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A B S T R A C T

This research article conducts a comprehensive literature review on the concept of urban metabolism (UM), with
a special focus on the transition from a linear to a circular model. In the context of climate change, increasing
urbanisation, and resource depletion, cities are recognised as playing a crucial role in environmental sustain-
ability. A bibliometric analysis of scientific literature shows an increasing interest in circular UM as a compre-
hensive approach to managing energy and material flows in urban settings. This article aims to further explore
the transition from a linear to a circular model by reviewing the evolution of the urban metabolism concept, its
key components, and relevant case studies from cities that have successfully implemented circular strategies. By
identifying barriers and challenges cities face in adopting circular practices within their urban metabolism, the
article proposes recommendations to overcome these obstacles. Furthermore, it examines the interrelationships
between circular UM and the Sustainable Development Goals (SDGs), particularly in terms of sustainable urban
planning and energy transition. However, important challenges remain, such as the lack of standardised and
accessible data that hinder comparisons between cities and their evolution. Finally, future lines of research are
proposed that focus on the integration of new technologies, such as artificial intelligence and neural networks, as
well as the development of circular urban models that can tangibly measure their impact on climate change. This
review provides a comprehensive overview of the current state of the art of UM while enriching the existing body
of knowledge on emerging trends in this field.

List of abbreviations
EF ecological footprint
ENA ecological network analysis
EU European union
GDP gross domestic product
LCA life cycle analysis
LEAP low emissions analysis platform
MFA material flow analysis
MoC metabolism of cities
PNIEC national integrated energy and climate plan (Spain)
SDGs sustainable development goals
UM urban metabolism
UNA urban network analysis
WOS web of science

1. Introduction

Today, concern about climate change and its consequences is a fact.
Human activity is one of the main factors in the depletion of natural
resources, as the economic development of our society requires
increasing energy consumption. This increase in energy demand con-
tributes directly and indirectly to global warming. Between 1970 and
2017, almost 2.5 trillion tonnes of materials were extracted and used,
with higher income countries being the most responsible due to the
excessive use of materials accumulated at around 74 % [1]. In addition,
more than half of the world’s population is concentrated in cities, which
occupy only 3 % of the earth’s surface, but are directly responsible for
two-thirds of global energy consumption and 75 % of carbon emissions,
according to the United Nations (2023) [2]. Cities concentrate on human
activities and represent an important interface between natural and
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socio-economic systems. Therefore, unsustainable urban development is
generating serious ecological and environmental problems [3]. >50 %
of the world’s inhabitants have lived in cities since 2008, and this pro-
portion is projected to increase to almost 70 % by 2050 [4,5]. As a
consequence, energy demand exceeds global energy needs by
three-quarters, resulting in between 71 % and 86 % of greenhouse gas
emissions occurring in urban areas [6–9] Due to this situation, high-
lighted by the various scientific reports of the recent COP28 in Dubai
[10], and in order to avoid planning cities subject to energy shortages,
energy policies need to be revised [11].
Since cities exchange resources and energy with their environment,

they have sufficient autonomy to plan energy consumption in different
sectors (transport, industry, services…) and to manage the waste caused
by this energy consumption [12]. Researchers compare this environ-
ment to a large-scale organism, and its urban metabolic processes (UM)
can be examined using approaches similar to those used to analyse
natural organisms and the ecological systems in which they reside. This
analogy facilitates the understanding of UM as an essential tool in the
promotion of sustainable cities and communities. UM enables the
analysis of energy resources and is defined as ‘the sum total of technical
and socio-economic processes that take place in cities to manage growth,
energy production and disposal’ [13].
Research agrees that urban size is positively correlated with energy

consumption, as larger cities tend to have higher levels of economic
development, population density and traffic demand, all of which
contribute to increased energy use [14]. This phenomenon is not unique
to one region; studies in various contexts, such as China, have shown
that urban land-use patterns significantly impact energy consumption
levels, suggesting that effective urban planning is crucial for sustainable
development [15]. In addition, urbanisation is linked to increased de-
mand for water and food, as cities require large amounts of resources to
support their growing populations.
Waste generation is another critical aspect of urbanisation. In

