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Supplementary Information S1: Main motivations identified by interviewees
Provides a narrative account of the motivations for modellers working on or towards CE-IAM integration, GS-IAM representation and GS-CE-IAM integration as expressed in the expert interviews, with important illustrative quotations. Supports Table 1 and the Results section of the main text.
· CE-IAM Integration
Researchers are primarily motivated to integrate materials and CE strategies into IAMs to identify new mitigation pathways related to material production and use (A1-A8, B8). As “the space that we have to mitigate is reducing and reducing […] and the costs are increasing” (A6) for conventional mitigation strategies, there is growing emphasis on demand side solutions (A2, A5) and behaviour change (A5, A6), especially for hard-to-abate sectors (A2). Improved materials modelling is also seen as a way to address current IAM shortcoming, such as uncaptured emissions from material production and end-of-life processes (A2, A3, A7) and to better integrate economic accounting into future scenarios (A10). Rendering more explicit “the link between the level of service which is provided and then what are the requirements in terms of energy and materials” (A4) can help decouple service demand from GDP (A2, A4). Additionally, participants stress the need to model the material realities of the energy transition, particularly emissions from energy infrastructure (A5, A8) and the demand for critical materials (A1, A5, A8).
· GS-IAM Representation
For GS energy systems modelling, the main motivation is developing context-specific, long-time horizon tools for policymaking (B1, B3, B5-9) given that “from the GS perspective, there are not that many models” (B7). The high aggregation and low resolution of GS regions in global IAMs limits their ability to capture national dynamics (B7, B10), making regional and national tools crucial for informing national governments (B3, B6, B9) and international climate negotiations (B3, B5). This is particularly important as global IAMs frequently neglect to capture the financial requirements (B2) and developmental co-benefits of mitigation scenarios (B3, B10). Researchers express growing urgency in capturing the emissions profiles of developing countries due to the anticipated rapid population and consumption growth of these regions (B3, B5, B7), and the need to “guide the development [of energy systems] so that there will be a no regret solution [that avoids] the same path that the GN went through” (B5). 
· GS-CE-IAM Intersection
Integrating GS circularity into IAMs is similarly motivated by exploration of novel mitigation options (A1, A6, A7, A8, B5, B7, B8) because the “GS is simply part of the world [and it] is important in our model that everything globally adds up” (A8). Again, researchers highlight growing material demand in developing regions (A2, A9) and the imperative to avoid replicating the GN’s high-emission development trajectory (A2, A5, A6, B7), whilst balancing emission reduction against other pressing developmental goals (A6, A8, B8). Finally, researchers are also driven to understand how circularity will affect economic and material dynamics between GN and South regions (A9, B10), including the impact of Northern circular consumption on Southern producers (A6, A8, B10), the relocation of value-adding activities (B2, B4, B10) and implications for globally equitable resource use (A1, A7, A10) and governance dynamics (A9, B10).



