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Abstract: The environmental and social crises in, and of, cities call for radical future visions
that can incite transformative change. Yet, urban metabolism research typically adopts an
explanatory, retrospective approach to the drivers of urban flows and stocks, resulting in
conservative, business-as-usual future outlooks. In this study, we present the results of a
narrative literature review on drivers and futures of urban metabolism, and consequently use
these results to propose and apply a framework that can be used by researchers (i) to
systematically identify the drivers of urban metabolism, and (ii) to critically engage with these
drivers for the development of transformative future visions. The framework comprises seven
thematic categories of drivers (demographic, economic, cultural, political, technological,
environmental and infrastructural) and an eighth category (power) to be used as the lens
through which the interactions between drivers, activities, and flows in the city are critically
examined. Applying the framework to the case study of biowaste management in Rennes,
France, we found it useful for the systematic identification of often overseen drivers. The
proposed framework, allowing for a combined analysis of flows and drivers, can become a

useful tool towards a solution-oriented urban metabolism research.
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1 Introduction

The year 2022 has been eventful for waste in Rennes, a medium-sized city located in north-
west France. Firstly, a new resources and waste strategy (RWS) was approved by the local
council, setting the metropolitan area’s targets and ambitions for 2030 (Rennes Métropole,
2022a). The document, which is the result of an almost yearlong consultation process with a
committee of citizens, defines targets around six main thematic areas: responsible
consumption, changing inhabitants’ practices, longer product lifespans, decentralized
management of biowaste, improvement of collection services, and increased valorization of
waste, including energy production from incinerated waste. A few days after the plan was
voted, the 54-year old incinerator in the city of Rennes was temporarily closed to enable major
maintenance and the replacement of the treatment line equipment, works that will increase
the conversion efficiency of electricity by 100% and of heat by 35% (Rennes Métropole,
2022c). These works will cost 103 million euros, i.e. 11% of the total Rennes budget for 2022
(Rennes Métropole, 2022b). Waste reduction and reuse are the stated priorities of the RWS;
the budget allocation, on the other hand, tells another story, as more than 100€Mi of public
money are spent on strengthening waste-to-energy valorization. Will the future waste
metabolism in Rennes be dominated by a general willingness to reuse and reduce, or by the
availability of a modern incinerator within the city limits?

The story of the incinerator in Rennes, echoing similar stories around Europe, including Paris,
France (Berlingen, 2019), Gothenburg, Sweden (Corvellec et al., 2013), and Zwentendorf,
Austria (Behrsin & De Rosa, 2020), exemplifies people’s often partial appreciation of the
driving forces behind flows and stocks in cities, not only related to waste management systems
but to the urban metabolism (UM) in general. Cultural shifts and changing attitudes are easily
identifiable driving forces (drivers); re-investment in existing infrastructure, on the other hand,
and the resistance to change it entails, sometimes goes unnoticed. Without a comprehensive
understanding of all possible drivers, efforts in research and practice towards better resource
use in cities may prove ineffectual or counterproductive.

Researchers have recently started to explicitly focus on drivers: Dijst et al. (2018) and Voskamp
et al. (2020) identified different categories of drivers (demographic, economic, cultural, etc.),
and argued for addressing them as an integral part of analyzing the UM. However, we still lack
paradigms to systematically identify drivers and study their influence on metabolic flows and
stocks. While long-term research on urban metabolism has provided retrospective insights
into how historical, political, and social conditions and events have affected urban metabolic
flows, e.g. of food (Billen et al., 2009; Schmid Neset et al.,, 2008), or energy (Baynes &

Wiedmann, 2012; Krausmann, 2013), there has been less engagement in the UM literature
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with future- and solution-oriented approaches (John et al., 2019) that can go “beyond
understanding, to identifying and implementing real-world solutions for urban sustainability”
(Childers et al., 2014). Developing and implementing transformative future visions that address
structural barriers to change, e.g., the power of existing infrastructure or the goal of economic
growth (Angheloiu & Tennant, 2020), is necessary to address the complex social and
environmental crises in (and of) cities, such as developing resilience to the climate crisis, or
ensuring social justice and cohesion (Cook & Swyngedouw, 2012; Gandy, 2018; McPhearson
et al., 2021).

There is, therefore, a two-fold gap in UM research: on the one hand, a scarcity of studies
explicitly focused on drivers, i.e. the factors that define and influence flows and stocks in UM;
on the other, a lack of research with a prospective outlook on drivers of UM, which could lead
to radically different future urban systems. In this study, we seek to fill this gap, by (i)
synthesizing existing knowledge on drivers of urban metabolic flows; (ii) proposing a
framework for the drivers’ analysis and inclusion in prospective UM studies, and (iii) testing
this framework on a case study.

To address these objectives, first, we conducted a narrative review of the UM literature, to
identify drivers of urban flows and stocks, and to establish a conceptual framework of the
influence that these drivers can have on future states of urban systems (see methodological
details in section 2). We present and discuss the findings of this analysis in section 3. Second,
we used the insights gained from this review to develop a conceptual framework for drivers of
a city's current and future metabolisms (section 4). Third, we tested the framework on a case
study (in section 5): the management of biowaste in the metropolitan area of Rennes in France
(hereafter Rennes Métropole). We conclude this paper with a summary and future outlook in

section 6.

2 Methodology

2.1 Literature review: search and analysis

The basis of this study is a narrative literature review in which we combined a systematic
search for documents with a narrative synthesis of their content. We opted for a narrative
review because the main goal of the study was to deepen our understanding of the drivers of
current and future states of urban metabolisms, and to develop a conceptual framework, rather
than to compile an exhaustive summary of the research accomplished thus far (Greenhalgh et
al., 2018; Torraco, 2005). Recent studies on related topics have successfully implemented this
approach (Newell & Goldstein, 2019; Urbinatti et al., 2020).



