as a percentage were used 
as the relevant Key Performance Indicator to measure the outcomes in the different 
scenarios.  

4. Results and discussion 
The findings of this study can be categorised into three main sections. Firstly, it provides 
a detailed description of the simulation process, offering insights into the parameters 
that users can manipulate. It also presents an overview of the simulation dashboard 
layout. Following this, the parameter space is systematically explored through various 
simulations. Despite the multitude of scenarios modelled, the results in this section 
highlight the impact of diverse parameters on the outputs, measured explicitly in terms 
of the new embodied carbon within the city.  

Lastly, the study simulates a scenario set in 2045 using the same parameter space. In 
this envisioned future, the city enforces a prohibition on buildings with an energy 
performance declaration labelled as G. 

4.1.  Simulation as a Decision Support System 
The image below showcases the simulation dashboard, which monitors various 
parameters and key performance indicators (KPIs). The parameters available for 
initialisation or modification during a simulation are presented on the left. These include 
the probability of demolition, renovation probability, renovation size, and the percentage 
of recycled materials aimed for in the system. Additionally, the decision to construct new 
buildings, permit or restrict renovations, and implement a new law prohibiting houses 
with specific energy performance after a designated time can be toggled on or off. 

The dashboard introduces a visual representation of all buildings as dots, with colours 
changing dynamically during the simulation—reflecting renovations, demolitions, and 
new constructions. The total city population is tracked to ensure proper population 
allocation. Matching the expected population growth, the graph in the bottom left corner, 
adjacent to the population map, shows the total and simulated populations aligning. 

The first graph with the panel monitors the status of all buildings, with the initial building 
stock depicted in black. As the simulation progresses, the status changes, 
predominantly showcasing green for renovations, blue for new single—and multi-



building constructions, and red for demolitions. Below this graph, the distribution of 
energy performance in buildings is tracked. The rise of labels A and B in green indicates 
positive performance trends. 

Further analysis involves four charts tracking the materials and embodied carbon used 
in new constructions and renovations. These charts also illustrate the reduction in CO2 
emissions achieved. The model is available on the COMSES library, allowing researchers 
to download and explore it for further enhancements and insights.  

This interface is mainly used to run specific scenarios and help during the development 
of the model. In the next section, the results of running batch simulations are reported. 

 
Figure 5. Model dashboard. Selection of parameters and various graphs tracking the simulation 

4.2. Changes in material availability 
Figure 6 shows how much material is being captured under different scenarios. For each 
graph, the amount of materials per year was averaged across the simulations under the 
same conditions, including the probability of demolishing and the proportion of 
construction of single-family buildings. The figure contains 12 plots organised in a grid. 
As we move down, the proportion of single-family buildings increases from 0% to 100%. 
Moving |g to the right, the probability of demolitions increases from 1% to 5%. Figure 6 
shows how the materials from the renovations and demolitions were captured to be 
recycled. The matrix of plots shows how the material availability changes with the level 
of demolitions and the proportion of single-family buildings, keeping the rest of the 
parameters constant. For instance, it can be appreciated that as demolitions increase, 
the amount of materials increases. Moreover, because of the different building typologies 
used in this investigation, the percentage of single families decreases, and the amount 
of wool becomes available. Also, the plots show that bricks are a material available, so it 
is reasonable to find ways of reusing this material.   



 
Figure 6 shows Material availability with different values of the probability of demolitions and the percentage of new 
single-family buildings to be constructed. 

4.3. Changes in embodied carbon 
The results of the simulations were explored in relation to five parameters. The 
simulations were run ten times for each specification for the combination of the following 
parameters: the percentage of material reuse for renovations, the percentage of material 
reuse for new constructions, the probability of renovating the building, the likelihood of 
performing demolition and the proportion of single-family buildings to be constructed. 
The results present the results of exploring how changes affect the amount of CO2e in 
each scenario. Because of the stochastic nature of the models, the number of total 
homes and the total number of residents found at the end of the simulation vary, so it was 



necessary to standardise the variable in relation to the total number of homes. The 
results presented in this section are asses with regard to the amount of co2e per home 
generated in each of the simulated scenarios.  

Figure 7 presents the results from the simulations. The results are presented using 
scatter plots where the Y axis represents the CO2e, and the X axis represents the 
parameter that is being explored. Each point of the scatter plot represents one simulation 
for a specific combination of parameters in the last state of the simulation in the year 
2100. The colour and symbol of all the scatter plots remain the same and show the 
percentages of material reuse for renovations (shape) and new constructions (colour)—
the different panels of the figure next show the resulting visualisation for the other 
parameters. The range of the amount of CO2e remains constant across the four charts. 
Panel (a) presents the relationship between embodied carbon per household and the 
amount of households created under the various simulations. Panel (b) presents the 
results across the probability of renovation. Panel (c) presents the results about the 
proportion of single-family units, and panel (d) presents the results about the probability 
of demolition.  

