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This supporting information provides an additional graphical interpretation of existing models using the Integrated Urban Circularity framework. 
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Supplementary Information S2

Table S1. Definition of each construct and its components included in the Integrated Urban Circularity framework.
	Construct 
	Components 
	Explanation 
	References 

	Societal structure 
	Polity 

Economy 

Demography 

Skills 

Values 

Resources 
	The flux of relations and characteristics that structure groups of people including the age, skill and value composition as well as political and economic institutions shaping human relations and resource distribution. 
	Calhoun, Craig. 2002. "Social Structure." Dictionary of the Social Sciences. Oxford: Oxford University Press. 

	Institutional design 
	Policies 

Norms 

Feedback 

Costs 
	Who, where, when and how agents are included/excluded by the specific arrangement of institutions (norms, regulations, cost mechanisms).  
	Weimer, D. L. (Ed.). (2012). Institutional design (Vol. 43). Springer Science & Business Media. 

	Physical stocks 
	Buildings 

Infrastructure 

Appliances 

Vehicles 

Waste bins  
	The number, size and kind of lasting material structures that could serve to meet human needs. 
	Pauliuk, S., & Hertwich, E. G. (2015). Socioeconomic metabolism as paradigm for studying the biophysical basis of human societies. Ecological economics, 119, 83-93. https://doi.org/10.1016/j.ecolecon.2015.08.012   

	Urban design 
	Form 

Shape 

Location 
	Geospatial location, distribution and dimensions of the physical stocks that form an emerging pattern. 
	Carmona, M. (2021). Public Places Urban Spaces: The Dimensions of Urban Design (3rd ed.). Routledge. https://doi.org/10.4324/9781315158457 

	Stock addition  
	Construction 

Production 
	The process of adding or replacing physical stocks. 
	Lanau, M., Liu, G., Kral, U., Wiedenhofer, D., Keijzer, E., Yu, C., & Ehlert, C. (2019). Taking stock of built environment stock studies: Progress and prospects. Environmental science & technology, 53(15), 8499-8515. doi: 10.1021/acs.est.8b06652 

Graedel, T. E. (2019). Material flow analysis from origin to evolution. Environmental science & technology, 53(21), 12188-12196. 

https://pubs.acs.org/doi/10.1021/acs.est.9b03413 

	Stock removal 
	Demolition 

Waste 
	The process of removing and disassembling physical stocks into material components and waste. 
	Marina Fischer-Kowalski, The Intellectual History of Materials Flow Analysis, Part II, 1970-1998, Journal of Industrial Ecology 2(4), 1998, pp 107-136, doi:10.1162/jiec.1998.2.4.107 

	Infrastructure use 
	Users 

Technology mix 

Intensity 

of 

Mobility 

Space 

Appliances 

Waste separation 
	The use of services (such as mobility, space for shelter, waste separation, appliance use) provided by the physical stocks in their specific urban design depending on the number of users, the stock composition and the individual use intensity. 
	Pauliuk, S., & Hertwich, E. G. (2015). Socioeconomic metabolism as paradigm for studying the biophysical basis of human societies. Ecological economics, 119, 83-93. https://doi.org/10.1016/j.ecolecon.2015.08.012   

 

	Material use 
	Extraction 

Disposal 
	The extraction of raw material, processing to materials finally incorporated in stock and final disposal of material such as incineration or landfilling.  
	United Nations Environment Programme (2024): Global Resources Outlook 2024: Bend the Trend – Pathways to a liveable planet as resource use spikes. International Resource Panel. Nairobi. 

	Energy use 
	- 
	The conversion of energy for human use such as combustion of fossil fuel or biomass or collection of solar radiation or wind energy with related technology. 
	IEA (2024), World Energy Outlook 2024, IEA, Paris https://www.iea.org/reports/world-energy-outlook-2024, Licence: CC BY 4.0 (report); CC BY NC SA 4.0 (Annex A) 

	Land use 
	- 
	The appropriation of land for human purposes such as forestry, agriculture, mining or settlements and related land-use change. 
	IPBES (2018): The IPBES assessment report on land degradation and restoration. Montanarella, L., Scholes, R., and Brainich, A. (eds.). Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, Germany. 744 pages.https://doi.org/10.5281/zenodo.3237392 

 

	GHG emission 
	- 
	The release of greenhouse gas emissions to the atmosphere which causes climate change. 
	IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland, 184 pp., doi: 10.59327/IPCC/AR6-9789291691647. 

