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Urban mining

“Urban mining (...) does not have an 
exact definition but generally refers 
to the recovery of materials from 
anthropogenic resources.”

Fasail Aldebei & Mihály Dombi

Source: Aldebei, F. & Mihály, D.: Mining the Built Environment: Telling the Story of Urban Mining, p. 5, 2021. 
Image: Screen shot showing Madaster’s Building Information Modeling (BIM) platform. Link.

https://madaster.com/


Chuquicamata mine, Chile
Photo: Martyn Unsworth, Imaggeo.egu.eu



Planetary Boundaries
Stockholm Resilience Centre, 2025



Chuquicamata town, Chile
Photo: Margot Bigg, Atlas Obscura



SUMMARY FOR POLICYMAKERS 11

Figure 2(a):  Global material extraction, four main material categories, 
1970 – 2024, million tonnes
(Source: UNEP-IRP (2023) Global Material Flow and Resource Productivity 
Database )
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Figure 2(b): Global resource productivity of materials, GHG emissions, energy and 
labour productivity, 1970 – 2024, index
(Source: EDGAR World Emission Database; IEA World Energy Database; Penn 
World Table version 10.01; UNEP-IRP (2023) Global Material Flow and Resource 
Productivity Database)
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Material use has increased more than 
three times over the last fifty years and it 
continues to grow on average over 2.3 per 
cent per year 

Growing living standards have resulted in a rapidly 
increasing extraction4 of material resources (biomass, 
fossil fuels, metals and non-metallic minerals). By 2024, we 
can expect global material extraction to have surged from 
30 billion tonnes in 1970 to 106.6 billion tonnes. The global 
financial crisis of 2008 and the recent global COVID-19 
pandemic slowed the growth in resource extraction 
temporarily, but growth rates have since recovered. While 
large disparities based on country income level exist, to 
satisfy global demand each person now uses on average 
13.2 tonnes of materials per year. This is up from an 
average of just 8.4 tonnes per person fifty years ago.

While material extraction has grown, material productivity5 

has stagnated and grows more slowly than GHG 
emissions, energy and labour productivity (Figure 2(b)). 
Thus, even though ever more resources are extracted and 
used, the economic growth following from these materials 

doesn’t increase at a similar rate, indicating a material 
productivity gap. This material productivity gap is more 
evident when looking at income groups. In 1970, high-
income countries had nine times the material productivity 
of low-income countries. By 2024, the ratio is projected 
to be thirteen times. The average material productivity of 
lower and upper middle-income countries has remained 
around 20 per cent of the average in high-income 
countries.  

The composition of material use has changed 
profoundly over the last five decades, reflecting the 
general trend of transformation of economies from 
agrarian to industrial 
While such changes have meant that the share of biomass 
– including crops, crop residues, grazed biomass, timber 
and wild-caught fish – has gone from 41 per cent to 
just over 25 per cent between 1970 and 2020, biomass 
extraction has increased in absolute terms, almost 
doubling. Crop harvest and grazed biomass for livestock 
animals have grown sharply, the latter reflecting the 
increasing popularity of animal and dairy-based diets 
among an expanding middle class across the world.

4  Extraction is the amount of material extracted from the natural environment for use in the economy. It includes extractive activities such as mining as 
well as agricultural and wood harvest. Processing is conversion to refined materials, food and fuels.

5 Which measures the ratio of GDP to domestic material consumption.

Source: UNEP, Global Resources Outlook 2023, Bend the Trend. Link
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Resource use

Average global material use 
pr. capita:
•	 1970: 8,4 tonnes
•	 2024: 13,2 tonnes

https://resourcepanel.org/reports/global-resources-outlook-2024


Resource use

“... sustainable and responsible resource use 
and consumption is a key enabling factor for 
the success of virtually every international 
agreement and initiative aimed at carving 
out a better future ...”

Inger Andersen
Executive Director, UN Environmental Program

Global Resources Outlook 
2024

Bend the trend
Pathways to a liveable planet as 
resource use spikes

Source: UNEP, Global Resources Outlook 2023, Bend the Trend, p. ix. Link

https://resourcepanel.org/reports/global-resources-outlook-2024


Circular Economy (+200 definitions)

“Product circularity means taking 
an extended lifecycle perspective 
that focuses on maximising value in 
economic and social systems for the 
longest time; the focus is on the (re)use 
of products, and the materials 
and components within them ...”

Martin Charter

“The circular economy is a system where 
materials never become waste and na-
ture is regenerated.”