Supplementary Information S2: Challenges identified by interviewees
Provides a narrative account of the challenges identified by modellers working on or towards CE-IAM integration, GS-IAM representation and GS-CE-IAM integration as expressed in the expert interviews, with important illustrative quotations. Supports the Challenges framework and Self-reinforcing cycle sections of the Results.
Our analysis identified four fundamental types of barriers that impede progress in the integration of CE and GS perspectives in IAMs: technical, conceptual, institutional, and structural. Each category encompasses a distinct set of challenges and is discussed in detail below. We illustrate each barrier type with representative insights from our expert interviews.
[bookmark: _Toc208447125]Technical Challenges
Technical barriers refer to the methodological and data-related limitations that constrain the development and application of IAMs, particularly in the context of CE and GS integration. Four main technical challenges emerged from our interviews:
· Limited data availability
Across both expert groups, data limitations due to accessibility, reliability and capture were consistently highlighted as the largest challenge to establishing baselines and building scenarios.
Experts consistently highlighted the scarcity of high-quality, granular data for material flows and for regions in the GS. Data accessibility is often a challenge, due to CE-related data being: difficult to find relative to energy-related data (A1, A5, A9); proprietary and therefore costly (A2, A6, B1, B4, B10); and, for GS data, subject to “unwanted hoarding of data” (B4) by government agencies (B4, B5, B6, B10). 
Even once accessed, the reliability of the data is often questionable. Materials data continues to lack sufficient regional differentiation (A2, A4, A5) and data sources report different estimates (A3, A8, A9) often due to a lack of consistent indicator definitions, leaving researchers “comparing apples and oranges” (A8). Meanwhile, GS data is rarely complete (A6), perpetuating a reliance on proxy data (B5), often from disaggregating larger datasets (B6) whilst some question the consistency of data gathering methods, particularly between different governmental organisations (B1, B3, B6) or outright falsification of GS data (B7).
Finally, data may be entirely uncaptured. One researcher notes that “we will never really be able to measure all [materials] everywhere” (A3) and this is particularly problematic in the GS, where even proxy data remains uncaptured due to poor data collection infrastructure for both materials (A5, A6, A7, A10, B4) and energy (B5, B10). Finally, numerous researchers (A4, A10, B1, B3, B5, B7) highlight the need to account for “informal economic activities that would have an impact […] but are not in any record” (B5), particularly because for circularity, “the informal sector is likely a huge scale operation” (B3).
· Detail loss due to aggregation
Models must invariably make aggregations across scales, a key concern for modellers in model development, with aggregations occurring across spatial, material, sectoral and temporal scales.
Spatial aggregations pose a key challenge for material modellers trying to couple IAMs with other energy system, material or economic models given the differing regional resolutions across model types (A2, A5, A7, A10). GN regions frequently have granular resolutions due to their data-richness, often to the point of representing singular EU countries, whilst the “entire Latin America, entire Sub-Saharan Africa is one monolithic per capita average block” (A2). This is thought to undermine the representation of local realities, so questions such as “who makes the decisions, what are the priorities [are] very difficult to model […] It just doesn’t make sense.” (B5). The need for greater spatial aggregation is presented as particularly pressing where urban-rural divides (A5, A7) and infrastructural or energy access needs (B5, B9) are likely to affect the materiality of transitions.
Material and sectoral aggregations are identified as a secondary barriers. For material modellers, material aggregations are problematic for depicting recycling strategies, as IAMs have not historically possessed sufficient resolution to distinguish between different grades of materials, with steel and aluminium (A2) and chemicals (A8) highlighted, and this is often restricted by the resolution of data for scrap or waste streams (A2, A1, A7). The problem of aggregated scrap flows is further complicated by sectoral aggregations, which are typically based on legacy groupings and design choices from energy and economic models relevant to climate change which are not necessarily suited to circularity assessments (A1, A6, B9), particularly where sectors are composed of overlapping industries, such as in the chemicals sector (A8).
Finally, temporal aggregations lack consistency across models, also presenting challenges for model coupling and scenario building, with IAMs, CGE and material models varying from yearly to 5-yearly timesteps, and with different overall time horizons (A10). This is largely presented as an issue in fast-changing, developing economies (B3) or when transitions, technological development or technology adoption occurs rapidly in periods of critical change (A8).
· Inconsistencies across modelling disciplines
In attempting to create the interdisciplinary couplings required to adequately model circular strategies, materials modellers emphasised difficulties arising from inconsistencies across disciplines, particularly regarding system perspectives and variable definitions.
Interfacing models from different disciplines in large consortia is hindered by the fact that “different people have different system perspectives […] it takes time and effort” (A2). As with the issue of aggregation already highlighted, systems boundaries, including spatial, temporal, sectoral and material granularity vary significantly across models due to the differing disciplinary foci (A1-3). Sectors and flows critical to material cycles are often depicted as “black boxes” (A3) within IAMs, frustrating attempts to understand how different industries may utilise circular strategies. As such, significant effort is required to make sure that the disciplinary logics are aligned (A6). 
This disciplinary entrenchment is also manifest in differing variable definitions between modelling disciplines. Participants describe ambiguities around which variable are inputs or outputs, exogenous or endogenous, which is critical to understand opportunities for feedback between models (A3). Not all stocks or flows have relative representative variables between models, such as material flows not attached to transactions being difficult to trace between industrial ecology and economic models (A10). Furthermore, variable naming is inconsistent across disciplines which hinders data harmonisation and comparability (A2, A6) particularly relative to the level of standardisation seen within energy modelling where IEA definitions are ubiquitous (A8).
· Long-standing IAM shortcomings
The final and least mentioned technical challenge that participants noted is how the accuracy of CE-IAM modelling may be affected by long-standing IAM shortcomings, particularly regarding emissions blind spots and trade. 
Regarding emission blind spots¸ the reverse logistics requirements of circularity were highlighted as a concern: “we have completely ignored, for instance, the emissions linked to transport, the inverse logistics” which “could lead to higher uncertainty of the real importance of circularity” (A6), particularly because strategies are rarely spatially embedded (A6). Similarly, emissions associated with the rebound effect are yet to be incorporated in most IAMs, whilst the magnitude of this effect is likely to be important for circular strategies targeting demand reduction (A5). This is particularly troublesome for GS regions, where such impacts are little explored in the literature (A5). 
Some participants also highlighted that IAMs are traditionally poor at representing trade and supply chain dynamics, but that this is significantly more critical for CE (A6, A9, B3, B7). One participant described modelling trade as “painful […] it’s so hard” (A6), but was hopeful that the economic modelling couplings should help. In particular, changes in the trade of raw materials and waste were particularly considered to effect GS countries, which are large exports and importers of these commodities respectively (B4, B7). Finally, one participant highlighted that the increasingly complex and globalised supply chains, and ever increasing free movement of labour, capital and materials, may frustrate attempts to use classic, nationally-siloed, economic models to understand these dynamics in a global CE (B7).  
[bookmark: _Toc208447126]Conceptual Challenges
Conceptual barriers relate to fundamental gaps in understanding and framing the transition to circular and sustainable systems, particularly regarding the enablers and drivers of change. They largely present issues for understanding dynamics relevant to establishing baselines and building scenarios for GS regions.
· Poor understanding of transition enablers and barriers
Participants noted that both IAMs and the broader research community fail to adequately identify key industries, infrastructural, policy and knowledge needs or trade dynamics that either enable or impede circular transitions, significantly affecting the credibility of scenario building activities.
Regarding industry enablers and barriers, global IAMs and scenario protocols have often failed to properly identify key industries where GS mitigation efforts may be centred. Participants particularly highlight informal waste management activities (A2, B1, B4) and agriculture, agroforestry and bioeconomy as sectors with significant potential for both material and energy-based emissions  reductions (A1, B1, B4, B6, B8) which current IAM frameworks have oft-ignored (A1). Despite prevailing narratives assuming lower efficiency in developing countries, “the GS has very strong capabilities of developing, adapting and being quite innovative in their ways of developing new industry” (B8) meaning incumbent resource efficiencies within industry sectors may be underestimated (A2, A8, B1) particularly in these poorly represented sectors. Consequently, GN researchers must be mindful of that “after independence, after industrialisation, [developing] countries have transformed themselves […] every almost two to three decades” (B1), meaning maintaining an optimism about the transformational capacity of GS industries is necessary to prevent ‘fatalistic forecasting’ (B10) that limits developmental trajectories. Conversely, participants also raise the need to better understand incumbent industrial developments, particularly questioning whether sufficient industrial end-use sectors exist for secondary materials or alterative feedstocks, such as hydrogen (A1, B5), organic materials (B6) or recycled residues (B6).
Participants further highlighted limited understanding of infrastructural enablers and barriers with relevance to the potentials of GS circularity. Informal recycling and waste management systems continue to dominate in many developing regions (A2, B6) due to a “lack [of] the fundamental infrastructure to afford waste collection, sewage coverage [for] significant parts of the population” (B8). The efficacy and yield of such informal systems is poorly documented, if at all (A2). Infrastructure deficits extend beyond waste to energy and transport, where limited connectivity and affordability issues constrain grid expansion and mobility options that affect the likelihood of up-taking energy and transport mitigation strategies, but again this is poorly documented (B4, B5, A8). Such transport infrastructure needs are particularly critical to understand where circular strategies rely on complex supply chains and reverse logistics (B4).
Concerning knowledge enablers and barriers, most formal modelling struggles to capture the complexities of localised and informal circular mindsets grounded in everyday practices, rather than formalised scientific knowledge (A1, B1). Whilst developing regions are assumed to inherently lack circular strategies which some observe requires specialist skills and education within the workforce (A2), evidence of vibrant informal recycling and repair cultures suggests resource efficiencies and circularity may be underestimated (A1, B1, B6). Historical legacies of focuses within IAMs, which tend to concentrate on industrial sectors heavily linked to formal energy systems, means these informally situated or community-based solutions are particularly complex to scale in IAMs (A1, A2). Beyond incumbent circular thinking, there is poor understanding of institutional knowledge around technologies in the GS, hampering estimates for the diffusion and uptake patterns for novel circular technologies (A2, A9). This ultimately creates very generalised narratives and assumptions about linear developmental pathways that overlook the transition potentials of heterogenous regions (B1, B6). This is despite historical trajectories of rapidly developing countries showing that technological adoption on a mass scale is achievable in ways that conventional modelling underestimates (B6). 
With regards to policy, participants underscored that IAM policy scenarios are often misaligned with GS priorities or face competing policy interests, such as ongoing fossil fuel development, resulting in contradictory commitments from national governments in GS countries (B6). Even where political will exists, GS environmental policy can face pervasive unenforceability (A2, B4) due to poor institutional capacities, weak governance structures and political instability, exemplified in delays and failures to large infrastructure projects which are discontinued across successive governments (A9, B4). GS policy ambition is not always supported by robust financial projections: international financial flows and climate finance provide some support but are often insufficient, inconsistent and target the most profitable ventures which could otherwise be supported by private, home-grown firms, further exacerbating the reliance on such funding schemes (A9). Even with investments secured, enacting the policies still remains a challenge as “the big cost in on the enforcement” (B4), which is not internalised into the models. This lack of concrete predictability in both policy ambition, financing and follow through makes policy scenario predictions for GS countries particularly uncertain (B7).
Finally, alongside being a technical shortcoming within model design, trade is also a conceptual weak point for modelers in their scenario development. Trade flows, particularly related to second hand goods and waste, are critically overlooked; for example, extending vehicle lifetimes through exports from Europe to Africa can promote the use of “very, very old vehicles with higher emissions” (A6), but essentially makes trade an enabling mechanism to redistribute emissions from one region to another (A6). Such problem shifting was also noted for the trade of waste, where of waste imports to GS countries, “a lot of it ends up in landfill, as high as 60-70%” (B3). GS researchers are keen to observe that IAMs should try to account for how GN production and consumption practices impact import-dependent countries of the South (B1, B6, B10). GS countries which are often net importers of manufactured goods and exporters of raw materials and agricultural products, with maintains and enforces economic dependencies if value-adding activities are relocated to the GN (B6). The policy and consumption “trajectory of [GN countries] then interact with and cause path dependencies for others” (B6). GS researchers are keen to observe that IAMs should try to account for how GN production and consumption practices impact import dependent countries of the South (B1, B6, B10). 
· Poor Understanding of Decision-Making Drivers:
Alongside a poor understanding of transition enablers and barriers, participants observe that IAMs frequently fail to capture decision-making drivers that should influence both the scenario development as well as the internal decision-making logic of their models across both macro and micro scales.
At the macro-scale, IAMs have a particularly hard time balancing climate mitigation efforts, including circular strategies, with developmental trade-offs and synergies, financial demands and technological developments. Participants stressed that climate change is frequently secondary in GS countries, particularly where mitigation efforts conflict with food security (B3), climate adaptation (B7) or the untapped potential of fossil wealth (A9). As one participant noted, “when you talk to the GS about socio-economic priorities and also the climate goals […] they say, ‘okay, maybe when we reach to the level that the GN is right now’ [...] Climate always comes second. The environment always comes second” (B7). Many participants therefore stressed that IAMs should seek to capture “actual short-term benefits” of mitigation strategies that do appeal to GS policymakers, such as “jobs, infrastructure” etc. (B8). This could be particularly synergistic with circular strategies that address the depleting waste sink, a pressing problem for many GS regions (A9, B8). Alongside these developmental ambitions, IAMs poorly capture how financing affects macro-level decision-making. As one participant explained “in developing countries […] the discount rate is higher. For poor people […] tomorrow’s money has no value […] if you don’t eat today, it doesn’t matter how much money you have in ten years” (B4). IAMs frequently assume ideal capital availability, but experts warn that “models ignore financial realities” (A9) under “an assumption that finance will magically drop from heaven” (B9). Many participants observed that IAMs must attempt to realistically depict the regionally differentiated costs of financing mitigation to carry credibility in their scenario results (A5, A9, A10, B5, B9). 
At the micro-scale, researchers point to divergences between how individual decision-making in the GS compares from Western-centric assumptions embedded in IAM frameworks. It is noted that IAMs typically assume that societies aspire to North American lifestyles which creates fatalistic assumptions in their development trajectories for material and energy consumption (A2). This disregards how decision-making is affected by distinct cultural, spiritual and communal values which subvert the “more is better” (A9) or value for money (A8) economic assumptions engrained in GN economic logics (B7). Incumbent circular behaviours and attitudes towards materials are observed to be mediated by cultural mindsets that value frugality, resourcefulness and lifestyles that intrinsically respect the environment (A2, B1). Conversely, in particularly poor environments, non-financial costs, or ‘premium factors’, which are increasingly being used to influence decision-making logics in IAMs, such as health or labour outcomes, may be of very little value where affordability is the most important absolute constraint for energy and material use choices: “when you are poor, you put a very low value on your [long-term] health” (B7) yet such micro-level decision-making drivers are poorly regionally differentiated within the models. Even beyond the GS, modellers confess that the micro-level drivers of circular strategies related to behaviour change are particularly difficult to account for given their novelty to IAM frameworks, which generally use economically motivated representative agents (A2, A6, A8).
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Institutional barriers encompass the organisational and capacity-related constraints that limit the effective development and use of IAMs.
· Lack of funding
Principal amongst the institutional challenges is a lack of funding for model development and institutional capacity building, particularly hindering GS research institutions, although also to a lesser degree experienced by GN modellers (A2, A3). Funding challenges stem in part from the perceptions of funders, and in part from the mechanisms by which funding is awarded. On the one hand, government agencies and industries, key funding bodies for GS energy system modelling work, often possess ‘a severe gap in understanding what these tools actually do” (B8) or consider they “do not have the detail” to answer their questions (B2). National-level funders may not value the global resolution of IAMs (B8), whilst international funders wish to focus on major current emitters over putting resources into improving GS regions (B7). On a broader level, one participant links this to on-going questions about the utility of research and universities more broadly, and political attacks on their funding across both GN and South countries (B8). Mechanistically, funding is largely project-dependent, meaning GS institutions encounter a greater “transience” in personnel (B9) and lack dedicated teams of modellers working on updates and model enhancements that GN institutions frequently benefit from (B1, B4 B8, B9). This is exacerbated by a lack of demand for model use linked to aforementioned perceptions of government and industry stakeholders (B4). The result is that projects have to dedicate significant funding and research time to performing model and scenario baseline updates, or training personnel is modelling skills, rather than investigating their research questions directly (B4, B8, B9). Finally, funding issues not only affect personnel and model maintenance, but also have interactions with the data level: one participant observes that prohibitively expensive data is sometimes taken for granted by GN institutions who can afford to buy it, but rarely accessible to GS researchers (B1).
· Lack of technical modelling skills
Strongly connected to gaps in funding is a lack of technical modelling skills required to build and sustain the necessary expertise for IAM development and application, severely limiting capacity building in the GS (B1, B4, B6, B8, B9, B10). Whilst modelling teams of North America, Europe, East and progressively more-so South Asia have developed legacy structures and networks for transferring technical modelling know-how, many Latin American and African institutions in particular struggle in this regard (B1, B9). Participants observe that once modelling skills are acquired, students and junior staff typically “end up in the GN” (B1), where salaries are better (B1, B8, B9, B10) and job and physical security is higher (B8). Beyond interregional movements, a brain drain also occurs from the relatively high opportunity cost and unstable environment of research towards consultancy and/or private-sector work (B8, B10). Due to such capacity limitations, model development frequently depends on the presence of interested dissertation and PhD thesis students (B1, B4, B8), but some GS institutions lack robust quantitative modelling programmes, further frustrating the pipeline of skill researchers required to take ownership of extant models (B4). The end result of this limited technical modelling capacity within GS institutions is that energy system models are generally attached to authors and projects, rather than institutions, and therefore either abandoned or dislocated when researchers move or their project funding ends (B1, B10), further contributing to the issue of discontinuity described above.
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Structural barriers refer to the broader systemic and socio-political factors that shape research agendas, resource allocation, and the framing of sustainability challenges.
· Systemic underrepresentation of GS researchers and institutions
Participants report significant systemic underrepresentation of the GS from research consortia, from models themselves and from scientific publication which: constrains the capacity of GS researchers to contribute to and benefit from scientific output or access resources to improve their institutional capacities; marginalises their research priorities at the agenda-setting level; and exacerbates technical and conceptual challenges by obfuscating their contributions.
The most frequently referenced systemic underrepresentation category was from research consortia and collaboration networks (A2, A6, A7, A8, B1, B2, B3, B7, B8, B9). Interviewees noted that the representation of GS institutions in research consortia remains limited at every stage in the research process including: “data collection […] policy advise […] method development and model development […] scenario formulation […] engagement with stakeholders […] dissemination of results” (A2). Participants observe that the IAM modelling teams “have these bubbles” (A6), rarely opening themselves to external teams but instead relying on institutional or personal networks to build their consortia (A2, A6, A7). This is exacerbated by a poor awareness amongst GN researchers of potential GS collaborators (A6, B3), meaning “people don’t know where to go” (A6). Similarly, established circles of Western and Northern stakeholder contacts are often operationalised due to the higher opportunity costs involved in expanding collaborators, again marginalising Southern perspectives, priorities and collaborators (A7, B3, B8). The underrepresentation of GS institutions from consortia was justified on the grounds of logistical challenges, travel costs or differences in working cultures (A2, A7) as well as restrictive funding criteria, particularly from Horizon Europe projects, which typically exclude non-European partners or provide minimal incentives for engaging with GS research teams (A6, B1, B3). However, when consortia are expanded to include GS participants, multiple researchers mentioned that these efforts can feel tokenistic (B1, B2, B3), particularly where research agendas are pre-established before their inclusion, limiting their role to technical consultation over full integration (B8). The capacity of Southern institutions and researchers to break this pattern is hindered by their on-going institutional constraints, limiting South-South collaborations or Southern leadership within the research field and making equitable partnerships rare (B1, B7, B8, B9). 
Alongside difficulties accessing consortia, GS researchers frequently encounter barriers preventing their use of models themselves. Most obviously this is due to the fact that global IAMs are, with the exception of COFFEE, hosted at GN institutions (B9). Interviewees however stress the importance of following open science principles when it comes to model design, documentation and access; GS countries rarely have access to the resources to purchase commercial or propriety modelling tools or the data required to operationalise certain open access models (A2, B1, B10). Where scepticism about the practical utility of IAM tools in generating legitimate policy insights exists (A8, B1), research funding for such tools can be compromised (B1). Beyond expense, global IAMs are remarkably complex, unwieldly beasts, and design choices made in the GN frequently reflect the abundance of technical skills in Northern institutions; GS institutions often, as previously highlighted, find challenges developing IAM-related competencies amongst a diverse range of policymaking and research professionals with multidisciplinary backgrounds, further excluding GS researchers (B1, B6).
Finally, participants observed that GS researchers face significant barriers when it comes to scientific publications, which can hinder the recognition of their contributions, weaken the perceived impact of their research at the institutional level and disguise output relevant to overcome technical and conceptual challenges for modellers. At its most basic, participants report concrete examples of editorial biases, where like-for-like work from Southern contexts is rejected for publication, only for the same methodological innovation to be accepted for publication when applied to a region of “higher relevance” (A6), a problem that one researcher described as a “shackle” on Southern contributions (B7). Research situated in developing contexts is more likely to rely on grey literature or policy reports, due to a poor legacy of peer-reviewed publication or data in Southern contexts; because most editorial boards are populated by GN researchers, dependence on such secondary literature is often poorly understood, leading to an undervaluing or misinterpretation of GS research (A1, A8, B7). Finally a sizeable two-way language barrier still prevails between Northern and Southern contexts. On the one hand, impactful policy-relevant scientific work is often still published in local languages, meaning it bypasses global academic recognition (A1). Conversely, Southern research, depending on their context, may be less inclined to publish in English due to the cognitive burden associated with writing in a second language, particularly if such efforts are unlikely to be fruitful due to those other structural barriers already highlighted (A1, B2). Overall, this means that diverse linguistic and epistemic contributions are siloed within their community of publication, limiting cross-regional fertilisation of ideas, data and results (A1). 
· Epistemic asymmetries in global IAM norms
Interviewees highlighted that, often linked to the systemic underrepresentation of the GS, the conceptual and methodological foundations of global IAM modelling are largely shaped within GN institutions. These epistemic norms, embedded in the scenario frameworks, priorities and modelling conventions generally used at the global levels, create significant global agenda-setting asymmetries that marginalise diverse realities and priorities from the GS.
Interviewees observe global agenda-setting asymmetries between GN and GS institutions, described as an “imbalance of power” (A1), as “there is a lot more influence going from the GN towards the GS, so the GS has a really limited leverage” (B5) in terms of defining and generating research agendas. Participants report that dominant scenario frameworks, such as Decent Living Standards (A1, B3), Net Zero (B3, B6) or even cross-cutting themes like gender (B6), are developed by epistemic communities in the GN and transplanted to the GS, often with very little sensibility to local and regional desires. Similarly, technologically oriented pathways limited relevance in many GS settings such as hydrogen, carbon capture and storage and small modular reactors (A1, B6), are modelled despite concerns about their contextual fit. Such goals do not reflect “the vision of those developing countries, it’s just being imposed on them” (B5), meaning that developmental trajectories or energy and material thresholds in scenarios are perceived as unrealistic, irrelevant or, at worst, alienating to GS stakeholders and policymakers (B9, B10). This creates challenges not only for GS researchers to explain the value of participating in global modelling projects (B3, B6, B9), but as one GN participant reported: “we lack legitimacy [due to limited interaction with GS stakeholders] and I’m increasingly thinking that they may have a point” (A8). 
This dynamic also leads to the marginalisation of GS priorities, ignoring core developmental concerns. Scenario protocols developed in the GN often favour mitigation over priorities for which GN policymakers will not compromise, such as food security (B1, B3), urban sewage and waste infrastructure (B8), industrial development (A1), pollution reduction (B4, B7) or important co-benefits such as job-generation (B6). Meanwhile, interviewees report that despite previous insistence, mitigation scenarios continue to be poorly connected to or analysed in the contexts of inequality (A2, B1), justice (A8) and climate adaptation (B7), key sustainability paradigms that principally affect developing regions and compete with mitigation for resources. In fact, many scenario protocols gaining traction in the literature, such as Decent Living Standards, are seen to reproduce and legitimise persistent inequalities and ignore the desire for equitable, or even aspirational, living standards in developing regions (A1, B1).
· Political pressures
GS experts often reported that their research agendas and scenario frameworks are beholden to significant external political pressure. Firstly, funding and commission for modelling work can be highly contingent on the presence of environmental awareness within the political class, affecting the pace of capacity-building and the desire for policy-relevant research, making the continuity of modelling efforts highly susceptible to political change (B1, B6). Secondly, fragmented inter-ministerial priorities (B2, B10), and entrenched sectoral interests, particularly from fossil fuels (B6, B8), undermine effective scenario-making as different political and industry stakeholders block each other’s initiatives and dilute climate ambition. Thirdly, energy modelling activities can be perceived as tools for short-term signalling, where modelling choices such as baseline selection or policy scenarios are more influenced by the need to display progress on international climate commitments (B6) or maximise apparent investments for industry stakeholders (B2) than to serve as legitimate mitigation modelling activities. Together, such political pressures erode scenario credibility and subordinate research and policy to prevailing power structures over genuine climate action (B1-3, B6, B9, B10).
· Technical capacity gap
The final reported structural challenge, largely affecting GS participants in the dissemination of research results, is a lack of technical capacity and limited understanding of models amongst stakeholder groups, particularly ministerial or policymaking teams. In many countries, only a handful of individuals possess the technical skills required to engage with IAMs and other complex energy system models, often due to a chronic underinvestment in education or aforementioned brain drains to private sectors or abroad (B10). Environment ministries and public agencies are therefore understaffed or skilled, and struggle for credibility in national policy debates compared to more resource-rich utilities and private actors, whose perspectives are consequently prioritised (B10, B2). This is reinforced by the fact that policymakers and industry stakeholders can often struggle to interpret the logic or output of modelling, particularly multi-scenario approach and uncertainty ranges which are unable to give prescriptive “answers” or simplistic, concrete policy directives (A8, B3, B2). Whilst consistent contact between researchers and stakeholders can lessen these burdens, communication struggles persist, and different industry or policymaking audiences can either over or under-appreciate the value modelling, leading to significant expectation misalignment (B2, B4, B8), particularly where technical skills are lacking (B6). In other cases, researchers struggle to display the utility of models to sectoral specialists who see their results as too generalised or lacking in sufficient detail to make real-world applications, cutting off yet another funding stream (B2, B8). These issues of understanding are significantly worsened when scenarios are not seen to be responsible to local priorities, as one interviewee reported: the stakeholders “hear one thing [they don’t like] and then the whole scenario is trashed […] just because of one slip” (B3). These misunderstandings mean that the burden of feasibility for scenarios is that much higher amongst GS researchers than GN (B3). Ultimately, this gap in technical understanding of models and scenarios creates a reinforcing cycle where insufficient credibility leads to under-implementation, low demand and further underinvestment in skill-building and modelling capacity, leaving the GS systemically under-resourced both at the research and policymaking levels (B3, B6, B10).