We searched the database Scopus for published works in English or French that included the
string “urban metabolism” AND (driver OR determinant OR factor). The search returned 131
results (last check on March 11, 2023). We then did two rounds of screening (abstracts and
full texts), and eliminated studies (i) that did not focus on the drivers, (ii) whose abstracts
included the terms of the search string in different contexts, and (iii) studies whose scope was
too narrow, i.e. where the focus was on a specific sector (e.g. gravel) or on the description of
a specific model, and there was no systematic discussion of what drives the flows and stocks
of UM. After this step, 17 papers remained, 13 of which from the field of Industrial Ecology. To
diversify this sample and enrich the insights into drivers of UM, we added nine articles, based
on our knowledge of the literature. These are mostly interdisciplinary studies that offer critical
analyses of urban systems and more radical visions of urban sustainability. The full list of
papers included in the final set is given in Table S1 in the Supplementary Information (SI).
Based on our research objectives, we analyzed this set of 26 papers around three main
themes:

e Their research field and methodology;

e The drivers of UM they identified and discussed;

e Their approach to future visions and trajectories for UM.
A potential limitation of our methodology is the exclusive use of “urban metabolism” in our
search string, which might have excluded disciplines that do not typically use the term (e.g.
literature on sustainability transformations). We believe to have partially counter-balanced this
limitation by including the additional nine studies in the sample.
2.2 Theoretical framework: urban transformations and drivers of urban metabolism
2.2.1 Drivers of urban metabolism
We based our analysis on the conceptualization of UM developed by Dijst et al. (2018). In this
framework, extended by Voskamp et al. (2020) (Figure 1a), material and energy flows and
stocks are mobilized by different activities like eating, sleeping, work, mobility etc., to fulfill
human needs, e.g., for nourishment, shelter, and transport. The fulfillment of these needs can
either be facilitated or constrained by factors such as the existing infrastructure, the standard
of living etc. Both the needs and facilitators/constraints are influenced by drivers, i.e., “large
scale developments in the societal context [...] that cause a particular activity to occur”
(Voskamp et al., 2020). These three elements, needs, facilitators/ constraints, and drivers, are

together considered the causal determinants of UM.
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Figure 1 The five interrelated elements of urban metabolism (a) (Dijst et al. 2018) in (Voskamp et al. 2020),
and the adjusted version used in this study (b).

In our analysis, we do not distinguish among the causal determinants, but consider them all to
be drivers. By doing so, we want to highlight that the activities that occur in an urban system
are not necessarily the direct expression of human needs, and that these needs cannot always
be clearly distinguished by the socio-economic context within which they are expressed.
Research in the field of urban political ecology (UPE) shows that urban resources within a
capitalist system are not equally distributed among social actors (Pichler et al., 2017), but are
predominantly controlled by elites, and used to serve specific interests (Broto et al., 2012;
Heynen et al., 2006). Urban metabolic flows then, like all the socio-environmental processes
that produce the city, are an expression of who holds power and a result of the power struggles
between different actors (Cook & Swyngedouw, 2012; Heynen et al., 2006). Consequently,
resources within a city are not mobilized to simply satisfy human needs and promote human
well-being; they are also used to perpetuate the status quo, even if that means accentuating
social and geographical inequalities. For these reasons, in our analysis we refer to all causal
determinants as drivers, and we bring into focus questions of power and inequalities that affect
all causal determinants and their interactions (Figure 1b). We define drivers of urban
metabolism all those factors and conditions that influence (i) which activities (can) take place
in an urban system and (ii) how these activities mobilize resources, i.e. their type, quantities,

origins, flow rates, etc.



2.2.2 Urban transformations

According to the above definition, knowledge on the drivers from an UPE perspective will
provide insights on the reasons why resources flow in a certain way within an urban system.
However, to harness this knowledge for the production of actionable solutions towards more
sustainable urban systems, knowledge on the drivers should connect to future visions, and go
beyond describing the past and present (problem-oriented), towards providing tools to think,
plan, and implement future actions (solution-oriented) (Feola, 2015). This is a central premise
of sustainability transformations research. [Urban] sustainability transformations are
fundamental changes within an [urban] system, which have the potential to address wicked
problems in their root (Brand, 2016; Frantzeskaki et al., 2021). In addition, transformations
research is a transdisciplinary endeavor: it calls for the co-creation of these solutions together
with local actors and prioritizes systemic (social & political) changes (Frantzeskaki et al., 2021;
Iwaniec et al., 2019) with a focus on justice and equity (Ziervogel et al., 2017). In this regard,
[urban] transformation research is both an analytical lens to describe complex process
dynamics in the city and a normative orientation that emphasizes the need for systemic and
radical change (Holscher & Frantzeskaki, 2021).

Leverage points is a framework well suited for sustainability transformations research
(Angheloiu & Tennant, 2020). Leverage points are small-scale interventions in a system that
potentially have a major impact on the system as a whole (Meadows, 1999). Meadows (1999)
drafted a list of 12 such leverage points in ascending order of potential for transformational
change, i.e. from “shallow” to “deep”. Abson and colleagues (2017) grouped these points in
four realms or “system characteristics”, similarly ordered from the shallowest and easiest to
achieve, to the deepest and most difficult (Abson et al., 2017; Angheloiu & Tennant, 2020).
The four realms are:

e parameters, including those mechanistic characteristics of a system that are easily
modifiable and thus often targeted by policy makers, e.g. taxes and incentives, material
flows and stocks;

e feedbacks and delays, referring to the ways in which the different elements of a system
interconnect;

e design or system structure, i.e. information flows and rules of the system;

e intent or mental models, including the goal of the system (e.g. economic growth),
mindsets and paradigms, as well as the capacity to transcend paradigms.