	Resource depletion 
	- 
	The exhaustion of raw material reserves accessible to humans. 
	Klinglmair, M., Sala, S. and Brandao, M. (2014). Assessing resource depletion in LCA: a review of methods and methodological issues. International Journal of Life Cycle Assessment 19, 580-592. 

United Nations Environment Programme (2024): Global Resources Outlook 2024: Bend the Trend – Pathways to a liveable planet as resource use spikes. International Resource Panel. Nairobi. 

	Biodiversity loss 
	- 
	The degradation of biosphere integrity through extinction of species and destruction of related ecosystems. 
	IPBES (2019): Global assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. E. S. Brondizio, J. Settele, S. Díaz, and H. T. Ngo (editors). IPBES secretariat, Bonn, Germany. 1148 pages. https://doi.org/10.5281/zenodo.3831673 

	Health 
	- 
	The physical and mental wellbeing of humans. 
	Jansen et al. (2024) https://doi.org/10.1016/S2542-5196(24)00147-5 

	Inclusion 
	- 
	The distribution of access, service provision and wellbeing between humans. 
	Jansen et al. (2024) https://doi.org/10.1016/S2542-5196(24)00147-5 


Table S2. Explanation of each link of construct in the Integrated Urban Circularity framework.

	From 
	To  
	Dynamic 
	Example References 

	Societal structure 
	Stock addition and removal 
	Changes in the population size and composition, as well as in values and political ambition, influence the societal requirements concerning buildings and infrastructure. The translation of these requirements into stock addition and removal is further constrained and enabled by the specific political regimes, economic structures, skills and resources in place. 
	Kohlscheen, Emanuel and Mehrotra, Aaron N. and Mihaljek, Dubravko, Residential Investment and Economic Activity: Evidence from the Past Five Decades (December 1, 2020). International Journal of Central Banking, vol. 16, 6, 287-329, December 2020, Available at SSRN: https://ssrn.com/abstract=3740617 

 

	Societal structure 
	Infrastructure use 
	Changes in the population composition, values and resources available to this population can influence the way buildings and infrastructure are used. For instance, rising affluence and an aging population can lead to less intense floor space use.  The spread of biophilic values can reduce use intensity or change the choice of transport modes. 
	Huebner, G. M., Hamilton, I., Chalabi, Z., Shipworth, D., & Oreszczyn, T. (2015). Explaining domestic energy consumption–the comparative contribution of building factors, socio-demographics, behaviours and attitudes. Applied energy, 159, 589-600. https://doi.org/10.1016/j.apenergy.2015.09.028 

Tian, W., Liu, Y., Heo, Y., Yan, D., Li, Z., An, J., & Yang, S. (2016). Relative importance of factors influencing building energy in urban environment. Energy, 111, 237-250.https://doi.org/10.1016/j.energy.2016.05.106 

Zhang, B., Lai, K. H., Wang, B., & Wang, Z. (2019). From intention to action: How do personal attitudes, facilities accessibility, and government stimulus matter for household waste sorting?. Journal of environmental management, 233, 447-458.https://doi.org/10.1016/j.jenvman.2018.12.059 

	Institutional design 
	Stock addition and removal 
	Which actor with which goals and capacities is deemed responsible by a certain institutional design influences which kind of stock and with which speed stock is added or removed. For instance, the attribution of responsibility for housing provision to private investments tends to favor construction of oversized dwellings that aim to be sold or rented to high earners. Institutional design also influences stock addition and removal by enabling or disabling certain material choices.  
	Akadiri, P. O. (2015). Understanding barriers affecting the selection of sustainable materials in building projects. Journal of Building Engineering, 4, 86-93. https://doi.org/10.1016/j.jobe.2015.08.006 