Supplementary Information S3: Solutions identified by interviewees
Provides a narrative account of the solutions identified by modellers for overcoming challenges to CE-IAM integration, GS-IAM representation and GS-CE-IAM integration as expressed in the expert interviews, with important illustrative quotations. Solutions are grouped into three categories: technical, scenario-based and collaborative. Supports the Solutions framework section of the Results and the Recommendations.
[bookmark: _Toc208447130]Technical solutions
· Data transparency, proxies and harmonisation
Participants emphasised that one category of solutions is the development of more transparent, harmonised, and accessible datasets. Several argued that countries must adopt comprehensive and standardised data collection practices so that “researchers can get those data” (A10), particularly where government-held datasets in Africa and Asia are often “very protected” and difficult to access (B5). In response, new institutions are emerging—such as AISESA—which aim to act as central repositories, ensuring that data “should be collected and stored in a central place that would be accessible to any science researchers” (B5). Similar calls were made for a “global repository of data” with standardised formats to improve comparability across countries (B7). Long-term institutional commitment was seen as essential: as one participant stressed, data collection “is a long-term process … you need a team to always update that data because policies are quite dynamic” (B1). Without such structures, databases remain fragmented and quickly outdated, limiting their usefulness for model calibration.
Proxy innovations were discussed as both a necessary workaround and a source of further uncertainty. In contexts where formal statistics are scarce, researchers rely on indirect estimation methods. Mass-balance calculations can infer recycling efficiency by comparing cumulative imports, production, and recycling with observed in-use stocks, thereby allowing estimates of “overall efficiency and the losses in certain regions” (A2). Remote sensing was highlighted as another powerful proxy, with satellite data on buildings and land use helping to create consistent baselines across regions, though these can diverge significantly from census figures (A4). Triangulation approaches—combining official statistics, surveys, and night-time light data—were also cited as useful in African contexts where government data is unreliable (B5). Yet participants were also clear that proxies come with risks: informal recycling yields are largely unknown and may only be captured “in a very broad range” (A2), meaning reliance on proxies can perpetuate rather than resolve uncertainties.
Finally, interviewees underscored the importance of harmonisation across variables, definitions, and reporting practices. Progress has been made in some areas: environmental product declarations, digital product passports, and building information modelling are emerging as tools to standardise product- and material-level data (A2, A5, A7). But gaps remain significant for materials, with one participant noting that “the IEA for us is a gold standard … I don’t think materials has that” (A8). To address this, participants called for globally recognised standards—akin to energy statistics—that could bring alignment to how materials are measured, reported, and exchanged. Open access was seen as a critical underpinning of this harmonisation effort, with data “behind a paywall” making you “dependent on aid … this is not a good strategy” (A2).
· Model integration and disaggregation
A number of participants identified improved cross-model couplings as a priority for overcoming the narrowness of existing IAM frameworks. Interviewees stressed that “many IAMs strive to become more modular” so that they can exchange information with models that operate at different levels of detail or disciplinary focus (A2). Participants were not necessarily in agreement as to whether “one model to rule them all” (A2) or more modular ecosystems (A3) were preferrable, but it was observed that modular design makes models more accessible for GS researchers (B4, B6, B10). Participants pointed to agent-based and behavioural models as particularly promising complements, since they capture decision-making dynamics that IAMs struggle to represent. As one expert explained, behavioural models can help explore “which incentives trigger which behaviours,” while agent-based models allow researchers to simulate how “different types of people or organizations behave” and link this to policy outcomes (A2, A4). Coupling such approaches with material flow analysis (MFA), stock-flow, or service-nexus models was described as a way to enrich IAM baselines and scenario logics (A2, A4). Others gave practical examples: building-level simulation models were successfully coupled with national energy system models, despite their very different optimisation and simulation methods, through consistent data exchange (A4). These experiments show that even partial couplings or can allow IAMs to “better represent … social behavioural dynamics” (A4).
A second emphasis was on linking national and regional models with global IAMs, which participants saw as crucial for capturing GS realities. Several explained that partnership with “indigenous modelers” is often the most effective way to reconcile discrepancies between global projections and local data (B3). For instance, one participant recalled how IMAGE projected continued biomass use for cooking in India, but national surveys showed that a major policy shift had already accelerated the transition to clean cooking (B3). By “regularly reconciling” national and global models, such errors can be corrected, with significant implications for mitigation pathways (B3). Others stressed that without these linkages, critical sensitivities—such as food security trade-offs in net-zero scenarios—are overlooked, creating projections that are “a complete no, no” for policy relevance in the GS (B3, B8). The same logic applies to material demand pathways: one expert described the “demand estimation conundrum,” where macroeconomic regressions and national baselines give different pictures of future cement and steel use, with major implications for emissions and energy systems (B3). Better integration of global and national models would allow such uncertainties to be triangulated rather than ignored. Finally, participants from Latin America noted the importance of connecting commodity-rich national models to global frameworks, since “otherwise we need the global demand of products and the shares for each country” (B6). Without this, the specificities of agricultural and bioeconomic transitions in GS regions risk being erased by global aggregations (B6, B8).
[bookmark: _Toc208447131]Scenario-based solutions
· GS-adapted pathways
Interviewees saw value in anchoring work to established global frameworks (e.g., SSPs) for comparability and review, but stressed these must be adapted to GS priorities to avoid “fatalistic forecasting” and Northern bias. It was noted that current “best practice is to use SSP parameters where available… and co-develop what’s not in the SSP storyline with local stakeholders” (A2). Practically, for circularity scenario frameworks, most teams adopted the SSP framework, often fixing SSP2 to focus on strategy effects (A2, A4, A5, A7, A10), and used SSP baselines precisely because they are “agreed upon by a wide range of experts” (A7). Despite this, certain respondents questioned the extent to which the SSP framework was developed with and sensible for developing contexts (A1, B1, B5). To this extent, the plausibility of universal scenario frameworks must be anchored in feasible development narratives: “formulating scenarios that are plausible and accurate, reflect the local situation, and are actually useful to local stakeholders” is the core challenge (A2).
Tension arose around normative frameworks and narrative fit. Decent Living Standards (DLS) were widely viewed as “a very useful framework” to make development explicit (A4, A8) but several GS modellers emphasised the need to localise thresholds. One described simply retaining the metric structure yet replacing numbers with national standards (e.g., housing floor-area in affordable-housing policy) because original DLS values “get widely pushed back” (B3). Others worried that language like “decent” or “sufficient” can encode Western-centric expectations and downplay legitimate aspirations that “people… want to have more and that’s completely fair” (A1) and questioned the ethics of “why should someone decide on someone else's aspiration for energy, material or anything” (B1). 
Participants also urged GS-specific pathway space, e.g., agriculture/forestry and bioeconomy options that are viable in South America but often dismissed in Europe: “bioenergy… in South America is well perceived” with land and precipitation, whereas Northern debates fixate on technical solutions such as CCS, nuclear or hydrogen (B6). They warned against locking scenarios to current poverty scales or informal systems; scenario design should imagine humane transitions not entrench today’s inequities—otherwise we risk “fatalistic forecasting” instead of “identifying attractive pathways … that work for different sections of society” (B10). Concretely, interviewees suggested GS-adapted frameworks that (i) preserve global comparability (SSP-style core drivers), (ii) embed development targets (access, jobs, food security) and co-benefits, (iii) allow regional ranges for normative thresholds and (iv) elevate sectoral priorities.
· GS-relevant outputs and indicators
Some interviewees highlighted that for GS-adapted mitigation pathways to be impactful, IAMs need to generate outputs that are meaningful for GS contexts, not just climate emissions trajectories or least-cost mitigation pathways. For many researchers, “our motivation is about development … and then afterwards, if we can reduce emissions, that’s also nice” (B10), highlighting that jobs, energy access, and poverty alleviation must be at the centre of scenarios. They explained that in practice, “climate always comes second” in many regions (B7), meaning mitigation cannot be separated from developmental progress. They argued that IAMs should capture co-benefits explicitly and link adaptation and mitigation, which are still treated as distinct domains even though they are “our common problem” (B7). Several also raised the ethical challenge of burden sharing and the need to make this explicit within the model outputs (A7, B5, B10). The key is not only identifying “what needs to be done” but also “who has to pay for that” (B10). To address this, interviewees called for more participatory scenario-building, ensuring that “GS voices […] can say, ‘this is our vision for development’” (B10), which would enable greater awareness of which outputs are seen as important to GS stakeholders during model development.
[bookmark: _Toc208447132]Collaborative solutions
· Capacity building and deep collaboration
Interviewees repeatedly argued that durable capacity is built by working together regularly, in depth, and on equal terms. On the day-to-day mechanics, several said progress often came from “just more communication… ask questions, have more meetings” with model owners to understand mechanisms and align inputs and outputs (A10). Others described it as “a lot of sitting down together and… figuring it out,” with the most productive moments occurring in the same room during focused integration sprints (A3). Collaborations must include researchers from the case-study locations at the core, not on the periphery, so that local constraints, data, and policy realities shape model structure and assumptions from the outset (A3) and GS researchers are able to meaningfully contribute to or lead in developing research agendas (B1, B2). GN modellers must, therefore, transform their thinkings from  “modelling the GS,” to asking how they can help the GS do its own planning, which in turn requires sustained capacity building so there are ‘lots of people… available to contribute’ to national and international assessments (B10).
Beyond project-by-project cooperation, interviewees emphasised the need for sustained collaborations and commissions that guarantee continued capacity development and funding. One practitioner described how mid-term contracts with government agencies could fund stable core teams to release annual national outlooks, expand modules only where demand justifies it, and respond quickly to policy requests in a way that short grants rarely permit (B4). They linked this to their personnel pipeline issues, as without steady mandates and mentoring, few students specialise in modelling and national capacities stagnate (B4, B1). Participants also highlighted South–South collaboration as both impactful and under-resourced—“when it happens, it’s very rewarding,” but it occurs far less often, and at smaller scale, than North–South partnerships (B8). Finally, several pointed to routine reconciliation between global IAMs and indigenous national models as a practical capacity-building loop through pairing teams to update baselines, in turn enhancing scenario credibility and preventing the “no buy-in” issues prevalent in GS contexts (B3, B9). Together, these experiences suggest that co-design, core funding, embedded partnerships, and recurrent global–national alignment are preconditions for credible, policy-relevant modelling in the GS.
· Inclusive stakeholder engagement 
Interviewees stressed that credible GS scenarios start by bringing local perspectives into the room at the point of consortium development, rather than for end-of-project validation. Several described the current global practice as translating regional storylines “from a GN perspective” into coarse aggregates, and argued that scenarios must be linked to local development plans, climate commitments, and stakeholder workshops to be “more applicable and realistic” (A2). Where SSP drivers do not specify services (e.g., floor space, transport) it’s important to “co-develop this with local stakeholders,” as done in IRP follow-ups in Argentina, Mexico, and Indonesia (A2). Participants also highlighted the potential plurality of circular futures being obscured by the prominence of GN stakeholders. By contrast, many communities would “frame it as regenerative societies,” so engagement must also recognise limited understanding of the CE paradigm within particularly contexts, and seek to engage stakeholders not necessarily associated with circularity as understood by GN practitioners (A1). In practice, teams are frustrated that stakeholder sessions are limited to “idiot-check” numbers so the results pass the “laughter test” due to time constraints (A3). Others reported that co-creation workshops in India were “very insightful,” and that moving from feedback to genuine co-design would strengthen representation of socio-cultural dynamics despite language and access barriers (A4, A9). Engagement must include industry and municipal actors to for not only feasibility testing, but also to build a shared understanding of model limits and appropriate use (A9, B4). Because consultation often follows existing Northern networks, respondents urged deliberate outreach to GS policymakers, cities (e.g., via C40), firms, and civil society to improve the credibility of scenarios (B7). Finally, many tied co-design to capacity building, urging GN researchers to “model with a GS researcher,” embed them early, and maintain long-term relationships so that by the third project “they understand the virtues and limitations” of IAM modellers and can help overcome them (B1, B4, B9).