Using leverage points as a framework to explore sustainability transformations has gained
popularity with academics and practitioners (Fischer & Riechers, 2019). The discussion on

leverage points brings to the surface the importance of values, mindsets and worldviews (deep



leverage points) for sustainability transformations, while drawing connections between deep
and shallower, more easily influenced leverage points. Additionally, the leverage points
framework combines causality and forecasting (where known cause-and-effect relationships
are extrapolated to the future) with teleology and backcasting (where phenomena are
explained according to the purpose they serve) (Fischer & Riechers, 2019). Combining
leverage points with the UM framework can therefore offer a useful tool for connecting past
and future in urban metabolism research, as well as critical analysis of the drivers of UM with

transformation research towards radically different future urban systems.

3 Literature analysis: approaches, drivers, future

3.1 Approaches to identify and analyze drivers

From the analysis of the 26 selected studies, we distinguished three different approaches that
authors use to identify drivers and to investigate relationships between drivers and metabolic
flows: correlation, categorization, and critical engagement. Studies within each of these
approaches largely share research objectives, methods of analysis, as well as fundamental
assumptions and worldviews.

Almost half of the studies fall within the correlation group (Figure2a). These studies seek to
establish quantitative relationships between drivers and metabolic indicators (e.g. domestic
material consumption (DMC), direct material input (DMI) or energy use), using regression
analysis (Athanassiadis et al., 2017; Bettignies et al., 2019; Kalmykova et al., 2016; Kennedy et
al., 2015) or decomposition analysis (Chen & Chen, 2017; Deng et al., 2022; Li et al., 2019,
2021; Sun et al., 2023; Zucaro et al., 2014). Studies using statistical methods rely on large
datasets on both the metabolic indicators and the drivers, datasets that span multiple years
and cover different scales, from a single city or a small group of (related) cities (Chen & Chen,
2017; Deng et al., 2022; Kalmykova et al., 2016; Li et al., 2019; Zucaro et al., 2014), to several
cities around the globe (lablonovski & Bognon, 2020; Kennedy et al., 2015), to intra-urban
microscales (Athanassiadis et al., 2017; Bettignies et al., 2019; Porse et al., 2016). Most of
these studies explore the relationship between the metabolic indicators and small sets of pre-
selected drivers. These drivers are either parameters that are relevant for urban planning
(population density, building type) or derive from the IPAT equation, according to which
(environmental) Impact is a function of Population, Affluence (or economic activity usually
measured with GDP growth), and Technology (Chertow, 2000).

On the other hand, studies that categorize drivers adopt a broader view and seek to give
systematic accounts of what may constitute a driver, (Peponi et al., 2022; Voskamp et al.,

2020), in a descriptive, often theoretical approach (Liu et al., 2005; Wolfram et al., 2016). To



tackle the complexity of the task, they often discuss categories of drivers, such as
demographic, economic, political, cultural and technical categories.

Finally, studies that critically engage with the drivers focus on relations between political and
economic powers and on the way that unequal relationships and conflicts shape the material
reality of a city. These studies are characterized by their interdisciplinary approaches; most
combine industrial ecology (IE) with (urban) political ecology thinking (Broto et al., 2012;
Pichler et al., 2017; Pincetl et al., 2012). Such studies may also organize their analysis in
categories of drivers, in a combined categorization/engagement approach (Figure 2a, 2b)
(Bahers et al., 2020; Dijst et al., 2018; Marin & De Meulder, 2018; Newell & Goldstein, 2019).
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Figure 2 Characterization of the studies analyzed according to their scientific discipline and approach to
drivers (a); approach to drivers and future vision (b); and approach to future and future vision (c). BAU:
business as usual; STS: Socio-technical systems studies



3.2 Drivers of UM: what influences flows and stocks and how

Each of the three approaches is used to study different sets of drivers. We identified a total of
33 drivers, which we present in Table 1, along with the type of influence they are reported to
have on specific flows or metabolic indicators, and future perspectives related to them. We
categorized the drivers into nine thematic groups, following those studies that also use some
type of categorization. The groups are the following (further details are given in Table 1):

e Demographic drivers, such as population size and household characteristics;

e Economic drivers, such as economic activity (usually measured through GDP) and
household income;

e Technological drivers, for example, related to energy efficiency, emission intensity etc.;

e Political drivers, including urban policy and planning, rules & regulations etc.;

e Cultural drivers, such as the lifestyles and standards of living of urbanites, the levels of
environmental awareness, etc.;

e Environmental drivers, related to the natural environment and geography of the urban
system, e.g. climate and the availability of specific local resources;

e Infrastructural drivers, related to infrastructure and urban form, including the types and
characteristics of the buildings, urban sprawl and the existence of specific
infrastructure;

e Power, a distinctive group of drivers encompassing questions of money and power and
the ways in which conflicts and inequalities manifest themselves in urban systems and
shape metabolic flows and stocks (e.g. uneven urban-rural relationships).