Jaafar, M., & Radzi, N. M. (2012). Building procurement in a developing country: a comparison study between public and private sectors. International Journal of Procurement Management, 5(5), 608-626. https://doi.org/10.1504/IJPM.2012.048878  

	Institutional design 
	Infrastructure use 
	The specific design of feedback mechanisms, norms and regulations influences the way available infrastructure is used. For instance, the allowance of private ownership of buildings and trading of these in a global stock market together with a lack of persecution for non-use enables high vacancy rates even in attractive neighborhoods. On the other hand, the display of normative feedback can encourage increased use of available infrastructure such as bicycle paths or bins for waste separation. 
	Tian, W., Liu, Y., Heo, Y., Yan, D., Li, Z., An, J., & Yang, S. (2016). Relative importance of factors influencing building energy in urban environment. Energy, 111, 237-250.https://doi.org/10.1016/j.energy.2016.05.106 

Segú, M. (2020). The impact of taxing vacancy on housing markets: Evidence from France. Journal of Public Economics, 185, 104079.https://doi.org/10.1016/j.jpubeco.2019.104079 

	Institutional design 
	Urban design 
	The specific set up of rules and regulations influences the compactness and centrality of an urban design. For instance, the distribution of land via a price mechanism that is based on construction demand favors sprawl in remote locations. Pre-defined legal urban form types can inhibit experimentation and slow adaptation to new requirements. 
	Bento, A. M., Franco, S. F., & Kaffine, D. (2006). The efficiency and distributional impacts of alternative anti-sprawl policies. Journal of Urban Economics, 59(1), 121-141.https://doi.org/10.1016/j.jue.2005.09.004 

Bovet, J., Reese, M., & Köck, W. (2018). Taming expansive land use dynamics–Sustainable land use regulation and urban sprawl in a comparative perspective. Land use policy, 77, 837-845. https://doi.org/10.1016/j.landusepol.2017.03.024 

	Institutional design 
	Inclusion 
	The design of norms, regulations and feedback mechanisms influences who, where, when and how agents are included/excluded. For instance, a carbon price on heating, without revenue recycling that enables technological change for low-income households, could increase energy poverty in low-income households. 
	Ohlendorf, N., Jakob, M., Minx, J.C. et al. Distributional Impacts of Carbon Pricing: A Meta-Analysis. Environ Resource Econ 78, 1–42 (2021). https://doi.org/10.1007/s10640-020-00521-1 

Dong, Z., Wu, Y., & Xu, Y. (2023). The increasing climate inequalities of urban carbon emissions: The distributional effect of low-carbon city pilot policy. Urban Climate, 52, 101718. https://doi.org/10.1016/j.uclim.2023.101718 

Lindsey, R., I. Tikoudis and K. Hassett (2023), "Distributional effects of urban transport policies to discourage car use: A literature review", OECD Environment Working Papers, No. 211, OECD Publishing, Paris, https://doi.org/10.1787/8bf57103-en. 

 

	Physical stocks 
	Stock addition and removal 
	The size of the existing stock of buildings and infrastructure in combination with demand influences whether additional stock is created.  
	Kohlscheen, Emanuel and Mehrotra, Aaron N. and Mihaljek, Dubravko, Residential Investment and Economic Activity: Evidence from the Past Five Decades (December 1, 2020). International Journal of Central Banking, vol. 16, 6, 287-329, December 2020, Available at SSRN: https://ssrn.com/abstract=3740617 

	Physical stocks 
	Infrastructure use 
	The availability of buildings and infrastructure influences the use of it. For instance, the availability of recycling bins enables waste separation. Large housing units with only one kitchen and bathroom tend to favour large floor area per capita and space heating energy use.  
	Huebner, G. M., Hamilton, I., Chalabi, Z., Shipworth, D., & Oreszczyn, T. (2015). Explaining domestic energy consumption–the comparative contribution of building factors, socio-demographics, behaviours and attitudes. Applied energy, 159, 589-600. https://doi.org/10.1016/j.apenergy.2015.09.028 