Supplementary Information S4: Key areas of CE-IAM technical model development
Summarises the principal model innovations enabling circular economy integration into integrated assessment models from the extant literature, including model couplings, new module development and data compilation efforts. Supports the Introduction and Methods sections of the main text.
1. Model Couplings: Efforts have been made to pair outputs and inputs across modelling tools in “soft couplings”. LCA data has been identified as appropriate for IAMs by incorporating micro- and meso-level life time perspectives (Arvesen et al., 2018; Mastrucci et al., 2024) whilst macro-level lifecycle perspectives may be enabled through IAMS-IOA interactions (Lefèvre, 2023). For example, “hybridisation” of the MESSAGEix energy systems model with the global EXIOBASE input-output database has improved resolution of both materials and energy associated supply chain emissions across sectors (Budzinski et al., 2023). Similar data-sharing couplings have been implemented with detailed national-level IO tables (Dai et al., 2024). MFA data has also been employed. For example, Kermeli et al. (2022) input steel stock estimates from MFAs into the IMAGE climate model to better model the climate impact of primary and secondary steel demand projections on emissions. Alongside IE tools, pairing with macro-economic modelling tools, such as Computable General Equilibrium (CGE) models, has been identified as necessary for complete assessment of socio-economic costs, benefits and trade-offs of CE strategies, and no single modelling tradition is considered capable of fully capturing the complexity of CE (Wiedenhofer, Wieland, et al., 2024).
2. New Modules: At a more integrated level, IE methodologies have contributed to the development of new IAM modules, often pursued at a sectoral level. For example, the MESSAGEix-Materials module for MESSAGEix-GLOBIOM focuses on integrating material stocks and flows in the emission-intensive metals, cement and petrochemicals industries (Ünlü et al., 2024). Meanwhile, IMAGE has developed several modules for dynamic stock modelling. These include residential and service buildings (Deetman et al., 2020; Marinova et al., 2020), electricity, cars, appliances (Deetman et al., 2018) and plastics (Stegmann et al., 2022). In a similar vein of work, materials flows analysts have developed the Resource Efficiency – Climate Change (RECC) scenario framework. This framework aims to better enable coupling of material stocks and flows of buildings and cars into IAMs (Pauliuk et al., 2017, 2024).
3. Data Collection and Compilation: The implementation of these IE methodologies is a heavily data-dependent process. Unfortunately, quantitative reporting of the mitigation potential of CE strategies is rare (Cantzler et al. 2020b) and no consistent data ontology prevails across models (Wiedenhofer et al., 2024). Most quantitative assessments of the CE focus on specific countries (Khan et al., 2022; Wiprächtiger et al., 2023), sectors (Caldas et al., 2022; Gallego-Schmid et al., 2020; Krausmann et al., 2020) or historical timeframes (Mongo et al., 2022; Pao & Chen, 2022; Sardianou et al., 2023). Scholars have called for improvements in data quality to enable the analysis of circular transitions (Morseletto & Haas, 2023) and significant work in CE-IAM integration has focused on data compilation. Again, these efforts have focused the major emissions producing sectors of construction (Joshi et al., 2024; Lima et al., 2024), electricity infrastructure (Deetman et al., 2018, 2021), machinery (Krausmann et al., 2020) and transport (van Engelenburg et al., 2024). Such databases are aimed at providing modellers with the means to populate IAMs with data ranging from material lifetimes to in-use stocks, future demand predictions and CE strategy mitigation potentials. 
Table S1. Selection of academic articles highlighting major developments in CE-IAM modelling
	Year
	Authors
	Title
	Journal
	Model