Bangladesh, for example, urban centres produce approximately 8000
tonnes of solid waste daily, with Dhaka contributing about 70 % of this
total [16]. Similarly, in Ghana, urban areas generate large volumes of
waste, mainly composed of putrescible materials due to household
consumption patterns [17].The rapid growth of urban populations in
developing countries is expected to exacerbate waste management
challenges, with projections indicating that global municipal waste
generation could increase from 1.3 billion tonnes in 2012 to 2.2 billion
tonnes by 2025 [18].
Moreover, the composition of waste generated in urban areas often

reflects the socio-economic conditions of the population. For example,
urban residents in low-income countries produce between 100 and 200
kg of solid waste per person annually. Although this amount is lower
than that in high-income countries, it still poses significant disposal
challenges due to rapid urbanization [19]. In many cities, the informal
sector plays a critical role in waste management, highlighting the need
for inclusive governance strategies that engage diverse stakeholders.
From a practical perspective, urban metabolism (UM) research en-

tails comprehensive measurements of the inputs, outputs, and storage of
energy, water, nutrients, materials, and waste within an urban area. The
origins of UM research can be traced back to 1965, beginning with the
groundbreaking work of Wolman [20]. Since then, its theoretical
foundations have developed, expanding its scope from local to global
contexts. Furthermore, the examination of urban metabolism is
increasingly acknowledged as an essential aspect of initiatives aimed at
urban sustainability in future cities, where "the city reintegrates into
nature and nature into the city."[21].
The concept of urban metabolism (UM) allows the analysis of energy

and resource flows in urban environments at different geographical
scales: cities, regions and the global level. According to Beloin-Saint
et al. [22], multi-scale analysis is essential to understand the role of
cities in sustainable development [23]. The first level focuses on the
political boundaries of cities, but this restricted approach may omit

relevant impacts occurring beyond their borders [24]. The second level,
at the regional level, examines the connections between cities and their
immediate surroundings, while the third level analyses the overall
impact of urban activities, which provides a more holistic view,
although often difficult to pin down due to a lack of detailed data [25].
It is crucial to focus the literature review on cities, as they serve as an

ideal context for implementing sustainable strategies that could be
replicated at other scales. Cities present the opportunity to study inter-
nal dynamics and their interaction with the environment, while aligning
with policies such as the National Integrated Energy and Climate Plan
(PNIEC) 2021–2030 and Regulation (EU) 2018/1999, which promote
the transition towards more sustainable and circular economies at the
local and regional level. This potential for replication offers hope for a
more sustainable future.
Given the significant impact cities have on the environment, it is

proposed that cities should not maintain a linear metabolism, but rather
should exploit and maximise the use of inputs and outputs. Circularity is
considered a fundamental approach for cities that want to measure and
assess their level of metabolism. This emphasis on the role of cities in the
transition to circularity empowers them to be integral to the process of
urban sustainability [26].
Urban transformation brings about economic, environmental and

social change, which puts the philosophy of the Sustainable Develop-
ment Goals (SDGs) at risk. In particular, SDG 11 (which aims to make
cities inclusive, safe, resilient and sustainable) and 12 (which aims to
boost sustainable consumption and production) [27]. At the European
level, Regulation (EU) 2018/1999 of the European Parliament and of the
Council of 11 December 2018 on the governance of the Energy Union
and Climate Action sets the framework for ensuring that Member States
contribute to the Energy Union objectives and meet the commitments of
the Paris Agreement. This regulation reinforces the need to implement
national plans such as Spain’s National Integrated Energy and Climate
Plan (PNIEC) 2021–2030, which sets a target of a 23 % reduction in
greenhouse gas emissions by 2030 in line with the EU’s energy transition
towards a circular, low-carbon economy. This plan promotes an econ-
omy that is not based solely on GDP growth but aims to optimise human
well-being and the planet’s.
The circular and sustainable economy, as discussed at the European

