metabolon as a Collaborative Living Lab for Nature-Based Solutions: Governance
Conditions, Societal Engagement, and a Replication Framework for Post-Industrial
Circular Economy Transitions

H. Himanshu!, N. Ley, C. Wolf, M. Bongards
'Metabolon Institute, TH Kéln — University of Applied Sciences, Am Berkebach 1, 51789 Lindlar, Germany
Keywords: living lab; nature-based solutions; circular economy; Industry 5.0; waste governance
Presenting author email: himanshu.himanshu@th-koeln.de

1. Introduction: The sustainable management of municipal solid waste presents one of the most challenging
regional governance problems in Europe. In Germany, the Technische Anleitung Siedlungsabfall (TASi, 1993)
and the Abfallablagerungsverordnung (AbfAblV, 2001) established a binding prohibition on the landfilling of
untreated organic waste from 1 June 2005, directly forcing the closure or transformation of hundreds of operational
landfill sites. Across the EU, Directive 2018/851/EU amended the Waste Framework Directive to require separate
collection and sustainable treatment of bio-waste by 31 December 2023 (European Parliament and Council, 2018).
However, compliance remains incomplete in several central and eastern EU member states, where the institutional,
financial and community conditions necessary for this transition have not yet been established. The transition
challenge is not only technical but closing a landfill eliminates local employment, removes a perceived source of
regional identity and leaves communities without the infrastructure to meet new legal obligations. How post-
industrial waste sites can be transformed into platforms for circular economy innovation, nature-based solutions
(NbS) and sustained societal engagement is therefore a question of direct policy and scientific relevance.

Living labs are multi-actor open innovation environments embedded in real-life settings that have been
proposed as an institutional form capable of bridging scientific knowledge, civic participation and industrial
practice in sustainability transitions (Hossain, Leminen and Westerlund, 2019; Lakatos et al., 2023). However, the
living lab literature has addressed predominantly greenfield or urban contexts while post-industrial and waste
management sites remain underexamined as living lab hosts despite their scale, existing infrastructure and
regulatory embeddedness. This paper addresses this gap by examining :metabolon, a 39-hectare circular economy
campus developed on the capped decommissioned Leppe landfill in Lindlar, North Rhine-Westphalia, Germany,
through an analytical framework that combines living lab governance theory, NbS integration and Industry 5.0
principles (Breque ef al., 2021; Alves, Lima and Gaspar, 2023). The aim is to identify the governance conditions
and site design features that enabled this transformation, assess their empirical outcomes and derive a transferable
replication framework for comparable post-industrial contexts across Europe.

2. Material and Methods: The study adopts an embedded single-case study design (Yin, 2018), treating
:metabolon as a critical case for the development of analytical propositions about post-industrial living labs.
:metabolon is operated by the Bergischer Abfallwirtschaftsverband (BAV), a public-law body established under
North Rhine-Westphalian waste management legislation, together with TH K6In — University of Applied Sciences
and two district administrations. It is not a private commercial entity. Data were drawn from four sources: (i)
internal project documentation from the EU co-funded Bergische Rohstoffschmiede (BRS) project, including the
funded project proposal and strategic planning documents; (ii) published funding records for five successive ERDF
co-investment phases spanning 2009—2027, verified against regional programme documentation (Interreg Europe;
NRW Umweltwirtschaft); (iii) the longitudinal visitor and education programme records of the BAV Lernortteam,
including annual school visit data and (iv) a systematic review of the living lab, NbS and Industry 5.0 literatures
to develop the analytical framework. The empirical biowaste composition and compost quality data presented in
the Results section derive from a one-year monitoring study conducted at the :metabolon composting facility
(Himanshu et al., 2025) and publicly available records from BAV. The analytical framework positions :metabolon
along three intersecting dimensions: the living lab as a governance structure; NbS as the substantive innovation
domain and Industry 5.0 as the normative evaluative lens, whose criteria of human-centricity, sustainability and
resilience map onto governance design, material outputs and institutional continuity, respectively.

3. Results and Discussion: Four empirical findings are reported. First, the governance architecture of :metabolon
satisfies the conditions for genuine rather than nominal multi-actor co-governance: BAV, the Oberbergischer
Kreis, the Rheinisch-Bergischer Kreis, the municipalities of Lindlar and Engelskirchen and TH K6ln have each
made legally binding financial and operational commitments, distinguishing the arrangement from living labs in
which stakeholder participation is consultative rather than constitutive (Hossain, Leminen and Westerlund, 2019).
This structure has sustained EU co-investment across five successive ERDF phases from 2009 to the present,



totalling approximately €34 million (Interreg Europe), and has anchored the current :bergische rohstoffschmiede
project (~€12.4 million ERDF/JTF 2021-2027). The social origin of the transformation is a public authority
response to the simultaneous pressures of regulatory closure, employment loss and community stigma which is
identified as the foundation of this governance durability.

Second, NbS integration at :metabolon is found to operate at three levels: remediated landscape, circular
material cascades and designed site transparency. The circular cascade is the most directly replicable finding and
demonstrates precisely the end-to-end treatment pathway required by Directive 2018/851/EU. Source-separated
municipal organic waste arriving at the site is processed in priority sequence: the biogas plant (75,000 t/a
throughput, operated by AVEA GmbH) converts incoming biowaste into biogas at 80—180 m?/t with 55-65%
methane content, generating approximately 8 GWh/a of electricity fed to the grid and 9.5 GWh/a of thermal energy
used on site, rendering the :metabolon campus energetically self-sufficient (BAV, internal data). The solid fraction
of the resulting digestate, together with residual biowaste, is then transferred to a fully automated compost tunnel;
green waste is composted separately at 8,000-10,000 t/a, yielding approximately 4,500 t/a of compost distributed
to the regional market, contributing to peat displacement in growing media (Himanshu et al., 2025). This cascade
of source separation by citizens, energy recovery, nutrient recovery, regional market linkage closes the organic
waste loop at a single site and is visible in its entirety from the 360-step public staircase ascending the capped
landfill mound, from which all operational infrastructure can be observed without ticket, booking or permit. This
designed transparency, which operationalises the open innovation principle of living labs in physical space, has no
documented equivalent in the existing NbS or living lab literature and is proposed here as a novel design criterion
for post-industrial circular economy living labs.