	2020
	Deetman, et al.
	Modelling global material stocks and flows for residential and service sector buildings towards 2050
	Journal of Cleaner Production
	IMAGE

	2021
	Pauliuk, et al.
	Global scenarios of resource and emissions savings from material efficiency in residential buildings and cars
	Nature Communications
	RECC

	2022
	Stegmann, et al.
	The plastics integrated assessment model (PLAIA): Assessing emission mitigation pathways and circular economy strategies for the plastics sector 
	MethodsX
	IMAGE

	2022
	Kermeli et al.
	Improving material projections in Integrated Assessment Models: The use of a stock-based versus a flow-based approach for the iron and steel industry
	Energy
	IMAGE

	2023
	Lima et al.
	Mapping circular economy practices for steel, cement, glass, brick, insulation, and wood – A review for climate mitigation modeling
	Renewable and Sustainable Energy Reviews
	

	2023
	Lima et al.
	Climate mitigation models need to become circular – let's start with the construction sector
	Resources, Conservation and Recycling
	TIMES (envisioned)

	2024
	Wiedenhofer et al.
	From extraction to end-uses and waste management: Modeling economy-wide material cycles and stock dynamics around the world
	Journal of Industrial Ecology
	MISO2

	2024
	Creutzig, et al.
	Demand-side strategies key for mitigating material impacts of energy transitions
	Nature Climate Change
	 

	2024
	Pauliuk, et al.
	Scenario analysis of supply- and demand-side solutions for circular economy and climate change mitigation in the global building sector
	Journal of Industrial Ecology
	RECC

	2024
	Mastrucci et al.
	Circular strategies for building sector decarbonization in China: A scenario analysis
	Journal of Industrial Ecology
	MESSAGEix-GLOBIOM