Tian, W., Liu, Y., Heo, Y., Yan, D., Li, Z., An, J., & Yang, S. (2016). Relative importance of factors influencing building energy in urban environment. Energy, 111, 237-250.https://doi.org/10.1016/j.energy.2016.05.106 

Zhang, B., Lai, K. H., Wang, B., & Wang, Z. (2019). From intention to action: How do personal attitudes, facilities accessibility, and government stimulus matter for household waste sorting?. Journal of environmental management, 233, 447-458.https://doi.org/10.1016/j.jenvman.2018.12.059 

	Urban design 
	Infrastructure use 
	Urban form influences the way people move, live and act within it. 
	Berrill, P., Nachtigall, F., Javaid, A., Milojevic-Dupont, N., Wagner, F., & Creutzig, F. (2024). Comparing urban form influences on travel distance, car ownership, and mode choice. Transportation research part D: transport and environment, 128, 104087. https://doi.org/10.1016/j.trd.2024.104087 

Park, G., & Evans, G. W. (2016). Environmental stressors, urban design and planning: implications for human behaviour and health. Journal of Urban Design, 21(4), 453–470. https://doi.org/10.1080/13574809.2016.1194189 

	Urban design  
	Land use 
	The same amount of floor area stock occupies and seals considerably more land in a low-rise urban design than in a compact design. Also, the fractured development can increase the total area required to seal with transport infrastructure. 
	He, S., Yu, S., Li, G., & Zhang, J. (2020). Exploring the influence of urban form on land-use efficiency from a spatiotemporal heterogeneity perspective: Evidence from 336 Chinese cities. Land use policy, 95, 104576. https://doi.org/10.1016/j.landusepol.2020.104576 

	Urban design  
	Inclusion 
	A highly centralised urban form can lead to unequal access to amenities affecting service provision. A less dense urban form, on the other hand, can reduce the viability of public transport which disproportionately affects the mobility of young people and elderly without independent access to a car. 
	Zhang, M. L., & Pryce, G. (2020). The dynamics of poverty, employment and access to amenities in polycentric cities: Measuring the decentralisation of poverty and its impacts in England and Wales. Urban Studies, 57(10), 2015-2030. https://doi.org/10.1177/0042098019860776 

Hamidi, S. (2020). Urban sprawl and the emergence of food deserts in the USA. Urban Studies, 57(8), 1660-1675. 

https://doi.org/10.1177/0042098019841540 

 

	Urban design 
	Societal structure 
	Local urban form and shape attracts some demographies more than others and hence influences the societal structure in that territory. For instance, suburban development tends to be more attractive for families, which later in life turn into empty-nester demographies, whereas dense mixed urban development tends to be more attractive for students and young professionals.  
	Patricia L Mokhtarian and Xinyu Cao. Examining the impacts of residential self-selection on travel behavior: A focus on methodologies. Transportation Research Part B: Methodological, 42(3): 204–228, 2008 

Smith, B., & Olaru, D. (2013). Lifecycle Stages and Residential Location Choice in the Presence of Latent Preference Heterogeneity. Environment and Planning A, 45, 2495 - 2514. 10.1068/a45490 

	Stock addition and removal 
	Physical stocks 
	In line with basic principles of stock-flow models, the addition or removal of stock items changes the total size and composition of the stock. 
	Marina Fischer-Kowalski, The Intellectual History of Materials Flow Analysis, Part I, 1860-1970, Journal of Industrial Ecology 2(1), 1998, pp 61-78, doi:10.1162/jiec.1998.2.1.61. 

Marina Fischer-Kowalski, The Intellectual History of Materials Flow Analysis, Part II, 1970-1998, Journal of Industrial Ecology 2(4), 1998, pp 107-136, doi:10.1162/jiec.1998.2.4.107. 