Demographic and economic drivers were the most commonly studied. Population size is
addressed in fourteen and population density in seven studies; economic activity, represented
by GDP, is included in twelve studies, while the other four economic drivers are each included
in between three and six studies. In contrast, the majority of the other drivers (cultural, natural
environment, infrastructure etc.) are each included in one to three studies, with the exception
of urban form that is included in five. One reason why population size and economic activity
are so popular could be the availability of data on them in easily accessible datasets that cover
extended time series and different spatial scales. Data availability is an important consideration
especially for studies of the data-intensive correlation type (section 3.1). In addition, population
size and economic activity are two of the three independent variables of the IPAT equation. By
focusing on these two parameters, the studies validate the IPAT framework at the expense of
exploring new insights into what influences metabolic flows and stocks. What is more, it is
sometimes difficult to discern the concrete influence that a driver has on a flow or the UM;

authors may mention a driver and include it in their analysis, but not explain which flows it



affects and how(note how in Table 1 there are typically more sources listed in column 4 than
explanations on the influence of each driver in column 3).

Finally, some of the most frequently studied drivers for which relationships between drivers
and metabolic indicators have been established, are addressed in studies in the correlation
group (Athanassiadis et al., 2017; lablonovski & Bognon, 2020; Voskamp et al., 2020). Studies
that go beyond correlation to investigate causal relationships are typically those in the power
group. For example, capital accumulation and wealth flows are considered key to
understanding the material base of society (Broto et al., 2012; Pincetl et al., 2012), especially
of cities, as capital accumulation in cities is sustained by unequal material and energy
exchanges with poorer, distant places (Bahers et al., 2020; Broto et al.,, 2012). Unequal
exchanges between cities and hinterlands, together with intra-urban inequalities and conflicts
between actors, e.g., around infrastructure and local resources, are the “drivers [that]
determine access to, control over, and use of resources” (Pichler et al., 2017). Engagement
with these types of issues could therefore provide important insights into the factors and
conditions under which urban metabolism develops and functions.

3.3 Future visions

Most of the 26 studies do not explicitly engage with questions concerning the future. Five of
them do not address the future at all, and another thirteen only do so indirectly by providing
policy and research recommendations (Figure 2c), e.g., policy incentives to reduce
consumption (Bahers et al., 2020; Kalmykova et al., 2016), to increase the energy and resource
efficiency of buildings (Athanassiadis et al., 2017; Kennedy et al., 2015; Li et al., 2021; Zucaro
et al., 2014), or to pay closer attention to local contexts and resources (Bettignies et al., 2019;
Zucaro et al., 2014). Three studies created specific future scenarios that were then evaluated
and compared with the current situation (Chen & Chen, 2017; Peponi et al., 2022) and with
each other (Marin & De Meulder, 2018). The last group of studies engage with questions about
the future in an explicit yet theoretical way. These studies discuss (urban) sustainability
transitions and transformations (Pichler et al., 2017; Pincetl et al., 2012; Wolfram et al., 2016),
and propose tools and concepts to further advance the study of urban futures (Broto et al.,
2012; Dijst et al., 2018).
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Table 1 Inventory of the factors that influence metabolic flows and metrics, as identified in the literature surveyed, their influence on current states and envisioned future
implications. The column "Sources" lists the studies that include the driver in their analysis.

Category Driver [No of How the driver influences metabolism Sources Future perspective: Recommendations (Rec),
studies] Scenarios (Sc), General/theoretical (Gen)

Demogra Population size Increasing population leads to higher total energy and 1,2,3,4,5,6, Rec — BAU: Policies and measures to control the size of

phics [14] water consumption (1,24), increase in absolute 7,9,10,11,12, the population (no details provided) in order to promote

metabolic indicators, such as DMC & DMI (2), growth 18, 24, 25,26  sustainable development (4);
of material consumption (3), and material stock Sc — BAU: population growth as a variable in scenario
accumulation (24) building (6)
Cities with higher populations have lower per capita
energy consumption (5) and lower per capita gas &
electricity consumption (7)
Population density Higher density correlated with higher DMC (2), reduces 1,2,5,7,9,11, Rec — BAU: Voluntary relocation policies to reduce
[71 per capita energy use at intra-urban scales (5, 7), and 18 population density (12)
reduces energy used for transportation (11)
Home ownership Energy use (both total and per surface area) is slightly 9
[1] higher in owned houses and majority owner buildings;
differences are attributed to differences in income (9)
Socio- Factors such as gender, age, income, education level etc. 21, 24
demographic affect lifestyle choices such as transport, residential
profile of choices, and consumption patterns (21); negative
households [2] relationship between household size and per capita
energy consumption (24)
Human Ahigher HDI indicates a “more developed” country, i.e., 18 Rec — BAU
Development one where most of the metabolism is externalized and
Index (HDI) [1] the flows consequently hidden (18)

Economy Economic activity/ Increasing GDP connected to increasing water and final 1, 2, 3, 4, 10, Rec — BAU: Policies and measures to control the
level of economic energy consumption (1), increased material 11, 12, 16, 18, economic growth (no details provided) in order to promote
development [12] consumption across cities (3, 4), increased DMC (10), 24, 25, 26 sustainable development (4);

growth in electricity use and fossil fuel consumption
(11), and material stock accumulation (25) Sc — BAU: value added as a variable in scenario building
DMC remains constant with growing GDP/capita (10) (6)
Fossil fuel consumption dropped with increasing GDP Rec — Transition : “further dematerialization and
for Stockholm (10) stronger decoupling rely on mass adoption of renewable
energy and the circular economy and innovation in green
markets and products.”(26)
Household income Increased income, connected to increased educational 5,7, 9, 10, 11,
[6] level, reduces DMC (10) 24