Ellen McArthur Foundation

Sources: 
Charter, M. (ed): Designing for the Circular Economy, p. xxviii, 2019.
Ellen McArthur Foundation, Link.

https://www.ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview


Designs role

“... for the most part, designers are not yet 
using their skills and knowledge to deliber-
ately support the green transition in the way 
that they should and could.”

Design Counsil

BEYOND NET ZERO: A SYSTEMIC DESIGN APPROACH 1

A Systemic Design Approach

Beyond 
Net Zero

Source: Design Counsil: Beyond Net Zero, p. 2, 2024. Link

https://www.designcouncil.org.uk/fileadmin/uploads/dc/Documents/Beyond%2520Net%2520Zero%2520-%2520A%2520Systemic%2520Design%2520Approach.pdf


Designs role

“... in the new paradigm, designers aspire 
to design for ‘quality of being’ rather than 
‘quantity of having’ ...”

Peter Stebbing

Source: Stebbing, Peter: The Paradigm Shift in Design, 
in: Stebbing, P. & Tischner, U. (eds), Changing Paradigms: Designing for a Sustainable Future, p. 24, 2015. Link

Editors:
Peter Stebbing
Ursula Tischner

Changing 
 Paradigms:
Designing for a 
Sustainable 
 Future

CUMULUS THINK TANK
Publication No 1 of the Think 
Tank Series from the Cumulus 
International Association of 
Universities and Colleges of 
Art, Design and Media

https://cumulusassociation.org/wp-content/uploads/2021/09/Changing-Paradigms-book-pdf-version-2016.pdf


Two pathways for design

Sustainability Change Agent
Green Change Agents Course
6 weeks / 23 students
Program: Entrepreneurship & Design

Circular Product Designer
Circular Design Course
10 weeks / 24 students
Program: Sustainable Fashion Tech

Photos: Anonymized images of participating company founder and students at the two electives.



Sustainability competencies

Source: Wiek, A.; Redman, C. L.; Withycombe Keeler, L.: Key Competencies in Sustainability: 
a Reference Framework for Academic Program Development, p. 5 and 2, 2011.

Objective
“... the goal of academic sustainability 
programs is to enable students to plan, 
conduct, and engage in sustainability re-
search and problem solving ...”

Definition
“... a functionally linked complex of 
knowledge, skills, and attitudes that 
enable successful task performance 
and problem solving.”

A. Wiek, C. L. Redman & L. Withycobe Keeler



Sustainability competencies

Source: Wiek, A.; Redman, C.; Withycombe Keeler, L.: Key Competencies in Sustainability: 
a Reference Framework for Academic Program Development, p. 3, 2011.

programs (in particular newly emerging programs) through

teaching and learning evaluations, to institutional decisions

such as hiring and training faculty and staff.

The framework of sustainability research

and problem-solving competence

Frameworks or unifying themes for key competencies in

sustainability are not frequently used or discussed in the

literature. ‘Laundry lists’ without transparent selection

criteria dominate the discourse. It seems that the field is

still in search of over-arching concepts that would relate

and integrate sustainability competencies in a meaningful

way. The few frameworks proposed, applied, or discussed

are inspired by transformative learning concepts and pro-

pose as key competencies: Gestaltungskompetenz (de Haan

2006; Barth et al. 2007; van Dam-Mieras et al. 2008);

Heads, Hands, and Heart (Sipos et al. 2008); Values,

Knowing, Skills, Understanding (Parkin et al. 2004; Ster-

ling and Thomas 2006; Segalas et al. 2009) and a few

others (e.g., Steiner and Posch 2006).

These contributions converge towards a comprehensive

key competence, namely, sustainability research and

problem-solving competence, as recognized in other liter-

ature on sustainability science (Kates et al. 2001; Clark and

Dickson 2003; Bäckstrand 2003) and sustainability edu-

cation (Jucker 2002; Warburton 2003; Dale and Newman

2005; Rowe 2007; Earth Institute at Columbia University

2008). This over-arching competence is generally con-

ceptualized as ‘‘having the skills, competencies and

knowledge to enact changes in economic, ecological and

social behavior without such changes always being merely

a reaction to pre-existing problems’’ (de Haan 2006, p 22).

We contribute to this convergence with our literature

review by creating and applying a common framework of

sustainability research and problem solving to define and

integrate key competencies in sustainability. The five key

competencies are: systems-thinking competence, anticipa-

tory competence, normative competence, strategic com-

petence, and interpersonal competence.