Commission conference ‘Cities & Regions drive forward Europe’s cir-
cular transition’, is designed to meet human needs by creating multiple
benefits for people and the environment. In this way, initiatives such as
the PNIEC integrate the principles of environmental and economic
sustainability, which are key to a green transition at both national and
European levels [28].
Recent studies have enriched the perspective of urban metabolism in

relation to energy. For example, Batinge et al. [29] highlighted the role
of innovative energy services in urban contexts to improve energy se-
curity, with a special emphasis on the inclusion of gender-sensitive in-
novations in urban laboratories. Acevedo-De-Los-Rios [30] pointed to
the interconnection between energy and food flows in informal settle-
ments through assessments of urban metabolism and urban agriculture.
Esfandi [31] explored how advanced technologies, such as artificial
intelligence and renewable energy sources, are transforming the dy-
namics of energy metabolism in cities.
In the following pages, the methodology used to carry out the liter-

ature review on urban metabolism is described in detail. This is followed
by a historical evolution of the concept, as well as a bibliometric review
highlighting the most relevant studies in this area. In addition, the
transition from a linear approach to urbanmetabolism to a more circular
and sustainable vision is addressed. Case studies and examples of the
implementation of circular strategies in cities around the world are
included, providing a solid basis for understanding the challenges and
opportunities in sustainable urban management.

L. Galán-Cano et al.



Results in Engineering 25 (2025) 104278

3

2. Methodology

The current research will employ a methodology that involves
consulting globally recognised bibliometric databases, such as the Web
of Science (WOS) and Scopus. These databases provide a robust source
of relevant information for the field of study. This approach allows us to
focus on significant types of scientific literature, including articles
published in journals, conference proceedings, and book chapters. The
methodology includes a systematic literature review across various da-
tabases, concentrating on the evolution of the concept of ’urban meta-
bolism’ and the diverse approaches present in current studies. Similar
methodologies have been applied in other high-impact scientific articles
to create concept-based classifications using different databases in fields
such as health or green infrastructure, which enable the categorization
of application contexts, methods, or terminologies [32,33].
Recent studies such as Batinge et al. [29] andAcevedo-De-Los-Rios

[30] have used systematic reviews to analyse the role of energy services
and urban agriculture in energy metabolism, highlighting the need for
integrated methodological frameworks that address urban complexities.
The process will consist of collecting all scientific papers related to

urban metabolism by filtering those related to environment and urban
studies. The path will be from where data exists until December 2023
with emphasis on the number of publications, countries and the evolu-
tion of the concept throughout the process, i.e. starting with a simpler
methodology to carry out a statistical study and ending with a more
systematic literature review methodology to analyse the concept and
trends of the study [34]. It can be broken down into the following graph
(Fig. 1):
The open-source software Vosviewer.exe is introduced to facilitate

the work of analysing results as it consists of a network visualisation
software that will allow us to create bibliometric maps from the
bibliographic data that we obtain. It is quite popular as it allows us to
analyse and visualise scientific information based on citations, co-
citations, collaboration between authors and the evolution of research
topics. In conclusion, it will help us to identify patterns and relationships
while working with a large volume of data. [35].

3. Evolution of the UM

3.1. Bibliometric analysis of the term ‘urban metabolism’

Urban Metabolism can be discussed in a broad context, with some
authors connecting it to cities, biology, and various other scientific
fields. Consequently, when utilising prominent bibliometric search en-
gines like Web of Science (WOS) and Scopus, we find 24,099 and 7504
results, respectively. To hone in on the specific concept pertinent to this
study, a historical review of the concept and its scope has been deemed
essential (Fig. 2).
Therefore, in order to identify the concept that interests us in this

study, it is necessary to refine the search by adjusting it to the topics of
interest, and to the themes that are related to environmental sciences,
urban studies, or sustainable development. In the case of the Web of
Science, we will search by Topic (TS=‘Urban Metabolism’) and focus on
areas related to urban studies, energy, and cities, as well as focusing on
articles, books, and conferences. The result is a total of 912 documents
from the WOS database. As for the Scopus database, using the same
search specifications, it records about 1020 papers related to urban
metabolism.
The first report of citations and publications can indicate at a glance

that there is already a direct link to the growing interest in urban
metabolism in the decade 2010–2020 due to the need to understand and
manage material and energy flows in cities in order to analyse and
optimise the use of resources in cities. Furthermore, given the entry of
the SDGs in 2015 and their entry into force in 2016, it can also be
indicated that this has been key in the growing development of knowing
more about the environment of cities.