Supplementary Information S5: Key challenges for GS representation in IAMs — literature review
Articulates the major challenges identified in the literature when representing the Global South in integrated assessment frameworks, organised into five categories. Supports the Introduction and Methods sections of the main text.
Researchers have faced a number of challenges when integrating the GS into global IAMs. We find five main categories of challenges articulated in the literature:
· Data Limitations. The calibration and validation of IAMs relies on quality data across their represented systems. Complete data on key inputs such as historical emissions, land and energy use is difficult to obtain in GS contexts (Wilson et al., 2021) that often lack adequate data collection and documentation infrastructure (López-Ballesteros et al., 2018). Studies with expanded data requirements must employ proxies such as GDP or population to accommodate for data scarcities (Fishman et al., 2024; B. J. Van Ruijven et al., 2016). This is despite inputs appropriate for GN accounting of economic activity, such as GDP, likely poorly capturing informal economy activities prevalent in the GS (B. van Ruijven et al., 2008). Inadequate data inputs, and their associated solutions, lead to increased uncertainties and reduce model transparency.
· Issues of scale. In attempting to represent global systems, IAMs must inevitably aggregate from local and national to regional scales based on geographical proximity and shared energy and economic conditions (Schwanitz, 2013). IAMs consequently struggle to depict local heterogeneity in energy solutions and spatially confined innovations that impact energy, transport and building systems, particularly if these stem from organisational, social or behavioural changes over technical or market factors, as is common in the GS (Geels et al., 2016). Even technological diffusion is difficult to map across scales, although scaling-up techniques have improved (Gambhir et al., 2019). Techno-economic data, such as that related to the cost of mitigation technologies, is not yet comprehensively documented for use across models (Shiraki & Sugiyama, 2020), and harmonisation is limited due to different methods of representing technologies between IAMs (Krey et al., 2019). Finally, because IAMs are inconsistent in their regional granularity, aggregation of data across geographical regions is necessary for efforts involving model comparison (Gütschow et al., 2021). In aggregating, IAMs must often balance global and inter-model consistency with the capacity to capture regional and national dynamics (Fisher-Vanden & Weyant, 2020).
· Transition capacity constraints. IAMs often have difficulty adequately modelling the socio-technical constraints that affect energy transitions in the GS. Whilst attempts have been made to improve modelling of the socio-economic realities around energy infrastructure and markets (Daioglou et al., 2012), significant factors are still omitted. For instance, IAMs have been shown to be insensitive to the higher costs of mitigation in developing regions associated with limited energy access, traditional fuels and informal or poorly functioning markets (Gambhir et al., 2019). This is compounded by differences in the cost of capital (CoC) between regions, which has only recently been explored in IAMs (Calcaterra et al., 2024). Similarly, many scenarios indicate that the inequitable distribution of climate impacts is likely to exacerbate economic inequality between GN and GS countries (Gazzotti et al., 2021), widening the disparity in mitigation capabilities. Inefficiencies in political (Keppo et al., 2021) and legislative frameworks which affect policymaking are difficult to capture (Urban et al., 2007). These structural capacity constraints are often exacerbated along urban-rural divides which are not always easily modelled. (Urban et al., 2007).
· Developmental Trade-Offs. IAMs can struggle to balance decision-making around pressing developmental needs in the GS. Developing countries must weigh mitigation with other sustainable development objectives, including economic growth, access to energy, infrastructural demands, (Steckel et al., 2013), poverty and hunger reduction and improved well-being (Dagnachew et al., 2018; Dagnachew & Hof, 2022). Whilst developmental considerations are not routinely accounted for in energy transitions modelling, IAMs have been used to investigate synergies with other sustainable development objectives (Keppo et al., 2021; van Soest et al., 2019). Certain developmental trade-offs remain underexplored, for example, the connection between climate and inequality outcomes, with IPCC scenarios not reporting economic inequality indicators (Emmerling et al., 2024) despite all current IPCC scenarios projecting a continuation of unequal income, energy use and emissions between developed and developing countries to 2050 (Kanitkar et al., 2024).
· Western-centric transitional logics. IAMs generally predict a similar energy transition across regions build around a logic of growth and technological transition. Energy transitions modelling is largely conducted by researchers from the GN (Blimpo et al., 2024) who possess the financial, technical and scientific means to develop and run complex climate models (Miguel et al., 2019). Critics have observed that the current scenarios regime has a disproportionate influence on delineating the climate-solutions space and structuring transitional discourses (O’Neill et al., 2020; van Beek et al., 2020), generally around technologically driven, growth-led GN narratives (Rutting et al., 2024). These narratives are underpinned by the way IAMs consider their representative agents as cost-optimal, utility-maximisers, which can overshadow the role of socio-cultural factors in mediating resource dynamics (Rubiano Rivadeneira & Carton, 2022). Sustainable transitions in the GS may be facilitated by community and lifestyle solutions(Akizu et al., 2017), or technological leapfrogging (Ram et al., 2022), which change transitional pathways and have received only limited attention in IAMs (van den Berg et al., 2019).

Supplementary Information S6: Analytical framework development — cross-mapping of GS circularity features and IAM challenge categories
Presents the systematic cross-mapping of GS circularity features identified by Straub et al. (2026) against the five GS-IAM challenge categories identified in the literature (Supplementary Information S5), and the initial typology of GS-CE-IAM modelling challenges that informed the interview instrument. Supports the Methods section of the main text.
We primarily draw upon Straub et al. (2026) for our framework understanding of the differences between GN and GS circularity. Current conceptions of the circular economy predominantly reflect GN perspectives, with limited attention on GS contexts (Halog & Anieke, 2021; Muchangos, 2022). Most conceptual work on GS CE has either focused on particular sustainability dimensions (Abasli & Mukhtarov, 2024) or spatial levels (Korsunova et al., 2022). Straub et al. (2026), through systematic literature review of 189 peer-reviewed articles on CE in GS countries, developed an analytical framework through which circular solutions can be understood, focusing on motivational factors, solution implementation and enablers and barriers. We supplement their characterisation with further insights from literature beyond the scope of their review and link them to the categories of GS-related modelling challenges described in Supplementary Information S5. 
We conduct a qualitative cross-comparison to systemically map the features of GS circularity relevant to climate change mitigation onto the principal GS-IAM modelling challenges. Following the framework proposed by Straub et al. (2026), we grouped circularity features into motivational factors, circular solutions and enablers and barriers. For each feature we developed detailed narrative assessment, presented below, describing its interaction with the five GS modelling challenge domains. Table S2 presents a condensed synthesis of these assessments, indicating where substantive linkages occur.
Motivational Factors
Whilst GN circularity frequently privileges environmental gains (Murray et al., 2017; Suárez-Eiroa et al., 2019), particularly relating to mitigation (Ghisellini et al., 2016), GS circularity is mostly spurred by either needs or value-based drivers (Straub et al., forthcoming). 
· Developmental needs are prevalent drivers. Needs-drivers include immediate economic necessity, represented by individual or community-level resource, service or infrastructure scarcities (Korsunova et al., 2022), and more systematic approaches driven by higher-level social and economic development considerations (Simamindra & Rajaonarivo, 2024) such as wealth generation and the creation of meaningful work (Conlon et al., 2019). Mitigation potential may therefore be a lower priority when selecting between CE solutions. Whilst there are significant synergies between circularity and other development objectives (Preston & Lehne, 2017), the prevalence of needs-drivers suggests that consideration of developmental trade-offs between GHG mitigation and other developmental needs will be necessary for IAM-CE modelling.
· Social and cultural values are prevalent drivers. Value-based drivers are repeatedly identified in reference to bottom-up or individualistic circular practices, where locale-specific social and cultural norms mediate the relationships between people and materials (Dabaieh et al., 2022; Kalina et al., 2021). Circular behaviour is driven by incumbent circular mindsets deeply engrained in many non-Western lifestyles and cultures (Schröder et al., 2019) and materials and products are approached outside of the dominant consumerist framework on the GN. We relate this motivational factor to IAMs’ Western-centric logics given the difficulty IAM modellers are likely to face incorporating these socio-cultural drivers into IAM frameworks.
Circular Solutions
Circular economy activities are described by their scale of operation and through “R” strategy frameworks that create typologies of “re”-words, such as reduce, reuse, recycle (Straub et al., 2026). Such strategies are typically arranged into an R-ladder to indicate the order of preference with regards to approaching material value retention, with recycling, recovery of energy from waste and remining framed as the least preferential (Kirchherr et al., 2017; Reike et al., 2018).
· CE activities often occur at community, individual and informal scales. GS circular solutions often operate as community-centric initiatives or individualistic activities in the absence of larger scale mechanised industrial and public provisioning (Straub et al., 2026). Because these solutions are largely bottom-up and small scale, IAMs are likely to encounter issues of scale when translating these CE solutions into aggregated regions.
· Prevalence of emission-intensive circular activities (recover, remine). A hierarchical approach to the R-strategies is often missing from GS solutions (Straub et al., 2026), demonstrated in the prevalence of low-value retaining activities such as Re-mine, frequently referred to as waste-picking, and Recover, also known as waste-to-energy (WtE). Waste-picking mostly occur in informal or semi-formal structures (Dias & Fernández, 2020; Parra, 2020) whilst WtE is often situated in backyards or unofficial dumps (Reyna-Bensusan et al., 2018, 2019). From an emissions perspective, waste incineration produces one of the greatest climatic impacts amongst circular solution (Yang et al., 2022). Because these activities occur in informal settings and are poorly accounted, quantification of the climatic impacts of these solutions is likely to represent a data limitation challenge during IAM integration.
· Sustainable practices are not framed as ‘circularity’ (reuse, repair). R-strategies such as Repurpose, Reuse or Repair may be such ubiquitous standards of resource use that they are not identified as CE initiatives as such (Collacott, 2023). This may affect the way that R strategies implemented by end-users are reported in GS contexts, potentially creating a data limitation if the R strategy logic is used to implement circularity in IAMs.
· [bookmark: _Hlk189183191]Differentiated starting points for R strategies (refuse, reduce, rethink). Higher order R strategies, such as Refuse, Reduce and Rethink, which contribute towards climate mitigation by means of reducing primary material extraction, are also prevalent in the GS (Korsunova et al., 2022; Straub et al., 2026). These strategies may be obscured due to CE’s linear-to-circular transitional logic, with considers CE relative to its so-called “traditional” linear counterpart (Geissendorf & Pietrulla, 2018). Linearity may instead be understood as a unique condition of modern, industrialised and consumerist economic arrangements (Bavuso et al., 2023; Casson et al., 2023; van der Steen & van Netten, 2024) not present in many GS contexts. The linguistic descriptors of circularity highlight this inapplicable transitional logic: Refuse, Rethink and Reduce explicitly require unsustainable forms of consumption to reject or replace. The language of circularity is therefore ill-adapted to contexts in which base consumption is already low or where incumbent transport or building modes are sustainable, for example.  We consider this a shortcoming built on Western-centric logics, which is likely to present challenges in IAMs integration if circular interventions are modelled through R strategy frameworks.
Enablers and Barriers. 
There is significant divergence between GN and GS countries regarding the enabling and disabling aspects of their cultural, institutional, economic, technological and infrastructural landscapes that impact the mitigation potential of circularity.
· [bookmark: _Hlk188842066]Incumbent circular mindsets. Circularity is principally enabled in GS contexts through deeply engrained cultural practices and mindsets that maximise the value of materials and products (Schröder et al., 2019). Materials largely carry instrumental value, rather than performative or social capital, facilitating frugal approaches to reusing and repurposing resources (Korsunova et al., 2022). Although predominantly a driver, incumbent circular mindsets are under threat as globalised consumerist value systems push billions of people to aspire for greater material footprints, with consumption tied to notions of progress and development (Hansen, 2023). The erosion or reinforcement of incumbent circular practices will depend on the interplay between dominant Western-centric logics of consumption values vis-á-vis traditional relations to materials, as well as how developmental trade-offs affect industrial development and the preconditions of linearity.
· Unfavourable market dynamics. Economics constraints act as a significant barrier for CE implementation. Advanced circular technologies, such as digital product passports or advanced recycling mechanisms are generally unaffordable or inaccessible, meaning frugal innovations are able to play a central role (Ezeudu et al., 2022). Meanwhile, formal recycling markets are underdeveloped in most GS countries (Straub et al., 2026). Furthermore, economic power asymmetries affect the dynamics of North-South waste flows (Rossi & Morone, 2023), which can exacerbate domestic waste congestion in developing countries (Martínez et al., 2022) and transfer waste to regions with poorer monitoring (Awino & Apitz, 2024). Given the increasing value given to particular waste flows in GN countries, the quality of waste materials offloaded to GS countries is also likely to decrease over time, perpetuating preexisting circularity divides (Barrie et al., 2022). These market considerations are important for representing the techno-economic realities of GS circularity.
· [bookmark: _Hlk189180980]Disconnect between macroeconomic visions and bottom-up realities. GS CE implementation shows a rarity of integrated perspectives that bridge macro techno-economic visions of “circular development” to bottom-up realities of material and resource use (Straub et al., 2026). Developing contexts often suffer from ineffective or poorly spatially adapted policy landscapes (Haswell et al., 2024), frequently the result of limited institutional capacities and regulations, which hinders the scaling up of circular initiatives (Preston et al., 2020). Because of the heterogenous nature of material-use transitions relative to energy transitions, we envision that limited macroeconomic perspectives and regulatory frameworks will create issues of scale when representing GS CE in IAMs. There is also a need to engage with legislative and institutional landscapes as transition capacity constraints for GS circularity and how these are represented in IAMs.
· [bookmark: _Hlk189180848]Low integration of solutions with energy and waste infrastructure. CE solutions show low integration with formal energy systems or centralised waste infrastructure of developing countries (Straub et al., 2026). Circular solutions may in fact serve to circumvent oft-difficult-to-access centralised energy grids (Van Teeffelen, n.d.) or the lack of municipal waste management options. Infrastructural concerns thus act as a barrier to more integrated approaches, but an enabler of small-scale solution. That solutions are distanced from the upscaling mechanisms of national infrastructure may present issues of scale in IAMs. Similarly, the absence of this centralised energy and waste infrastructure represents a transition capacity constraint for GS circularity. Finally, the lack of connection between circular solutions and centralised systems inhibits data gathering, potentially exacerbating data limitation challenges.