No correlation between income and energy use (5)
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Structure of the De-industrialized cities, with a large tertiary sector, 1,2,3,4,6,25 Rec — Transition: “a service-oriented economy may
economy [6] have overall lower resource consumption because the probably stimulate a more material-intensive mode of
household & service sector rely mostly on hidden flows life”(26)
in hinterlands (1,2)
No clear indication of correlation (3,4,6)
Construction sector dominates stock accumulation (25)
Total consumption A higher per capita volume of consumption increases 3, 4, 6, 10 Rec — BAU: prioritize policies to optimize the intensity of
[4] the city’s carbon footprint (6) material consumption (4)
Increased material consumption is offset by higher Rec — Transition /BAU: target consumption of non-
material intensity (consumption per GDP or per capita fossil materials, e.g. electronic goods and textiles by
@) promoting smaller dwellings, renovating products and a
sharing economy; change consumption-related norms &
values (10)
Rec — BAU: Reduce unnecessary waste and luxury (12)
Consumption 3,4,6
structure [3]
Culture Lifestyles & living Increases in income lead to changes in lifestyle / a 1,10, 24 Rec — Transition: Policy action to change social norms
standards [3] higher standard of living, and hence higher and values related to consumption (10)
consumption of resources, such as fossil fuels, and
higher DMC (10); a modern urban way of life means
more water and energy consumption (24)
Environmental Increased environmental awareness reduces water and 1
awareness [1] electricity consumption (1)
Car ownership [1] A growing car fleet increases total fuel consumption, 10
despite cars being more fuel-efficient (10)
Politics Educational Educational campaigns as a response to drought 1
campaigns [1] conditions reduce water consumption (1)
Rules & Restricting irrigation to specific dates and times reduces 1, 23 Rec — Transformation: Changes in legislation can
regulations [2] water consumption (1) prevent infrastructural lock-ins (23)
Policy & planning Examples of policies that have reduced resource 1,8,10
[3] consumption: the initiative to replace petroleum use in
Paris and coal in Hong-Kong, the introduction of a
congestion fee in Stockholm and the adoption of energy
efficiency codes in Los Angeles (1); policies that regulate
building energy, the electricity mix and energy use for
transportation, and waste management (10)
Agency & capacity Urban transformations are enabled or constrained by 8

[1]

embedded actors: their motives, discourses, and
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coalitions, as well as the institutions, resources, skills,
and interactions needed to empower actors.

Environm Climate (average Climate influences heating and cooling demand (HDD 1, 11, 18, 24
ent (& temperature, and CDD) and he_nce energy and fuel use (1, 11),
geograph HDD) [4] although the actual 1'nﬂue1}ce'may be weak compared to
y) other factors that drive building energy use (1)
Natural resources Examples: presence of a river for hydropower, locally 1, 17, 24 Sc — Transformation: Local materials are envisioned as
availability [3] available materials for use in industry "commons" in a scenario/vision that is “inclusive,
ecological and post-growth, an activist spatial practice”, not
compromising on the values of solidarity and resilience (17)
Rec — BAU: Optimize local resource use, such as
photovoltaics, and recycled materials & water (12)
Place (spatiality, Systemic change and systemic reconfiguration are 8,17 Gen — Transformation: the process and the outcome of
locality, embedded in places; Agency transcends spatial, sectoral changing the systemic configuration of urban areas, mostly
relationality) [2] and system boundaries studied with a view to its sustainability performance or
achievements (8)
Rec — Transition: Local drivers and local context “should
be taken into greater consideration in policy making in
order to more effectively assist cities into their sustainable
transitions” (5)
Technolo Gains in Small-scale innovations, such as gains in energy 1,9,17,26 Rec — BAU: Policy interventions at regional and national
gy conversion/ conversion efficiency have probably reduced energy level to improve resource utilization efficiency can reduce
resource efficiency consumption (1) resource consumption and environmental pressures (3)
[4] Energy efficiency improvements responsible for per Rec — BAU: energy efficiency policies to reduce energy
capita energy use remain stable (9) consumption (9, 11)
Growing resource efficiency the most important driver Rec — Transition: Identifying the most energy efficient
of resource use and emissions (26) drivers and type of territorial organization can help cities
and countries to decarbonize (7)
Sc — BAU: Focusing on resource efficiency is a central
point of the techno-infrastructural perspective of the
‘circular city’ (17)
New technological Increased motorization in the twentieth century 1,17 Sc — BAU: "Clean technology" is also part of a techno-
inventions [2] increased petroleum consumption (1) infrastructural perspective (or technocratic agenda to
optimize flows) in the circular city (17)
Emission/ energy/ The higher the emission intensity, the lower a city’s 6, 12, 25 Sc — BAU: The intensity of CO2 emissions as a variable in

material intensity

[3]

carbon footprint (6)

CO2 emissions of the city increased despite the
decreasing energy intensity of the economy (12)
Increased  material intensity  inhibits
accumulation (25)

stock

scenario building (6)