The rationale behind this framework is a comprehensive

approach to sustainability research and problem solving

that requires the integration of the five key competencies.

Different ways of solving complex sustainability problems

have been proposed as: integrated planning (Ravetz 2000);

backcasting (Robinson 2003); implementation sciences

(Bammer 2005); transition management (Kemp et al. 2005;

Loorbach and Rotmans 2006); transdisciplinary case study

research (Scholz et al. 2006; Wiek and Walter 2009); and

other approaches. From these approaches, we derive an

integrated research and problem-solving framework for

sustainability that serves as an organizing concept for the

key competencies. Figure 1 depicts this integrated sus-

tainability research and problem-solving framework.

Let us look at an example by assuming the ultimate goal

of a sustainability activity our sustainability graduates

engage in would be to develop, test and implement strat-

egies for sustainable urban development. This calls for a

well-founded strategic competence. These strategies are

intended to redirect urban social-ecological systems from

unsustainable trajectories toward a sustainable future state.

To this end, the current state, past developments, as well as

future trajectories of the city are analyzed systemically and

key leverage or intervention points in the system are

identified. This requires systems-thinking competence, and

these points are assessed against sustainability criteria (to

identify critical trajectories and consider trade-offs), which

requires normative competence. Based on new knowledge

and learning, the strategies are conceptualized as being

continuously adapted in order to redirect path-dependent

future trajectories in the city toward the visions of a sus-

tainable future, which requires anticipatory competence.

The collaboration among a suite of urban stakeholders,

including scientists, policy-makers, managers, planners,

and citizens is critical for understanding the system’s

Fig. 1 Integrated sustainability research and problem-solving frame-

work. The framework is structured in fourmodules: analyzing the current

problem constellation(s); creating and crafting sustainability visions

(‘‘problem solved’’); exploring less desirable future scenarios that might

become reality without interventions towards sustainability; developing

and testing strategies to transition from the current state to sustainable

states without getting deflected towards undesirable pathways (critical

intervention points) (adapted from: Wiek 2010)

Sustain Sci

123



Sustainability competencies

complexity, exploring future alternatives, crafting sustain-

ability visions, and developing robust strategies in ways

that are scientifically credible, create shared ownership,

and are conducive for action—all of which requires strong

interpersonal competence.

Figure 2 depicts how the key competencies in sustain-

ability are linked to the integrated research and problem-

solving framework.

Methods

The literature review is based on data from peer-reviewed

journal articles, grey literature (reports, white papers),

university websites, and curricula publications. However,

many university websites and curricula publications were

still largely under construction or not fully accessible when

this study was conducted. In addition, we found that grey

literature overlapped significantly with the peer-reviewed

literature (cf. Sterling and Thomas 2006; Svanström et al.

2008) and therefore primarily peer-reviewed journal arti-

cles and books are referenced in this article. Also included

are sources that do not identify specific competencies, yet

address the issue from a general perspective (e.g., Grun-

wald 2007). The literature search was conducted in Google

Scholar (for scholarly articles and books) and Google

(for grey literature and university documents) using the

following keywords: ‘‘Sustainability’’ OR ‘‘Sustainable

Development’’ AND ‘‘Higher Education,’’ OR ‘‘Compe-

tencies,’’ OR ‘‘Key Competencies,’’ OR ‘‘Learning Goals,’’

OR ‘‘Learning Outcomes.’’ The literature search identified

43 relevant documents with a significant focus on compe-

tencies in sustainability, namely, 28 journal articles and

books as well as 15 reports and white papers. The key

journal articles analyzed are: Crofton 2000; Cusick 2008;

de Haan 2006 (cf. Barth et al. 2007; van Dam-Mieras et al.

2008); Grunwald 2004, 2007; Jucker 2002; Kearins and

Springett 2003; Kelly 2006; Kevany 2007; Ospina 2000;

Rowe 2007; Segalas et al. 2009; Shephard 2007; Sipos

et al. 2008; Steiner and Posch 2006; Sterling 1996; Sterling

and Thomas 2006; Svanström et al. 2008; Wals and Jic-

kling 2002; Warburton 2003; Welsh and Murray 2003.

In the literature review, we first listed, for each document,

what each competence was entitled; what its definition and

justification were (if available); and how it was linked to the

other competencies (categorization or framework, if avail-

able).We subsequently cleaned the compilation by excluding

elements that did not comply with the definition of compe-

tence (e.g., ‘having fun’); competencies that did not comply

with the definition of a key competence, such as critical

thinking and basic communication skills; and competencies

that appeared only once (no convergence).