Table S2. Synthesis of the qualitative cross-comparison between features of Global South circularity relevant to climate change mitigation and key GS-IAM modelling challenges
	Features of GS circularity relevant to climate change mitigation
	Data limitations
	Issues of scale
	Transition capacity constraints
	Developmental trade-offs
	Western-centric transition logic

	Motivational Factors

	Developmental needs are prevalent drivers
	
	
	
	X
	

	Social and cultural values are prevalent drivers
	
	
	
	
	X

	Circular Solutions

	CE activities often occur at community, individual and informal scales
	
	X
	
	
	

	Prevalence of emission-intensive circular activities (recover, remine)
	X
	
	
	
	

	Sustainable practices are not framed as ‘circularity’ (repair, reuse)
	X
	
	
	
	

	Differentiated starting points for R strategies (refuse, reduce, rethink)
	
	
	
	
	X

	Enablers and Barriers

	Incumbent circular mindsets
	
	
	
	X
	X

	Unfavourable market dynamics
	
	
	X
	
	

	Disconnect between macro-economic visions and bottom-up realities
	
	X
	X
	
	

	Low integration of solutions with waste and energy infrastructure
	X
	X
	X
	
	



Building on both the broad modelling challenge domains and their connectedness to particular features of GS circularity, we developed an initial typology of five modelling challenges that distinguish the key considerations required when representing GS circularity in global IAMs. This is presented in Table S3.
Table S3. Initial typology of modelling challenges for integrating GS circularity in IAMs, with definitions and illustrative examples drawn from the narrative assessment.
	Challenge Type
	Definition
	Examples of challenges

	Data Limitations
	Challenges associated with accurate data collection and compilation for quantifying the mitigation potential of GS circularity, often due to the local scales and informal nature of CE solutions
	· Quantifying informal Recover and Remine activities
· Capturing ubiquitous R strategies such as repair or reuse
· Gathering data on activities divorced from centralised waste and energy data infrastructure

	Transition capacity constraints
	Challenges associated with recognising and modelling how GS techno-economic realities constrain circular transitions
	· Responding to unfavourable market dynamics affecting circular transitions
· Anticipating legislative and institutions barriers to circular transitions
· Anticipating infrastructural barriers to circular transitions

	Issues of scales
	Challenges associated with extrapolating localised, community-level circular practices to national, regional or global scales both on the ground and within IAM frameworks, linked to the prevalence of small-scale, informal circular activities
	· Scaling up informal, local and community-based activities
· Interpreting CE activity scaling with limited policy coordination
· Interpreting CE activity scaling where centralised energy and waste infrastructure is limited

	Developmental trade-offs
	Challenges associated with balancing mitigation objectives with pressing developmental needs in the GS, where immediate socio-economic priorities can complement or conflict with long-term environmental goals
	· Interaction of needs-drivers on CE solution adoption
· Shifting dynamic between needs-driven circular mindsets and development-enabled consumerist behaviours


	Western-centric transition logic
	Challenges resulting from IAMs and circularity predominantly reflecting GN perspectives and consequently overlooking socio-cultural and epistemological factors that undermine the applicability of CE-IAM frameworks to GS circularity

	· Integrating socio-cultural drivers of resource use
· Applying the logic of R strategy frameworks to GS standards of resource consumption.
· Representing incumbent circular cultural mindsets as enabler of circularity

	
	






Supplementary Information S7: Interview guides
Provides the full interview guides used for the CE-IAM Group (A) and GS-IAM Group (B). Each guide is structured in two sections: group-specific questions followed by a shared section on GS circularity in IAMs (C). Supports the Methods section of the main text.
	Theme
	Questions

	Introduction to research and interview
	Thank you for taking the time to meet with me today. My name is Fergus Haswell, I’m a PhD Candidate working at Utrecht University. My research takes place within the context the CIRCOMOD project, which aims to bring greater understanding of the role that circular economy strategies can play in climate change mitigation, using IAMs as modelling tools. More specifically, we're interested in exploring the challenges of incorporating Global South circularity into Integrated Assessment Models (IAMs). We’ve invited you to participate in this study due to your role as an [IAM/Material/Global South] modeller.

The interview should take no more than one hour. It is our intention for the interview to be recorded and transcribed. I may also take notes during the interview but will base my analysis on the transcript, so I would like to ask if you could please speak as clearly as possible. Because these are expert interviews, it is not our intention to anonymise the data as we feel it is useful to link the insights from the interviews to the different research focuses of the participants. 

The interview will be conducted in two parts. First, we’d like to explore the major challenges associated with modelling materials and circular economy strategies in IAMs, and secondly we’ll introduce questions that specifically pertain to modelling Global South circularity and regional differences in CE in IAMs. 

The interviews are intended to be semi-structured, so please feel free to diverge from and elaborate on any questions asked if you think that is of interest. At the end, there will also be an opportunity to discuss any other themes not brought up through the guiding questions.

Are there any questions at this point?

	Background
	Could you briefly describe your experience working with IAMs?
· Could you elaborate on any experience modelling materials or circular economy?
· Does your work have a regional or sectoral focus, and if so, which region(s) or sector(s)?
· Could you elaborate on any experience modelling the Global South or regional variation?

	Section A: CE-IAM Integration

	Motivation for materials modelling
	How would you explain the motivation for modelling materials and circular economy solutions in IAMs?
1. How would you prioritise this against other IAM developments?