Rec — BAU: Policies to shift from coal and oil to natural
gas (less CO2 intensive) and less energy intensive industrial
processes (12)
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Infrastru Urbanized area [5] The extent of green space is (weakly) correlated with 2, 10, 11, 21,
cture (& higher resource consumption (2) 25
urban Compactness is weakly correlated with metabolic
form) indicators (2)
Per capita urbanized area (indicating more floor area
per person) is significantly correlated with per capita
energy use (11)
Floor area per capita is weakly correlated with an
increase in DMC, because residential projects need less
material than infrastructure (10)
Urban-rural structure (inverse of urbanization rate) has
a weak effect on urban stock accumulation (25)
Building types & Older and less efficient buildings in lower income 9,15
characteristics [2]  neighborhoods of the city require more energy per
surface area (9)
Transport forms Public transport is (weakly) correlated with higher 2,21 Rec — Transition: Promoting public and active modes of
[2] resource consumption (2) transport will probably not alter resource consumption
much, because such modes of transport are implemented
in cities that outsource most of their flows like city centers,
and cities with a strong tertiary sector (2)
Interdependence For example: if district heating is linked with an 23 Rec — Transformation: Constructing legitimacy around
of infrastructure incineration plant, it will be difficult to change the plant new emerging practices, laws, and physical infrastructures
[1] (23) (23)
Power Capital We need to understand the institutions, rules, money 13,14,19,20 Gen — Transformation: visions of the ideal city or of a
accumulation, and power flows, and the governance and practices that good city are ultimately driven by those who govern urban
flows of wealth [4]  drive flows of wealth and make the economy function flows (13); steady state economics & degrowth (13)
Gen — Transition: From the sanitary, modernist city to
the sustainable city (14)
Rural-urban Urban flows shaped and continue to shape inequalities 13, 22 Rec — Transition: Energy autonomy at an inter-
relationships [2] between the city and the countryside (13); sometimes territorial scale between city and region (22)
synergetic relations like proximity, autonomy (22)
Intra-urban 9,13, 20
inequalities /
social
differentiation [3]
Power relations & Conflicts around infrastructure, local resources, hidden 19, 20, 22 Gen — Transformation: to transform society-nature

conflicts [3]

flows

relations in a more democratic and sustainable way (20)
Rec — Transition: Focus public policy on hidden flows
(22)
Rec — Transformation: Construct legitimacy around
new emerging practices, laws, and physical infrastructure
(23)
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Concerning the type of future vision represented in each of these studies, we distinguished
three different attitudes or visions of what an imaginable or desirable future could be:

e a business-as-usual (BAU) vision, in which scenarios and recommendations refer to a
future state of the system that is merely an extrapolation of the present, e.g., (Li et al.,
2019, 2021);

e atransition to a more sustainable future state. Here we refer to studies whose authors
use terms like ecological or energy transition, e.g., (Bahers et al., 2020; Bettignies et
al., 2019; Dijst et al., 2018; lablonovski & Bognon, 2020), and to studies that refer to
more sustainable future states, e.g. (Athanassiadis et al., 2017; Bettignies et al., 2019;
Voskamp et al., 2020);

e atransformational vision of a radically different future. Such studies explicitly name the
type of radical vision they consider, e.g., a post-growth economic system (Broto et al.,
2012; Corvellec et al., 2013), or they discuss the need for transformational change to
address the challenges of the Anthropocene (Pichler et al., 2017; Wolfram et al., 2016).

Business-as-usual (BAU) visions are the most frequent approaches and are mostly found in
studies that analyze demographic, economic, and technological drivers (Table 1). For
example, Chen and Chen (2017) develop future BAU scenarios by extrapolating four
parameters: carbon intensity (technological driver) population growth (demographic driver),
final consumption, and value added (economic drivers). Other studies propose policies to
control population size and economic growth (Li et al. 2019), to limit the consumption of non-
fossil materials (Kalmykova et al. 2016), and to improve resource and energy efficiency
(Kennedy et al. 2015; Li et al. 2021; Marin & De Meulder 2018; Porse et al. 2016). Transitions
are linked to cultural drivers, e.g. changes in lifestyle (Kalmykova et al. 2016), the need to
consider local contexts and resources in UM studies (Bettignies et al. 2019), and questions of
infrastructure such as public transport (lablonovski & Bognon 2020). More generally,
transitional and transformational visions are usually expressed in relation to drivers that have
to do with infrastructure, geography, and power. Transformational visions include the
sustainable city, as opposed to the sanitary modern city (Pincetl 2012); energy autonomy at
the territorial scale (Bahers et al. 2020); and steady-state economics and degrowth (Broto et
al. 2012).

The overall trend in our set of studies is one of incidental engagement with the future, and of
mostly conservative, business-as-usual future visions. What is more, there are often
inconsistencies between the drivers that are analyzed and the kinds of recommendations
made (notice how some of the future perspectives in the last column of Table 1 refer to studies

that are missing from the respective drivers column). Among the twelve studies that
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documented the correlation between growing GDP and resource consumption, only one
provided a relevant recommendation to “measure and control economic growth” (Li et al.
2019) and another one pointed to the need for decoupling GDP growth from material
consumption (Sun et al.,, 2023). In contrast, six studies recommended improvements in
resource utilization efficiency, although they did not actually address efficiency in their analysis
(Athanassiadis et al. 2017; Kennedy et al. 2015; Li et al. 2021). In other words, studies show
that economic growth correlates with a growing urban metabolism, but to contain this growing
UM, they recommend increasing efficiency. This is telling of the need for a more targeted
engagement of UM studies with future visions that can serve as roadmaps for transforming

urban systems.

4 A framework to identify drivers and use them to envision the
future

To sum up, the two main trends we identified in the literature on drivers and futures of UM are
that (i) concrete visions of the future, especially radical ones, are usually not included in studies
that address drivers of metabolic flows, and (ii) a focus on demographic, economic, and
technological drivers links to business-as-usual visions of the future, while a discussion of
power & inequalities to transformative ones. This last observation is in line with literature on
leverage points (Meadows, 1999), according to which, questioning power, rules and
paradigms in a complex system has the potential to reveal deep leverage points and bring
about radical change.