We then clustered the compiled competencies according

to conceptual similarities (across all sources) and guided by

an integrated framework of key competencies for sustain-

ability research and problem solving (see next section).

Finally, we synthesized and complemented the catego-

rized competencies in short paragraphs including defini-

tion, justification, and examples. The justification was

supported by additional literature on sustainability princi-

ples and basic concepts (e.g., Gibson 2006). Throughout

the analysis, we ensured inter-rater reliability by indepen-

dently conducting each step in part by two different raters.

Nevertheless, the analysis of the literature data was not a

mechanical but rather an interpretive process, guided by

conceptual reasoning and based on continuous exchange

with colleagues engaged in sustainability programs around

the world (Wiek et al. 2011).

Fig. 2 The five key competencies in sustainability (shaded in grey)
as they are linked to a sustainability research and problem-solving

framework (see Fig. 1). The dashed arrows indicate the relevance of

individual competencies for one or more components of the research

and problem-solving framework (e.g., normative competence is

relevant for the sustainability assessment of the current situation as

well as for the crafting of sustainability visions)

Sustain Sci

123

Source: Wiek, A.; Redman, C.; Withycombe Keeler, L.: Key Competencies in Sustainability: 
a Reference Framework for Academic Program Development, p. 3, 2011.



Sustainability competencies
Sustainability Science 

1 3

Discussion

This study asked about the extent to which experts in sus‑

tainability in higher education agree upon the most com‑

monly used framework of key competencies in sustainabil‑

ity (Wiek et al. 2011), and what additions, differentiations, 

and deletions they suggest.

There was general agreement on the main features of 

the framework, including: the purpose, namely, to enable 

and empower students to become effective in positively 

contributing to sustainability problem‑solving in their 

lives, professions, and communities; the basic definition 

of the key competencies, focused on defining the com‑

petency‑related knowledge, skills, motives, and attitudes 

independent of and complementary to sustainability top‑

ics; the integration of the key competencies into a sustain‑

ability problem‑solving framework that reflects the inte‑

grated problem‑solving competency; and the introductory 

set of learning objectives for each of the key competencies. 

Nevertheless, relevant additions and differentiations were 

proposed to this starting framework. Five points will be 

discussed.

First, in the context of the basic definitions, experts 

raised the question how to relate specific topical knowledge 

on water, energy, international development, etc., to the 

key competencies. This question resonates with a broader 

discussion as demonstrated in the European Project “Uni‑

versity Educators for Sustainable Development” (Wilhelm 

et al. 2019). While experts appreciate that the framework is 

open to all relevant topics, academic disciplines, fields, and 

professions, they were asking for a meaningful conceptual‑

ization of the relationship between competencies and topics. 

A model that links the framework of key competencies in 

sustainability, basic academic competencies, and discipline‑

specific topical knowledge exists. Leuphana University of 

Lüneburg, Germany, uses such a three‑dimensional model 

to define learning objectives for its sustainability science and 

other undergraduate programs. Also, students are asked to 

engage in recurring self‑reflection followed up by a meet‑

ing with faculty to discuss ways to develop competencies 

and areas of specialization in each dimension (Barth 2019). 

Figure 4 draws attention to balancing general literacy about 

Fig. 4  Three‑dimensional model linking the key competencies in sus‑

tainability framework, basic academic competencies and discipline‑

specific knowledge, (note: ‘Intra PC’ refers to Intrapersonal Compe‑

tency/Mindset). The fictional example of a graduate working for a 

global reinsurer in its ‘Department of Sustainability, Emerging and 

Political Risk Management’ illustrates how students would develop a 

general understanding and specializations in each of the three dimen‑

sions. This graduate would have proficiency in basic academic com‑

petency (quantitative methods) and Environmental Sciences (atmos‑

pheric sciences), reached intermediate levels in Economics (theories, 

methods, subject matter) and novice‑level in all six key competencies 

in sustainability, while specializing in futures‑ and values‑thinking 

competencies (intermediate level)

Source: Brundiers, K. et al: Key competencies in sustainability in higher education—toward an 
agreed‑upon reference framework, p. 11, 2020.



Circular Design competencies

Source: Sumter, D. et al: Key Competencies for Design in a Circular Economy: Exploring Gaps in Design Knowledge 
and Skills for a Circular Economy, p. 12, 2021.

	   Systems-thinking competency

	   Futures-thinking competency

	   Strategic-thinking competency

	   Values-thinking competency

	   Interpersonal competency