	Stock addition and removal 
	Material and energy use 
	Construction and production processes rely on the assemblage of materials using energy.  
	Hertwich, E.G. Increased carbon footprint of materials production driven by rise in investments. Nat. Geosci. 14, 151–155 (2021). https://doi.org/10.1038/s41561-021-00690-8 

Wiedenhofer, D., Streeck, J., Wieland, H., Grammer, B., Baumgart, A., Plank, B., ... & Krausmann, F. (2024). From extraction to end‐uses and waste management: Modeling economy‐wide material cycles and stock dynamics around the world. Journal of Industrial Ecology, 28(6), 1464-1480.

https://doi.org/10.1111/jiec.13575 

Zhong, X., Hu, M., Deetman, S. et al. Global greenhouse gas emissions from residential and commercial building materials and mitigation strategies to 2060. Nat Commun 12, 6126 (2021). https://doi.org/10.1038/s41467-021-26212-z 

IEA (2021), Key World Energy Statistics 2021, IEA, Paris https://www.iea.org/reports/key-world-energy-statistics-2021, Licence: CC BY 4.0 

	Infrastructure use 
	Stock addition and removal 
	The extent to which infrastructure is used is one factor to influence construction and production activities. For instance, buildings that are not used are more likely to be demolished. If buildings are overcrowded, there is more incentive to construct more buildings.  
	Gao et al. 2023 https://doi.org/10.1016/j.cities.2022.104185 

Baker, H., Moncaster, A., Wilkinson, S., & Remøy, H. (2023). Demolition or retention of buildings: drivers at the masterplan scale. Buildings and Cities, 4(1), pp. 488–506. DOI:https://doi.org/10.5334/bc.308 

	Infrastructure use 
	Material and energy use 
	The occupation of space, mobility, use of appliances and waste separation usually comes along with additional energy and material input –apart from the provision of the infrastructure itself. For instance, occupying space for shelter often coincides with furnishing and temperature regulation via heating and cooling. Similarly, the movement via vehicles on roads requires fuel input such as electricity for trams, gasoline for cars or food for cycling. Also, the separation of waste and consequent recycling requires energy for transport, sorting, cleaning and reproducing the desired material. 
	Bahramian, M., & Yetilmezsoy, K. (2020). Life cycle assessment of the building industry: An overview of two decades of research (1995–2018). Energy and Buildings, 219, 109917.https://doi.org/10.1016/j.enbuild.2020.109917 

Saxe, S., & Kasraian, D. (2020). Rethinking environmental LCA life stages for transport infrastructure to facilitate holistic assessment. Journal of Industrial Ecology, 24(5), 1031-1046. https://doi.org/10.1111/jiec.13010 

	Infrastructure use 
	Health 
	Infrastructure use can impact physical health of its users and surrounding people. For instance, tire wear abrasion from vehicle use on road infrastructure causes particulate matter and microplastics affecting pneumonic health. Overcrowding via intense floor space use can impact mental health. 
	Singh, A., Daniel, L., Baker, E., & Bentley, R. (2019). Housing disadvantage and poor mental health: a systematic review. American journal of preventive medicine, 57(2), 262-272.https://doi.org/10.1016/j.amepre.2019.03.018 

Baensch-Baltruschat, B., Kocher, B., Stock, F., & Reifferscheid, G. (2020). Tyre and road wear particles (TRWP)-A review of generation, properties, emissions, human health risk, ecotoxicity, and fate in the environment. Science of the total Environment, 733, 137823.https://doi.org/10.1016/j.scitotenv.2020.137823 

Baumgart, A., Haluza, D., Prohaska, T., Trimmel, S., Pitha, U., Irrgeher, J., & Wiedenhofer, D. (2024). In‐use dissipation of technology‐critical elements from vehicles and renewable energy technologies in Vienna, Austria: A public health matter?. Journal of Industrial Ecology. Doi: 10.1111/jiec.13571 