This study will concentrate on a fundamental analysis that sheds
light on research areas pertinent to urban metabolism. In both data-
bases, the predominant research fields are associated with environ-
mental sciences, engineering, social and technological sciences, energy,
agriculture, and economics. Areas such as computer science, mathe-
matics, and chemistry are represented to a lesser extent (Fig. 3).
As the data is filtered, it becomes evident that it is necessary to refine

the bibliometric analysis in order to provide more detail. For this pur-
pose, we make use of the free software ‘VOSviewer’, which was intro-
duced earlier [36]. In this case, it has been used to analyse relationships
in scientific journals, between authors and co-authors, and between
countries. In addition, it also serves to analyse the most relevant key-
words among the analysed documents.
From the analysis of the keywords, urban metabolism stands out,

followed by industrial ecology and sustainability. It is interesting to note
that the term circular economy is also beginning to appear, which will be
discussed later because it plays a vital role in urban metabolism.
Among the countries with the most cited papers, China (193) and the

USA (175) (whose names in Fig. 4 should appear between Italy and
Canada) stand out. We can distinguish 5 clusters that share common
citation characteristics.
It is also worth noting that an analysis by bibliographic coupling and

Fig. 1. Steps to follow in order to carry out the work methodology. Source:
Own elaboration.
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sources has been carried out to examine how scientific documents are
related to the main sources or journals. Thus, the journals with the most
documents are the Journal of Industrial Ecology, the Journal of Cleaner
Production, and Sustainability, with the first two being the ones with the
most citations, while the third is in seventh place (Fig. 5).
Between 2022 and 2024, recent studies have pushed the boundaries

of urban metabolism. Umoh [37] synthesised policy and case studies on
incorporating energy efficiency into urban planning, highlighting its
relevance for resilient and low-carbon cities. On the other hand, Gui-
brunet and Jimenez [38] revealed important gaps in the consideration
of food flows in urban metabolism studies, reinforcing the need for an
integrated approach that encompasses energy and food. These data
include up to the end of 2023, while in 2024 about 85 more documents
were published according to the Scopus database and the search criteria
followed, the area with the most publications being environmental sci-
ences with a number of 100 citations as they are still recent publications.

3.2. Conceptual development

Once the bibliometric analysis has been completed, it is necessary to
take a historical overview (Fig. 6) to understand how the concept has
evolved. It is well known that the concept of urban metabolism was
proposed by Abel Wolman in 1965 [20]. However, the first organic
comparisons with the city appeared in the 17th century thanks to
medical advances based on work on circulation, respiration and the
nervous system. This work was carried out by authors such as William
Harvey, Thomas Willis and Albrecht Von Haller [39].
In the 19th century, with the emergence of the neologism, Karl Marx

first spoke of social metabolism when referring to the flows between the
economic system and the natural world [40]. Although the notion of
social metabolism remained in the background until the second half of
the 20th century, several theoretical advances were made during this
period, such as the input-output method of the economist Wassily W.
Leontief [41].
From the 20th century onwards, three distinct periods emerged with