Using leverage points terminology, the literature on drivers of UM we analyzed is
predominantly concerned with parameters (technological and economic drivers) and
emphasizes causality and forecasting, i.e., providing recommendations and BAU visions of the
future. We visually summarize this approach in the top panel of Figure 3 (Future: BAU). In
contrast, we argue that, to bring about the radical change that is urgently required in the city
of the Anthropocene, we need to focus more sharply on deep leverage points. This means
accounting for feedbacks and delays, i.e., the ways in which drivers, activities and flows
interact and interconnect, and engaging with a greater variety of drivers of UM, e.g., political
and cultural ones that co-shape the rules of the system. In order to establish causal
relationships between the drivers, activities, and flows in the city, a critical engagement with
questions of power, money and inequalities is needed, borrowing tools and concepts from
UPE. This is necessary to move beyond a technocratic view of the city, towards a deeper
understanding of where the leverage for greater change lies: in shifting the goals of the system,

e.g. economic growth (Broto et al., 2012), mindsets, e.g., the ideal of a “sanitary, modern city”
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(Pincetl, 2012), and paradigms, e.g., taking invisible hinterlands for granted (Bahers et al.,

2020) or normalizing the domination of certain world regions over others (Pichler et al., 2017).

Our re-worked version of the conceptual framework of UM to account for future visions is

summarized in the bottom panel of Figure 3. In this framework, shallow and deep leverage

points come together to facilitate the systematic identification and analysis of the drivers of UM

(causality); the analysis of the relationships between the identified drivers and the resulting

activities and resource flows and stocks can lead to the formulation of clear, transformative

future visions, as well as the trajectories needed to reach them (teleology).

The following section documents how we applied this framework in the case study of biowaste

management in Rennes.
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Figure 3 Proposed framework to understand and operationalize the link between the drivers of metabolic
flows and three common future visions: business as usual scenarios (BAU, top panel), transitions (middle
panel) and radical visions of the future (transformation, bottom panel).
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5 Implementation of the drivers/flows framework: the case of
biowaste in Rennes Métropole
5.1 Biowaste management in Rennes Métropole
As a last step, we applied the framework on a case study, i.e., the management of biowaste in
the metropolitan area of Rennes (460’000 inhabitants). The case study was conducted
independently for broader research purposes and the data gathered were then analyzed in an
exploratory way using the framework in Figure 3. Actual future visions and trajectories will be
developed at later stages of the research project.
Biowaste in Rennes (in this study, ‘biowaste’ refers to everyday food waste and green/garden
waste generated by households and small businesses) is mainly collected together with
residual municipal solid waste (MSW) and incinerated. Large quantities of green waste are
collected separately at recycling parks and composted at centralized platforms (Figure S5).
Decentralized composting, both at the individual and community scale, is well established
(Bahers & Giacche, 2018), with approximately 500 sites throughout the region (Rennes
Métropole, 2019).
To implement our driver/flow framework, we first developed a simple MFA model for biowaste
management in Rennes Métropole over the last 20 years (for details on the model see Table
S2, Figure S3, and (Aissani et al., 2022)).
Next we assembled an inventory of potential drivers, based on the analysis of relevant regional
planning and policy documents, including waste management and circular economy strategies
at the metropolitan and regional levels, and semi-structured interviews with 12 stakeholders
from the public, private and associative sectors. For details on the documents consulted and
the guide used for the interviews, see (Aissani et al., 2022).
5.2 Biowaste flows: past and present
Municipal organic waste in Rennes Métropole is collected door-to-door from households,
services, and small business (together termed “small producers”) and incinerated (Figure 4).
The fly ash from the incinerator is landfilled, and the bottom ash exported for treatment and
reuse in road construction. Green waste from private and public green spaces is collected at
several recycling parks and composted at large-scale, centralized composting platforms. We
assume that this compost is reused within the metropolitan area. Despite the emergence of
new ways for managing biowaste, such as decentralized composting and anaerobic digestion,
the situation in Rennes has changed little over the past 10 years (see also the diagram for

2010 in Figure S4 of Supplementary Information).
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Table 2 Examples of drivers of biowaste flows in RennesMétropole as identified through the analysis of
stakeholder interviews (1) and of public documents (2).

Category Driver (general) Drivers specific to Rennes (examples)
Drivers for Future vision: Business as usual
Demographics Population size None
:&a Population density None
Home ownership None
Socio-dem. profile of None
households
Economy Economic activity/ level The French ministry of environment sees the Circular

€

Technology

o

of economic development
(GDP)

Household income

Structure of economy
economic specialization

Consumer products'
consumption

Efficiency of treatment
technology

Emerging technologies

Emission/ energy
intensity

Economy as a means to protect the French economy against
reliance on imports (2)

The current waste tariffication system, based on the
polluter pays principle, may perpetuate social injustices (1)
Social & Solidary Economy are key for local innovation (2)

Improving the efficiency of the current models for
production and consumption is one of the priorities at the
regional level (2)

Advanced nutrient removal technologies are needed,
because soils in Brittany are susceptible to leaching (2)
If anaerobic digestion is implemented, it needs to be
adapted to the specific territory (1,2)

Green transport is needed to avoid high emissions from
waste collection (2)

Drivers for Future vision : Transition

Culture

So

Politics

m

Environment
(& geography)

®

Infrastructure
(& urban
form)

Lifestyles & living
standards

Levels of environmental
awareness

Educational campaigns

Rules & regulations

Policy & planning
Agency & capacity

Climate (average
temperature)

Local resources
Geography
Building characteristics

Urban density/
urbanization degree

Transport forms

Existing infrastructure

Reuse & recycling make waste and overconsumption visible

(1)

People who are informed of how much they waste they
compost more (1)

Central role of authorities to accompany citizens, raise
awareness, and set the conditions (2)

National laws regarding Circular economy with obligation
for source separation will come into force by 2023 (2)

High costs of separate collection important for Rennes;
budget mostly for collection, not prevention (1)

Enhanced capacity of users & an established framework for
composting are key to the success of composting (2)

Wet weather leads to lots of garden waste (2)