Third, the societal engagement programme is found to function as a permanent institutional infrastructure
rather than periodic outreach. BAV operates a dedicated professionally trained education team (Lernortteam)
delivering three structured programme tiers: modules for preschool and primary school children aligned with NRW
curricula and certified under the Education for Sustainable Development (BNE) framework, a zdi-MINT
laboratory for secondary students, and Haus der kleinen Forscher activities for kindergartens. Over 9,000 students
visit annually (Digi-Sandbox NRW, n.d.), with all programmes offered free of charge. The original behaviour-
change aim — to establish household source separation of bio-waste, packaging, paper, glass, metals and electronics
as mandated by German waste law has been substantially achieved in the catchment area. The programme has
since evolved to address systems literacy i.e. demonstrating what physically occurs to separated waste after
collection, the professional roles available in circular economy infrastructure and experimental science. A
behavioural indicator of programme effectiveness is that members of the public regularly bring unrecognised waste
streams to the site for guidance, demonstrating trust in the waste management system that would not exist without
sustained engagement over multiple years.

Fourth, :metabolon has attracted 75+ international delegations from over 25 countries across Europe,
Asia, Africa and the Americas, including study tours from Ukraine (2023, GIZ/BMUV-funded), Israel, India,
Brazil, Morocco, Ghana, Philippines, Poland, North Macedonia, Russia, Latvia, Pakistan, Bulgaria, Romania,
Moldova, Greece and Croatia, the majority of which visited explicitly to assess the model as a reference for
comparable waste governance transitions in their own regions. This international uptake provides external
validation of the site’s perceived transferability and is consistent with Lam et al.’s (2020) amplification process of
knowledge transfer.

4. Conclusions: The :metabolon case demonstrates that the transformation of a post-industrial waste site into a
collaborative living lab for NbS and circular economy co-creation is achievable when five conditions are present:
(a) genuine rather than nominal multi-actor co-governance with legally binding commitments, (b) dual function as
both an operational waste treatment facility and a research and education campus, (c) designed physical
transparency as a civic engagement mechanism, (d) a sustained and professionally staffed lifelong learning
programme and (e) the institutional capacity to anchor successive cycles of EU co-investment. These conditions
constitute a replication readiness framework that regional authorities and public waste management bodies in
comparable contexts, particularly in EU member states not yet compliant with the bio-waste separate collection
mandate of Directive 2018/851/EU, can use to assess and develop their own capacity to host NbS-centred
collaborative living labs. The framework advances existing replication potential tools (Talmar et al., 2022) by
grounding transferability in empirically verified governance and design conditions rather than project-level
checklists, and by introducing post-industrial landscape remediation as a legitimate and undertheorised NbS
pathway within the living lab literature.

Acknowledgements: The :bergische rohstoffschmiede is co-funded by the European Union through the European
Regional Development Fund and the Just Transition Fund (EFRE/JTF 2021-2027) and the state of North Rhine-



Westphalia. The views expressed are those of the authors and do not represent the position of the European Union
or any funding body.

References

Alves, J., Lima, T.M. and Gaspar, P.D. (2023). Is Industry 5.0 a human-centred approach? A systematic review.
Processes, 11(1), 193.

BAV.  AuBerschulischer = Lernort :metabolon. Available at:  https://www.bavweb.de/-
metabolon/Au%C3%9Ferschulischer-Lernort/ [Accessed 28 February 2026].

Breque, M., De Nul, L. and Petridis, A. (2021). Industry 5.0: Towards a Sustainable, Human-Centric and
Resilient European Industry. European Commission. DOI: 10.2777/308407

Digi-Sandbox NRW. :metabolon. Available at: https://www.digi-sandbox.nrw/reallabore-live-
erleben/metabolon [Accessed 28 February 2026].

European Parliament and Council (2018). Directive (EU) 2018/851 of 30 May 2018. Official Journal of
the European Union, L 150, pp. 109-140.

Himanshu, H. et al. (2025). Regional circular economy implications of composting seasonal municipal
biowaste. Preprint: https://doi.org/10.5281/zenodo.18120719.

Hossain, M., Leminen, S. and Westerlund, M. (2019). A systematic review of living lab literature. Journal
of Cleaner Production, 213, pp. 976-988.

Interreg Europe. Project :metabolon. Available at: https://www.interregeurope.eu/good-practices/project-
metabolon-innovative-interim-use-of-the-leppe-landfill [Accessed 28 February 2026].

Lakatos, E.S. et al. (2023). A systematic review of living labs in the context of sustainable development.
Earth, 5(4), 42.

Lam, D.P.M. et al. (2020). Scaling the impact of sustainability initiatives. Urban Transformations, 2(3).

NRW Umweltwirtschaft. :metabolon IIb. Available at: https://www.umweltwirtschaft.nrw.de/green-
practice-nrw/projekte/metabolon-projektabschnitt-metabolon-iib/ [Accessed 28 February 2026].

Talmar, M. ef al. (2022). Enhancing the replication potential of smart lighting projects. Smart Cities, 5(2),
pp- 608—632.

Yin, R.K. (2018). Case Study Research and Applications, 6th edn. Thousand Oaks: SAGE.