Fig. 2. WOS and SCOPUS publication and citation reports. Source: Own elaboration.
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respect to the study of urban metabolism: from 1965 to 1980, from 1981
to 2000, and from 2000 to the present. In the first period, Abel Wolman
initiated the study of the concept of urban metabolism in 1965, based on
a quantitative analysis of a hypothetical American city of one million

people. He used national-scale data on water, food, and fuel consump-
tion, along with rates of sewage, waste, and air pollutant generation, to
calculate per capita inflow and outflow rates. [42]. The first practical
research using material and energy flow analysis methods was carried
out in the 1970s. These studies took place in Miami, Tokyo, Brussels, and
Hong Kong [43–47].
Following the quantitative study approach, H.T. Odum laid the

foundations for quantitative analysis in urban metabolism. He also
introduced the concept of ‘emergy’ [48], which allowed him to compare
different types of flows, whether material or energy, through the
application of a coherent system of units in the context of the city of
Miami. Odum also applied his method in Paris, following Zucchetto’s
study [44] and using data provided by Stanhill [49]. The difficulty in
Odum’s vision lies in the use of solar energy as a universal measure, as
conventional units used by urban planners are more familiar and un-
derstandable to them. In the realm of urbanmetabolism, the mainstream
adopts the measures that local officials use in their daily work, thus
facilitating communication and decision-making. Although Odum
advocated solar energy as a global metric, in practice, it is crucial to find
a balance that allows more holistic concepts to be incorporated without
losing the connection to the everyday units of measurement that prevail
in the governmental sphere. In this early period of research, authors
such as Duvigneaud and Denaever-De Smet, and Kalma and Aston,
among others, were also prominent in material flow analysis [46,
50–52].
Since the approach proposed by H.T. Odum, research on urban

metabolism has slowed down. From the 1980s onwards, a boom period
in research began, and researchers developed new methods, resulting in
greater difficulty comparing the results of studies using different ap-
proaches [53–57]. Other researchers followed with a different approach,
applying material flow analysis (MFA) to account for resource flows
[50–54]. This stage also saw the publication, in 1987, of the Brundtland
Report by the WCED (World Commission on Environment and Devel-
opment), which introduced the concept of sustainable development and
led to the first studies incorporating this concept [58,59] . For example,
between 1991 and 1996, Baccini and Barder wrote books on regional
material flow analysis. This new MFA perspective differed from Odum’s
approach in that it measured resource flows in terms of mass.
Subsequently, environmental scientist Girardet laid the groundwork

for future methodologies by analysing the interaction between urban
metabolism and the development of sustainable cities. [60,61].
In one of his research papers, Newman developed a model of live-

ability in Sydney, Australia, thereby increasing the frequency of case
studies examining material flows in cities [62–64]. Some of these studies

Fig. 3. Most common research areas of search databases. Source: Own elaboration.

Fig. 4. Citation-country relationship. Database: Scopus. Source: Own elabora-
tion [VosViewer].

Fig. 5. Source-citation analysis. Database: Scopus Source: Own elabora-
tion [VosViewer].
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Fig. 6. Timeline of the historical evolution of Urban Metabolism. Source: Own elaboration.
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were initiated by the European Union in cities such as Prague, Sweden,
Switzerland and Vienna. In addition, Newman proposed a metabolism
model that included indicators of health, employment, income, educa-
tion, housing, leisure and community activities, i.e. he introduced the
concept of quality of life. Finally, at this stage, ecological footprint
analysis was also introduced to further advance urban studies, while
other authors closed this period of booming research [65–105].
Analyses of material and energy flows have primarily been concep-

tual, making it challenging to compare various urban metabolisms.
Consequently, there is a crucial need to establish a standardised meth-
odology to evaluate these flows and delineate the fundamental data
requirements, enabling researchers to utilise them in a clearer and more
consistent manner.
From the 21st century onwards, the approach to the study of UM

began to become more consistent. Current research is distinguished by
the emergence of models that allow for the temporal analysis of urban
metabolism, as well as by the broadening of the concept to achieve a
deeper understanding of its complexity [106]. For example, in 2007, the
Journal of Industrial Ecology and the American Geophysical Union
organised and published conferences on urban metabolism. Addition-
ally, more reports on urban metabolism were carried out, providing a
basis for identifying different urban characteristics and formulating
management tools and standards [107–116].
Several Australian researchers examined the impact of urban meta-