	Process of model development
	Could you explain which processes for integrating circularity into IAMs you are involved in?
1. Are you involved in modelling coupling? If so, how?
5. Do you work with/on any other types of models through your work, such as CGE or MF models?
1. Are you involved in data gathering? If so, how?
1. Are you involved in developing new modules? If so, how?
1. Are you involved in developing scenarios? If so, how?

	Challenges for CE-IAM integration
	Could you explain the challenges you have encountered when including circularity in IAMs?
1. Which of these challenges might you say is the most pressing and why?
1. How does this/do these challenge(s) compare to general IAM modelling challenges?
1. Do you consider this/these challenge(s) unique to circularity? If so, how?

	Solutions for CE-IAM integration
	Which methodologies or interdisciplinary approaches you have considered to help address these challenges?
1. What would be useful, from a technical perspective, to help address these challenges?
2. What would be useful, from a theoretical perspective, to help address these challenges? 
1. How do you think researchers can contribute towards alleviating these challenges?
2. How can others, such as policymakers, civil society or business, help contribute towards modelling circularity in IAMs?

	Section C: GS-CE-IAM Integration

	Motivation for modelling Global South circularity
	Do you consider it important to model Global South circularity in IAMs? If so, why?
· How have you seen modelling of regional variation prioritized compared to other modelling needs?
· How would you prioritize modelling the Global South compared to other regions?

	Current modelling of regional variation
	Could you explain how regional differences in circularity are currently represented in IAMs?
· How would you describe the representativeness of these differences at present?
· Do would you describe the relative importance of greater regional differentiation?

	Scoping of GS circularity modelling challenges
	What sorts of challenges do you encounter when trying to model Global South circularity in IAMs?
1. Which of these challenges would you consider the most pressing?

	Introduction of GS circularity modelling pillars
	[Slide: Pillars of Global South Circularity Modelling Challenges]
Through a literature review on Global South circularity and challenges in modelling the Global South in IAMs, we have developed five pillars that we consider to broadly represent some of the main complexities in modelling Global South circularity in IAMs. I’ll give you a moment to look through these pillars and their definitions, and then we can explore them one at a time. Whilst the questions I ask in this section will pertain to circular economy, we really welcome answers that draw upon any other work in IAMs that might have comparability and help to further our understanding of modelling the Global South more generally.

Firstly, do any of these pillars resonate with challenges you’ve encountered in your own work?
1. Do any of the pillars stand out to you in particular?
[The following questions, exploring the pillars, should be approached according to their resonance with the participant]

	Scalability
	How do you approach scaling up localised circular practices to national or global levels in IAMs?
1. What challenges do you face when trying to represent small-scale, community-level circular initiatives in your models?
1. Can you describe any successful strategies you've used to address scalability issues in modelling in IAMs?

	Informality
	How does your model account for informal sector activities that contribute to circularity in the Global South?
1. What are the main challenges in representing informal economic practices within the formal structure of IAMs?
1. Have you developed any innovative approaches to incorporate informal activities into your modeling framework?

	Applicability
	How do you ensure that circular economy solutions modeled in IAMs are applicable to diverse Global South contexts?
1. What challenges do you face in adapting circular economy concepts developed in the Global North to Global South realities?
1. Can you describe any instances where you've had to modify circular economy strategies to fit specific regional contexts?

	Developmental Trade-Offs
	How does your model balance circular economy objectives with immediate developmental needs in the Global South?
1. What approaches do you use to represent potential conflicts between environmental goals and socio-economic priorities in developing countries?
1. Can you provide examples of how you've addressed developmental trade-offs in your modeling work?
1. Could you comment on how the outputs of IAMs may help with or hinder the evaluation of trade-offs between developmental needs and environmental outcomes?

	Measurability
	What strategies do you use to quantify the impact of circular economy practices in the Global South, especially given data limitations?
1. How do you address challenges in measuring informal or small-scale circular activities?
1. Can you describe any novel data collection or estimation techniques you've employed to overcome measurability challenges in Global South contexts?

	Closing
	Are there any other thoughts on the subject you would like to share?




Interview Guide B – For GS-IAM Modelers
	Theme
	Questions

	Introduction to research and interview
	Thank you for taking the time to meet with me today. My name is Fergus Haswell, I’m a PhD Candidate working at Utrecht University. My research takes place within the context the CIRCOMOD project, which aims to bring greater understanding of the role that circular economy strategies can play in climate change mitigation, using IAMs as modelling tools. More specifically, we're interested in exploring the challenges of incorporating Global South circularity into Integrated Assessment Models (IAMs). We’ve invited you to participate in this study due to your role as an [IAM/Material/Global South] modeller.

The interview should take no more than one hour. It is our intention for the interview to be recorded and transcribed. I may also take notes during the interview but will base my analysis on the transcript, so I would like to ask if you could please speak as clearly as possible. Because these are expert interviews, it is not our intention to anonymise the data as we feel it is useful to link the insights from the interviews to the different research focuses of the participants. 

The interview will be conducted in two parts. First, we’d like to explore the major challenges associated with modelling the Global South in IAMs, and secondly we’ll introduce questions that specifically pertain to modelling Global South circularity and regional differences in CE in IAMs. 

The interviews are intended to be semi-structured, so please feel free to diverge from and elaborate on any questions asked if you think that is of interest. At the end, there will also be an opportunity to discuss any other themes not brought up through the guiding questions.

Are there any questions at this point?

	Background
	Could you briefly describe your experience working with IAMs?
· Could you elaborate on any experience modelling circular economy?
· Does your work have a regional or sectoral focus, and if so, which region(s) or sector(s)?
· Could you elaborate on any experience modelling the Global South or regional variation?

	Section B: GS-IAM Representation

	Motivation for GS-IAM Representation
	How would you explain the motivation for modelling the Global South in IAMs?
1. How would you prioritise this against other IAM developments?

	Process of model development
	Could you explain which processes for representing the GS in IAMs you are involved in?
1. Are you involved in modelling coupling? If so, how?
31. Do you work with/on any other types of models through your work?
1. Are you involved in data gathering? If so, how?
1. Are you involved in developing new modules? If so, how?
1. Are you involved in developing scenarios? If so, how?

	Challenges for GS-IAM representation
	Could you explain the challenges you have encountered when including the Global South in IAMs?
1. Which of these challenges might you say is the most pressing and why?
1. How does this/do these challenge(s) compare to general IAM modelling challenges?
1. Do you consider this/these challenge(s) unique to circularity? If so, how?

	Solutions for GS-IAM representation
	Which methodologies or interdisciplinary approaches you have considered to help address these challenges?
3. What would be useful, from a technical perspective, to help address these challenges?
4. What would be useful, from a theoretical perspective, to help address these challenges? 
3. How do you think researchers can contribute towards alleviating these challenges?
4. How can others, such as policymakers, civil society or business, help contribute towards modelling the Global South in IAMs?

	Section C: GS-CE-IAM Integration

	Motivation for modelling Global South circularity
	Do you consider it important to model Global South circularity in IAMs? If so, why?
· How have you seen modelling GS circularity compared to other to other modelling needs pertaining to the Global South?

	Current modelling of regional variation
	Could you explain how regional differences in circularity are currently represented in IAMs?
· How would you describe the representativeness of these differences at present?
· Do would you describe the relative importance of greater regional differentiation?

	Scoping of GS circularity modelling challenges
	What sorts of challenges do you encounter when trying to model Global South circularity in IAMs?
1. Which of these challenges would you consider the most pressing?

	Introduction of GS circularity modelling pillars
	[Slide: Pillars of Global South Circularity Modelling Challenges]
Through a literature review on Global South circularity and challenges in modelling the Global South in IAMs, we have developed five pillars that we consider to broadly represent some of the main complexities in modelling Global South circularity in IAMs. I’ll give you a moment to look through these pillars and their definitions, and then we can explore them one at a time.

Firstly, do any of these pillars resonate with challenges you’ve encountered in your own work?
1. Do any of the pillars stand out to you in particular?
[The following questions, exploring the pillars, should be approached according to their resonance with the participant]

	Scalability
	How do you approach scaling up localised circular practices to national or global levels in IAMs?
1. What challenges do you face when trying to represent small-scale, community-level circular initiatives in your models?
1. Can you describe any successful strategies you've used to address scalability issues in modelling in IAMs?

	Informality
	How does your model account for informal sector activities that contribute to circularity in the Global South?
1. What are the main challenges in representing informal economic practices within the formal structure of IAMs?
1. Have you developed any innovative approaches to incorporate informal activities into your modeling framework?

	Applicability
	How do you ensure that circular economy solutions modeled in IAMs are applicable to diverse Global South contexts?
1. What challenges do you face in adapting circular economy concepts developed in the Global North to Global South realities?
1. Can you describe any instances where you've had to modify circular economy strategies to fit specific regional contexts?

	Developmental Trade-Offs
	How does your model balance circular economy objectives with immediate developmental needs in the Global South?
1. What approaches do you use to represent potential conflicts between environmental goals and socio-economic priorities in developing countries?
1. Can you provide examples of how you've addressed developmental trade-offs in your modeling work?
1. Could you comment on how the outputs of IAMs may help with or hinder the evaluation of trade-offs between developmental needs and environmental outcomes?

	Measurability
	What strategies do you use to quantify the impact of circular economy practices in the Global South, especially given data limitations?
1. How do you address challenges in measuring informal or small-scale circular activities?
1. Can you describe any novel data collection or estimation techniques you've employed to overcome measurability challenges in Global South contexts?

	Closing
	Are there any other thoughts on the subject you would like to share?
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