For more detailed information about the outcome of the simulations, more detail is 
provided in Table 3 in Appendix. This table, divided into three parts, shows the percentage 
difference across the maximum output of embodied carbon across all scenarios. In the 
tables, a 0%. 

As a result of the stochasticity of the model, there is a resulting variation in the number 
of households and population in the year 2100. It can be appreciated that the total 
households range between 84,442 and 174,545, and therefore, the KPI used to analyse 
the results is the embodied carbon per household. Panel(a) shows that as the number of 
households increases, the CO2e per household decreases. 

 

 



  
(a) Embodied carbon per household and 

amount of households 
(b) Embodied carbon per household and 

probability of renovations 

  
(c) Embodied carbon per household and 

proportion of single-family buildings 
(d) Embodied carbon per household and 

probability of demolition 
Figure 7 Simulation results for selected variables. Total households, renovations, demolitions, and Single-family 
buildings.  

 

To study the influence of renovations over the embodied carbon of the city of Gothenburg, 
the parameters associated with the probability of renovations were set to 0%, 25%, 50%, 
75% and 100%. Panel (b) presents the results of all the simulations, but the focus of the 
plot is set to extract insights about the proportion of renovated buildings. As expected, as 
more buildings are renovated, more embodied carbon will be present in the buildings 
because more materials will be needed to update the housing stock; however, after the 
probability of renovations is set to 50%, the amount of Co2e remains approximately 
around 140 Co2e per households in the model.  Moreover, it is possible to observe how 
this parameter interacts with the maximum ratio of materials to circulate for new 



constructions and renovations. Naturally, in scenarios where there is less recycling of 
construction materials, the level of Co2e is higher.  

Panel (c) presents the relationship of embodied carbon and the proportion of single-
family buildings ranging from 0% to 100%. The scatter plot suggests no relationship 
between the embodied carbon per household and the building typology. And if there is a 
relationship, it is not linear (on average).  

Finally, Panel (d) shows that as the parameter of the probability of demolitions increased 
from 1% to 5%, the resulting amount of embodied carbon per household decreased. 
Although this result could motivate the thesis that argues in favour of increasing 
demolition rates, Table 3 in the Appendix indicates that an average of 5% of demolition 
generates the most significant amount of total embodied carbon, the maximum of all 
simulations in the scenario, with no reuse of material for either renovation or new 
constructions. The proportion of single-family buildings was 0%, and the probability of 
renovation was 0%.  

4.4. Evaluation of scenarios 
As before, the results of the scenario under the new regulation are presented in the 
Table 3. The table shows the percentage change in embodied carbon under the scenario 
with the EPD regulation. Similar relationships were found in the case of adopting a 
minimal EPD for buildings, so for the economy of the paper, these were left out of the 
current article.  

Figure 8 This paper presents the distribution of the savings in terms of CO2e for the 
scenario with and without regulation, together with a regression analysis to study the 
contribution of each parameter in the model. First, the analysis of the distribution of the 
savings shows that the scenarios with a law aimed at upgrading the building stock 
generate more significant savings, increasing on average from 21.1 to 25.9. This mean 
difference in the savings of the scenarios is statistically significant with a p-value of 
0.000.  

Finally, to determine the relevance of each parameter and identify the role of such a 
policy in CO2e savings, Table 1 it presents the output of a regression model. The 
regression models include all simulation results for the year 2100. Scenario I was 
estimated without the new regulation to force housing upgrades, and in Scenario II, the 
law's parameter was present, equal to 1 when the law was active and 0 in the other case. 
The results from the simulation show that 60% and 72% of the total variability was 
explained by the model, indicating a relatively good fit. 

Overall, both models present similar results with minor differences. The percentage of 
reused material for new constructions and renovations is the most critical parameter that 
determines the rate of CO2e savings.  



 
 

 
  

Figure 8 shows the Distribution of CO2e savings for the 
simulations with and without regulation and the 
regression model output to estimate the percentage of 
CO2e savings. 

Table 1 Regression analysis results with dependent 
variable Co2e savings from buildings considering A1-A3. 