bolism on residents’ well-being [117,118]. A particularly relevant study
at the time was conducted in Hong Kong, where the relationships be-
tween urban development and environmental impact were analysed as
the city transitioned from a manufacturing to a service-based economy
[119]. The findings suggest that the increase in Hong Kong’s urban
metabolism appears to be closely related to the increase in urban pros-
perity and growth in consumption levels. This highlights the importance
of understanding urban metabolism in studies focusing on urban
development. The relationship between economic growth, increasing
affluence and the resulting increase in consumption patterns can have a
significant impact on resource demand and waste generation in urban
settings. Therefore, understanding urban metabolism becomes essential
to address the challenges associated with sustainable development and
efficient resource management in cities such as Hong Kong [120].
The concept of urban metabolism also finds relevant applications in

research on water consumption in urban settings. For example, Gandy
explores the connection between urban water metabolism and spatial
transformations in urban areas [121]. Theriault and Laroche’s study in
Canada addresses urban water metabolism, focusing on issues such as
water availability, supply and treatment infrastructure, as well as con-
sumption patterns [122]. In his analysis of water metabolism in Arizona,
Baker examines how specific environmental characteristics, such as
Arizona’s arid climate, affect urban water demand [123].
In 2007, Kennedy et al. researched and examined the progression of

urban metabolism analysis, incorporating studies on London, Cape
Town, and Toronto [124–126] Research on urbanmetabolism continued
to grow in cities such as Geneva, Paris, and Los Angeles [127–151].
Since 2010, research has gradually advanced by focusing on specific

cities and areas, such as Anhui Province, Sichuan Province, Shanghai,
Chengdu, Yulin, Liaoning Province, Shandong Province and Shi-
jiazhuang [152].
According to Kennedy et al., the scope of research has been highly

varied, from linking urban metabolism to the appropriation of ecosys-
tems by cities [153], to differences in greenhouse gas emissions in cities,
to the accumulation of toxic materials in urban construction [154].
Moving further back in time to focus on a more recent period, some

of the most cited research related to the study of energy and material
flows in large and complex cities shows that, while policies that pursue
resource efficiency may be successful, flows are influenced by urban
form, economic activity, scale effects, and so on [155–159]. The concept
of urban resilience is also used to address the complexities and dynamics
that vary with scale and time, making it a useful term for addressing

sustainability issues [160]. Additionally, other researchers focus on
urban social metabolism through case studies in various cities (such as
Beijing and Barcelona) and theoretical models, exploring sustainable
development, material and water flows, as well as ecological conflicts
and resource valuation, with a focus on understanding the dynamics
between natural and urban systems to improve sustainable planning and
management [161–176].
In our study of conceptual evolution, we have observed notable ad-

vancements in research. We have not only investigated the in-
terconnections between water, energy, and material use (UM), but we
have also developed complementary tools and methodologies related to
life cycle analysis [177–183]. This progression has facilitated the crea-
tion of indicators aimed at promoting more sustainable management
and understanding spatial patterns [184–191]. By the end of the
2010–2020 decade, we witnessed the emergence of inter-regional ap-
proaches designed to enhance sustainability, setting the stage for future
developments in the field of UM [192–196].
Continuing the journey to the time period between 2020 and 2023,

we can conduct a word analysis where ‘urban’, ‘metabolism’, and ‘cities’
continue to stand out among the top three according to their frequency
of use. Some studies highlight the combination of the circular economy
with urban metabolism to promote the efficient use of resources, espe-
cially in the construction industry, but note that the concept has not yet
been promoted on a large scale and that the development of a
comprehensive framework for integration and methodology is necessary
[197]. Among these studies, some focus on the carbon footprint,
concluding that about 88 % of physical carbon is imported from outside
urban boundaries [194], while others combine Internet of Things (IoT)
and big data technologies for smart cities and their planning to build
sustainable urban environments [195]. Additionally, some studies focus
on waste management, developing methods to estimate waste in order to
advance a circular economy and valorise recycled materials for strategic
waste management planning [196,197]. Finally, there are studies that
analyse how urban metabolism relates to the circular economy and
current environmental policies, such as the ‘European Green Deal’ [198,
199].