	Infrastructure use 
	Inclusion 
	The specific way in which infrastructure is used can produce inequitable access to services. For instance, if powerful individuals appropriate more than the equitable share in available floor space, less powerful individuals may result living in overcrowded homes.  
	Victor Couture, Cecile Gaubert, Jessie Handbury, Erik Hurst, Income Growth and the Distributional Effects of Urban Spatial Sorting, The Review of Economic Studies, Volume 91, Issue 2, March 2024, Pages 858–898, https://doi.org/10.1093/restud/rdad048 

Dewilde, C., Waitkus, N. (2023). Inequality and Housing. In: Zimmermann, K.F. (eds) Handbook of Labor, Human Resources and Population Economics. Springer, Cham. https://doi.org/10.1007/978-3-319-57365-6_337-1 

	Land use 
	Biodiversity loss 
	Human appropriation of land, in particular agriculture and transport infrastructure, is recognised as one of the major causes for biodiversity loss. 
	IPBES (2019): Global assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. E. S. Brondizio, J. Settele, S. Díaz, and H. T. Ngo (editors). IPBES secretariat, Bonn, Germany. 1148 pages. https://doi.org/10.5281/zenodo.3831673 

	Land use  
	GHG emission 
	Land appropriated for human purposes such as agriculture, mining or human settlements tends to have a lower carbon content than unmanaged land.  
	IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland, 184 pp., doi: 10.59327/IPCC/AR6-9789291691647. 

	Material use 
	Land use 
	Material extraction induces human land appropriation e.g. for open-pit mining of minerals and cultivation of biomass. Material disposal especially requires land use in the case of landfilling or temporal storage.   
	IPBES (2018): The IPBES assessment report on land degradation and restoration. Montanarella, L., Scholes, R., and Brainich, A. (eds.). Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, Germany. 744 pages.https://doi.org/10.5281/zenodo.3237392 

	Material use 
	Energy use 
	Material extraction, production and waste management requires energy for operation of machinery, chemical transformation, and transport.  
	Gutowski Timothy G., 

Sahni Sahil,  

Allwood Julian M., 

Ashby Michael F. and 

Worrell Ernst 

2013 The energy required to produce materials: constraints on energy-intensity improvements, parameters of demandPhil. Trans. R. Soc. A.37120120003http://doi.org/10.1098/rsta.2012.0003 

William F Lamb et al 2021 Environ. Res. Lett. 16 073005 10.1088/1748-9326/abee4e 

J.M. Cullen 

Circular economy: theoretical benchmark or perpetual motion machine? 

J. Ind. Ecol., 21 (3) (2017), pp. 483-486, 10.1111/jiec.12599 

K.R. Skene 

Circles, spirals, pyramids and cubes: why the circular economy cannot work 

Sustain. Sci., 13 (2) (2018), pp. 479-492, 10.1007/s11625-017-0443-3 

	Material use 
	Biodiversity loss 
	Toxin release and noise pollution during material production and extraction can limit local species survival. 
	IPBES (2019): Global assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. E. S. Brondizio, J. Settele, S. Díaz, and H. T. Ngo (editors). IPBES secretariat, Bonn, Germany. 1148 pages. https://doi.org/10.5281/zenodo.3831673 

 

	Material use 
	Resource depletion 
	The extraction and transformation of raw materials reduces their accessible availability as primary material to humans in general and local groups in particular. This phenomenon of diminishing reserves is termed resource depletion. 
	Klinglmair, M., Sala, S. and Brandao, M. (2014). Assessing resource depletion in LCA: a review of methods and methodological issues. International Journal of Life Cycle Assessment 19, 580-592. 

Prior, T., Giurco, D., Mudd, G., Mason, L., & Behrisch, J. (2012). Resource depletion, peak minerals and the implications for sustainable resource management. Global environmental change, 22(3), 577-587. https://doi.org/10.1016/j.gloenvcha.2011.08.009 

 

	Material use 
	GHG emission 
	The production of some materials including cement and some chemicals directly releases carbon dioxide in the production process independent of the energy use. The disposal of organic material without controlled composting releases methane. 
	Lamb, W. F., Wiedmann, T., Pongratz, J., Andrew, R., Crippa, M., Olivier, J. G., ... & Minx, J. (2021). A review of trends and drivers of greenhouse gas emissions by sector from 1990 to 2018. Environmental research letters, 16(7), 073005. doi: 10.1088/1748-9326/abee4e. 

IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland, 184 pp., doi: 10.59327/IPCC/AR6-9789291691647. 

	Material use 
	Health 
	Material extraction and disposal is impacting people’s health directly when workers come in contact with toxins or toxins are released to the environment.  
	Brisbois, B. W., Reschny, J., Fyfe, T. M., Harder, H. G., Parkes, M. W., Allison, S., ... & Oke, B. (2019). Mapping research on resource extraction and health: A scoping review. The Extractive Industries and Society, 6(1), 250-259. https://doi.org/10.1016/j.exis.2018.10.017 

Fazzo, L., Minichilli, F., Santoro, M. et al. Hazardous waste and health impact: a systematic review of the scientific literature. Environ Health 16, 107 (2017). https://doi.org/10.1186/s12940-017-0311-8 

Exposure to waste sites and their impact on health: a panel and geospatial analysis of nationally representative data from South Africa, 2008–2015 Tomita, Andrew et al. The Lancet Planetary Health, Volume 4, Issue 6, e223 – e234 10.1016/S2542-5196(20)30101-7 

	Energy use 
	Material use 
	Any form of appropriation of energy for human use requires materials to translate the energy. For instance, solar power requires solar panels, wind power windmills, fuel combustion fuel and power plants or combustion engines, bioenergy biomass and a bioreactor, hydropower dams or pipelines, environmental heat heat pumps and pipelines, any electricity transmission requires transmission lines. 
	Creutzig, F., Simoes, S.G., Leipold, S. et al. Demand-side strategies key for mitigating material impacts of energy transitions. Nat. Clim. Chang. 14, 561–572 (2024). https://doi.org/10.1038/s41558-024-02016-z 

Kalt, G., Thunshirn, P., Wiedenhofer, D., Krausmann, F., Haas, W., & Haberl, H. (2021). Material stocks in global electricity infrastructures–An empirical analysis of the power sector's stock-flow-service nexus. Resources, Conservation and Recycling, 173, 105723. https://doi.org/10.1016/j.resconrec.2021.105723 

Wang, S., Hausfather, Z., Davis, S., Lloyd, J., Olson, E. B., Liebermann, L., ... & McBride, J. (2023). Future demand for electricity generation materials under different climate mitigation scenarios. Joule, 7(2), 309-332. doi: 10.1016/j.joule.2023.01.001 

	Energy use 
	GHG emission 
	Dominant forms of energy appropriation by humans such as fossil fuel combustion for electricity or transport directly releases greenhouse gases to the atmosphere.  
	IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland, 184 pp., doi: 10.59327/IPCC/AR6-9789291691647. 

	Energy use 
	Health 
	Dominant forms of energy appropriation by humans such as impure fossil fuel combustion for electricity or transport directly releases toxins such as particulate matter or nitrous oxides to the air.  
	McDuffie, E.E., Martin, R.V., Spadaro, J.V. et al. Source sector and fuel contributions to ambient PM2.5 and attributable mortality across multiple spatial scales. Nat Commun 12, 3594 (2021). https://doi.org/10.1038/s41467-021-23853-y 

Zhang, Y., Han, A., Deng, S., Wang, X., Zhang, H., Hajat, S., ... & Huang, C. (2023). The impact of fossil fuel combustion on children's health and the associated losses of human capital. Global Transitions, 5, 117-124. https://doi.org/10.1016/j.glt.2023.07.001  

	GHG emission and Biodiversity loss 
	Health 
	Extreme weather events including heat waves, storms and floods have severe impacts on human health and global heating may make certain currently inhabited humid areas uninhabitable to humans.  

A loss of biosphere integrity further can reduce ecological cushioning of extreme weather and pollution,  reduces the pool of species available as nutritious food and medicines, and scenery available as stress relief and attention restoration. 
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