4.5. Contributions 
The simulation assessed what would happen if the municipality places a regulation after 
2045; the buildings should comply with a minimum energy performance declaration. 
More specifically, buildings with an EPC of G would only be accepted to avoid the 
stochastic renovation process. Otherwise, they will be demolished. Two simulation 
batches were run using the same set of parameters. The results are presented in detail in 
the appended tables, as well as the differences between the scenarios of not enforcing 
such a law and another with the law in place.  Besides looking at these tables in detail, 
the following table of plots is used to see the evolution of the main variables of the models 
over the simulated time; this summary is presented in Figure 9.  In both cases, the plots 
present the averaged result of various simulations run for a probability of demolition of 
1%, a proportion of single housing units of 25%, and a probability of renovation of 25%, 
with new construction and renovation projects trying to reuse up to 25% of the materials.  

As expected, the first thing to notice in the evolution of the building stock EPD, we can 
see in panel a, that without a law by the end of the period, in the year 2100, almost 10% 
of the building stock will have an EPC of G and 25% A. However, if the law is enforced, in 
panel b, we can see that no buildings will have an EPC of G, and as a result of new 
construction and more renovations, 60% of the buildings will have an EPC of A or B and 
no building will be of category G.  



The following row of plots (c and d) shows how the number of demolitions, renovations 
and new constructions evolved over simulated time. Because of the law, it can be noted 
that there is an increase in the total number of demolitions and that, as a result, more 
new buildings are being constructed. Moreover, regarding renovations, the total amount 
is around 45 thousand in both cases, but in the scenario with the EPD law, these 
renovations are anticipated on time. By 2045, the scenario with no regulations had 35 
house renovations, but if a law prevents buildings labelled as G in the EPC, the number 
of renovations will reach almost 40 thousand. 

Because more buildings are renovated in this scenario and will require bricks, the 
demand for bricks in the regulated scenario shows a higher demand for bricks. Also, in 
terms of the total material demands, since there will be more demolitions, the total 
amount of materials is more significant. These two situations result in a greater overall 
Co2e under this scenario. 

Since the boundaries delimited in this study do not account for the environmental 
impacts of the use phase, it is clear that the increase in ecological footprint needs to be 
compensated by the savings in energy by upgrading the building stock.  

Scenario with no EPD restrictions Scenario with EPD restrictions 

  

  



  

  
Figure 9 shows the Temporal dynamics of the simulations for scenarios with and without law. The panels show the 
evolution of the distribution of buildings' energy performance and the number of renovations, new constructions, 
and demolitions. They also present the material demand and the embodied carbon in each scenario. 

Last, the simulation offers the possibility of exporting geographic information generated 
by the model for analysis. The following figure shows the total status of the demolished 
buildings. Using a heatmap, as shown in Figure 10 It was possible to determine areas of 
the city that would need demolition. Although, and to some extent, this map will overlap 
with a map showing the concentration of old buildings, this information is more 
prosperous because it has been generated bottom-up and will result from the agents 
(buildings). 

Also, it is interesting to notice that Gothenburg is an archipelago, and construction and 
demolition activities will continue to occur in these territories, meaning a need to bring 
logistics solutions to the communities living on the islands.  



 
Figure 10 Map of potential demolitions based on simulations 

4.6. Limitations 
The consideration of only two building typologies for future construction poses a 
limitation. These typologies were based on statistical analysis derived from past 
constructions, raising concerns about their applicability in the near or distant future. This 
study's new buildings and future renovations do not consider radical changes in new 
materials. To some extent, they evaluate how “doing business as usual” can play out. The 
model can be improved by changing the material needs of the new buildings and the 
materials used for renovations. Changing these building characteristics will impact the 
total CO2 generated by the housing stock in the city.  



The adoption of a probabilistic approach to demolitions, renovations, and future 
constructions introduces an element of uncertainty. Resolving this uncertainty requires 
acquiring more detailed information, highlighting the necessity for comprehensive data. 

Contemplating the city's long-term perspective in the year 2100 unveils potential 
transformations, particularly concerning climate change and rising water levels. This 
holds significant relevance for cities like Gothenburg, divided by the Gota River, where 
environmental shifts may have pronounced impacts. 

Due to data limitations, the analysis exclusively considers residential buildings. 
Assumptions were employed to determine the Environmental Performance Declarations 
(EPD) and the use of 8 materials. Additionally, the estimation of CO2e relies on products 
found in the Boverket climate database, potentially oversimplifying the richness of 
materials and components in each building. 

A notable limitation stems from treating the entire building as a unit rather than analysing 
it at the component level. This approach, focusing only on materials, leads to rough 
estimates. Working at the component level allows for detailed maintenance tracking, a 
feature the model does not offer. 

The model's initial conditions assume no materials are recycled until renovations or 
demolitions occur, resulting in environmental degradation. Addressing this non-realistic 
assumption requires exploring different starting conditions based on objective 
information to provide more accurate scenarios. 