3.3. Methodological study of the UM

Initially, UM studies used simple approaches such as ‘black box’ and
input-output accounting. This was certainly a precedent for future
studies, but over time a more detailed analysis was needed that included
aspects such as production, consumption and mobility in urban systems.
This helped to understand ecological processes, environmental impacts
and the inner workings of urban systems. Thanks to a bibliometric
analysis of co-occurrence by keywords, it is possible to determine how
closely the different methodologies are associated with the scientific
literature.

3.3.1. ‘Emergy’
In the research, most studies have used the concept of ’emergy’

(Fig. 4), as well as other terms such as ’emergy evaluation’, ’emergy
synthesis’, or ’emergy analysis’, and have built models that describe in
detail how the system is organised and how its parts are related (i.e. the
causes and effects of energy and material flows). Some of these models
have also considered the evolution of the system’s ecological thermo-
dynamics, allowing for more realistic simulations.
The concept of ’emergy’ (Odum, 1980) measures energy as the

number of equivalent units of solar energy provided by natural and
human activities in an ecosystem [200–203]. It was still a quantitative
tool that encompasses all forms of energy in a system, with solar energy
being the primary one used to measure all others, and is expressed in
units of solar energy [203–205].
This methodological concept marked the beginning of the develop-

ment of urban metabolism in cities. So much so that the concurrence
map by keywords shows only 42 occurrences in the 1020 documents
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analysed in Scopus, mainly due to the fact that this methodology must
analyse input flows, processes, and storage [206–208], and therefore
requires a standard measure to express all urban processes. This created
several difficulties in combining or comparing materials and energy,
leading researchers to turn to energy and material flow analysis, which
already focused on quantifying as many material and energy flows as
possible in an urban system without worrying about the units of mea-
surement used [209–211].

3.3.2. Material flow analysis (MFA)
It arises as a counterpoint to Odum’s ’emergy’, but cannot be un-

derstood without it. This approach focuses on the existence and flows of
resources in terms of mass [21] rather than energy. It proves most useful
in quantifying urban metabolism at the national or local level, as
observed in the concurrence map, where it is mentioned up to 112 times
in the analysis performed.
The popularity of this methodology grew so much that, in 1971,

UNESCO led researchers to analyse the situation in cities such as Rome,
Barcelona, and Hong Kong [212,213]. In studying these cities, an
ecosystem approach was adopted, and researchers examined urban
metabolism by viewing cities as both resource consumers and waste
generators. Particular attention was paid to the interactions between
nature and human activity, identifying the intricate relationships and
material flows within the urban system [214].
During the 1990s, its application to cities grew, with works such as

Metabolism of the Anthroposphere by Baccini and Brunner (1991),
focusing on the analysis of material flows at the regional level. This work
was the first approach to the mainstream of the urbanmetabolism school
and was significantly enriched by Warren-Rhodes and Koenig (2001)
through its application in Hong Kong.
The main problem with the methodology was its conceptualisation

[215]. This conceptualisation made it difficult to compare different
urban metabolisms and, therefore, limited progress in the field of
research. The need then arose to create a standardised methodology for
accounting material and energy flows, and for researchers to begin
integrating the vast body of available knowledge [216].

3.3.3. Network models
Enter the year 2000, and the UM methodology shifts to a more

resilient approach where researchers introduce new concepts such as
energy and water analysis and the study of megacities [217–219]. This
methodology laid the foundations for identifying urban characteristics,
developing tools, and establishing management standards, facilitating
collaborative research and enabling the practical application of urban
metabolism. With this approach, network models emerged that go
beyond the black box model, as they consider internal system processes.
Additionally, these are multidisciplinary models, applied to the meta-
bolic analysis of water, energy, and materials.
Although the models had this multidisciplinary quality, it is true that

there is a need for more spatially explicit analysis [220]. A combination
of approaches is now being sought to study individual cities in order to
obtain information to analyse the region surrounding that city.