Biowaste is an important local resource. Rich soils in
Brittany, susceptible to N & P leaching due to livestock (1)

Proximity of agricultural land/ outlet. A radius of 30-50 km
for the valorization of biowaste (1)

Apartments vs houses with garden (2)
Dense, urban city center vs rural areas in periphery (1)

None

Need to feed existing digesters (1)
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Drivers for Future vision : Transformation

Power Capital accumulation, Private actors prefer big perimeters & infrastructure for
flows of wealth high investment (1)
n Rural-urban relationships  Digestion mostly used to hide the problem of manure &

presented as a green solution (1)
Intra-urban inequalities /  Need for more and different solutions, according to the

social differentiation citizens’ need (not everyone can or wants to compost) (1)
Power relations & Citizens feel like their voice is not heard (1)
conflicts

5.3 Identifying main drivers and influences

In parallel with the development of the metabolic model of the biowaste flows in Rennes, we
compiled an inventory of the drivers of these flows based on the analysis of our stakeholder
interviews and of public documents. We were able to identify drivers in all the categories listed
in Table 1 and section 3.2 except for demographics (see Table 2 for representative examples
of the different drivers and Table S6 for the full list). This is probably because the influence of
demographic drivers on the urban metabolism is obvious (e.g. an increase in population
increases total material consumption) and almost impossible to influence (i.e., the socio-
demographic characteristics of households, such as size or education level). In general,
however, the eight categories of drivers proved to be a useful framework for the compilation
of the inventory.

Political and cultural drivers, especially environmental awareness, educational campaigns, and
policy & planning, were frequently mentioned during stakeholder interviews and in the public
documents. These drivers reflect the emphasis on waste prevention of the RWS, and thus on
the role that citizens/consumers will have to play in implementing the strategy. In fact, raising
awareness and providing training and resources to citizens is central to how Rennes Métropole
sees its role in waste management (Rennes Métropole 2022c), in addition to providing waste
collection services. This emphasis on individual action is logical when the focus is on
household waste, but at the same time it obscures the ways in which decisions and actions
upstream of the consumer (e.g. packaging, retail options) could reduce waste at the household
level.

The discourse of local authorities in the various reports and policies we analyzed emphasizes
politics and technology (see Table 2). On the other hand, stakeholders were more inclined to
discuss drivers related to power. They pointed to tensions and conflicts between actors,
neighborhoods and territories, such as the unwillingness of some powerful industrial actors to
adopt more environmentally sound practices, or the current waste tariff system that favors
wealthier classes and perpetuates inequalities. Stakeholders also discussed power relations

between different actors and highlighted the need for territorial complementarity, as well as
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Figure 4 Flows of household organic waste in Rennes Métropole in 2019 (kt/y of fresh weight) and link to some
of the drivers identified from interviews and document analysis. For an interpretation of the icons next to the
drivers’ boxes, which represent the category of the driver, see Table 2. AD: anaerobic digestion; DtD: door-to-
door; OFMSW: organic fraction of municipal solid waste; Rec.: Recycling; Compost pl.: Compost platform

the need to reduce inequalities and to implement citizen-centered infrastructure. Although the
variety of drivers related to power & inequalities was inevitably stimulated by the type of
questions we asked during the interviews, it was precisely by asking these questions that we
were able to get such a rich engagement with socio-political and territorial issues, beyond the
typical technological drivers.

5.4 Towards a critical drivers/flows framework

Having applied the proposed framework to the case study, we can confirm that it is a useful
tool to identify a wide range of drivers, and to locate blind spots in the strategies designed by
public and private actors. In a final step, we have tried to combine the two main results of the
case study and to outline the links between the drivers and the metabolic flows (Figure 4).
Drivers can influence the urban metabolism in different ways: they can affect the quantities of
flows (e.g., wet weather in Brittany favors the generation of green waste), direct flows in
specific ways (e.g., educational campaigns can motivate more people to compost), or influence
the nodes of the system (processes), which then will attract and distribute flows differently
(e.g., the proximity of agricultural land or the preference of strong economic actors for
centralized treatment processes).

Combining drivers and flows in the same visualization can help stakeholders to identify key
drivers and leverage points towards desirable future states, and to draw the trajectories

towards these states. It can also reveal causes of resistance to change, e.g. power struggles
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and inequalities that are usually not addressed in metabolic models. This way, such a
combined analysis can allow for transformational future visions to emerge and trajectories
towards them to be designed and implemented. Future research on the application of the
proposed framework would allow to further appraise its usefulness and applicability, and result

in more actionable, solution-oriented urban metabolism research.

6 Conclusion

In this study, we analyzed the literature on the drivers and future states of urban metabolism,
and proposed a framework for developing this line of research. We highlighted the lack of, and
need for, engagement with radical future visions of UM, beyond business as usual. To achieve
this goal, we propose the systematic identification of the drivers of UM, and their critical
examination under the lens of the power conflicts and inequalities played out in the city. We
argued for studying the drivers from the perspective of leverage points, i.e., moving beyond
drivers as explanatory variables of the current situation, to drivers of change, i.e., factors with
the potential to leverage transformative change. Engaging with questions of power and
inequalities, including capital flows or the unequal distribution of power in territories, can help
to understand and mobilize deeper leverage points. Radical future visions of cities should
account for these deep systemic root causes of the way urban metabolisms develop and
function, as well as for the accelerating crises of the Anthropocene, e.g., the climate crisis, the
decline in soil fertility, or persistent inequalities (see for example (Crownshaw et al., 2019;
Kemp et al., 2022). No matter how dire, it is necessary to engage with these realities, to be

able to develop realistic, transformative visions for the future of cities and beyond.
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