The analysis is constrained to the municipality of Gothenburg due to limitations in data 
and data silos. This limitation, driven by data availability rather than methodological 
scope, overlooks the interconnected nature of neighbouring municipalities such as 
Mondal or Partille. This underscores the importance of addressing environmental goals 
at a metropolitan or regional scale, acknowledging the need to share infrastructure and 
resources across administrative boundaries for more effective environmental 
management. 

4.7. Future steps 
Enhancing data integration involves establishing a direct link between material flows and 
Sankey diagrams. A meticulous exploration of more accurate and comprehensive 
datasets is imperative to alleviate uncertainties in the analysis. Stakeholder engagement 
emerges as a crucial avenue for refining model parameters, including renovation 
probability, demolition rates, and environmental costs associated with recycling 
materials. Collaboration with urban planning experts is pivotal for crafting a robust 
decision support tool. 

Integrating agency into development processes within the model is a crucial 
consideration. This involves evaluating different diffusion mechanisms that influence 



business in the construction and demolition sector. Exploration of diverse demolition and 
construction strategies, emphasising their environmental impacts, will be pivotal. The 
model should evolve to incorporate behavioural aspects, reflecting changes in the 
sector's performance concerning ecological challenges. 

The adaptability of building typologies to evolving technologies and materials warrants 
exploration. This includes investigating material substitution practices, such as 
addressing the surplus of bricks to mitigate embodied carbon, in alignment with 
emerging construction trends, such as wood. 

Moreover, the shift towards a component-level analysis offers a nuanced perspective on 
the life cycle of individual building components. This departure from viewing buildings as 
holistic entities ensures a more granular understanding of environmental impacts. 
Incorporating spatial rules into the model is essential to enhance agent interactions, with 
specific consideration given to location-based regulations that align with population 
densification strategies. Lastly, the model's evolution should encompass a broader range 
of building types and technologies, offering a more comprehensive assessment of 
environmental performance based on Energy Performance Declarations. Different 
building typologies or assumptions regarding the material need of renovations can be 
implemented with ease, and future studies should evaluate the impact of more radical 
changes that will affect the city's footprint.  

It is worth noting that some of the results presented here depend on the metric used. For 
example, three KPIs were used to show results: the total amount of embodied carbon per 
household and the percentage saved in terms of embodied carbon. It is important to 
discuss further what is desired to pursue in terms of sustainable cities because there can 
be scenarios that present a high level of savings (as percentages) but are higher in 
absolute value.  

Finally, the current model's computational intensity and limited material inclusion 
underscore the need for a more efficient approach. Transitioning to a graph-based model, 
utilising nodes and edges, presents an opportunity for accelerated simulations. This 
refined model can accommodate additional materials, transport dynamics, and agency 
factors, fostering a closer integration with the road network and logistics planning. 

5. Conclusion 
The rule-based simulation developed for this study supports urban planners by providing 
a virtual laboratory to explore potential implications of urban policies related to 
demolitions, renovations, material reuse, and building typologies. The model was 
extended to incorporate Energy Performance Declarations in response to anticipated 
policies becoming active soon in Gothenburg, Sweden, and the rest of Europe. 



The simulation developed for this study was never intended to predict the future city, a 
task that might prove challenging if not impossible. Instead, it serves as a tool for dialogue 
and exploration of how the city might evolve under various scenarios. 

The rules incorporated are simple and adjustable, allowing for flexibility in the model. The 
model has proven its capability to generate alternatives, exploring how CO2e emissions 
can be reduced. Among the scenarios enabled by this model are variations in the 
percentage of demolitions, renovations, building typologies, and the impact of an energy 
performance declaration law stating that specific buildings cannot be constructed in the 
city. 

From the modelling perspective, the simulation treats each building with agency. 
Although this idea can be challenged by arguing that the future city rises from the 
interaction between developers, real estate agents, and public administrators who 
manage construction and demolition projects, the model presented here provides a 
general overview of the potential outcomes of different scenarios.  

The model serves as a proof of concept, showcasing opportunities and challenges ahead 
for the construction and demolition sector in addressing future environmental goals. It 
provides valuable insights into the potential trajectories of the urban landscape and 
offers a platform for informed decision-making in urban planning. 
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Appendix 

 
Table 2 The resulting distribution of EPD is based on building materials. 

 
Figure 11 Renovation strategy flow diagram 



No Law 

 

 

 

Table 3 Comparison of simulations under different scenarios with no regulation 
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Table 4 Comparison of simulations under different scenarios with regulation 

 



Difference 

 

 

 

Table 5 Comparison of simulations with and without regulation 
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