3.3.4. Input-output analysis: simulation modelling
Currently, to analyse the concept of urban metabolism, particularly

regarding energy, various simulation and optimisation models have
been developed. These models integrate policy scenarios with specific
parameter values to enhance their accuracy. Additionally, case studies
are utilised to support the simulation results.
These models are based on the economic input-output analysis

developed by Wassily Leontief and can be applied using software
designed for this purpose. A clear example of such software is the Low
Emissions Analysis Platform (LEAP) [221]. This tool is designed for
planning energy alternatives over the medium to long term and is
valuable for studying urban metabolism and the energy prospects of a
city. Metabolism of Cities (MoC), Urban Network Analysis (UNA),

CityScope, and CityInSight are also software platforms whose purpose is
the aforementioned planning and optimisation of urban development by
providing analysis that allows for the evaluation of material, energy, and
resource flows in urban environments.
These models represent a perfect opportunity for the analysis of

urban metabolism in cities, as it is not yet widespread in the literature.
The concurrence map shows up to 18 occurrences in the 1020 papers,
with a total of 122 papers mentioning this analysis, including some of
the most cited ones, which manage to unify the urban use of energy and
water in Beijing to study the impacts of different sectors such as agri-
culture, transport, and construction [222].

3.3.5. Life cycle analysis (LCA)
This type of analysis is found in up to 263 documents out of 1020

studied and is a keyword with up to 36 occurrences in the map studied,
indicating that it is a very hot topic among researchers. Historically, it
has been studied as applied to products, but in the context of urban
metabolism, it is mainly used to assess the environmental impacts of
material and energy flows within cities and thus identify at which stages
of the life cycle improvements can be implemented to reduce the envi-
ronmental impact [223,224]. Nowadays, there is also some software
such as open LCA (https://www.openlca.org/) to study environmental
impacts or even the leader in life cycle analysis systems such as
‘Simapro’ [225].

4. Transition from a linear urban metabolism to a circular urban
metabolism

Modern cities have a linear urban metabolism, which means that
products and waste are not reused and do not contribute to sustaining
the environment. This contrasts with the circular metabolism of nature,
where every product produced by an organism is transformed into an
input that sustains and nurtures the environment. The current linear
pattern of production, consumption, and disposal in our cities does not
account for sustainability, nor does it recognise the interconnectedness
of inputs and outputs. In contrast, the circular metabolism seen in nature
ensures that products and waste are reused, contributing to environ-
mental balance and sustainability [211].
According to Zhang et al. [226], an urban system is not simply a built

space subject to planning or management; rather, it should be consid-
ered as a ‘superorganism’ in which its metabolic processes need to be
regulated [227]. These processes generate and alter flows that are dy-
namic and recurrent. Understanding how these flows change over time
allows planners to reduce waste generation and improve waste treat-
ment and reuse in cities.
Given the negative impact cities have on the environment, it is

suggested that cities adopt a more sustainable approach, rather than
following a linear resource use model. This involves making the best use
of resources and inputs, maximising efficiency in product use, mini-
mising waste generation, and promoting reuse and recycling. From a
sustainability perspective, circularity is recognised as essential, partic-
ularly for cities seeking to quantify and analyse their rates of con-
sumption and production. This means that cities are prioritising reuse
and recycling, not only to alleviate pressure on natural resources but
also to gain better control and understanding of how resources are
managed within their urban environment [228].
When analysing circularity in the functioning of cities, it is crucial to

address the concept of the circular economy. This approach presents a
valuable opportunity for production and consumption in both urban and
near-urban areas, offering significant advantages for the sustainable
development of cities [204].
The importance of this concept is such that it has led to the devel-

opment of eco-industrial parks to significantly encourage the reuse of
waste by partner companies, inspiring a new approach to urban sus-
tainability [229,230]. This transforms what would otherwise be a
pollution problem into a valuable resource.

L. Galán-Cano et al.
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The relationship between simulation models and circularity in urban
metabolism is that as researchers have incorporated circular metabolic
flows, simulation models have become more effective in representing
and understanding how cities function from a circular perspective.
Circular metabolic flows are essential in the circular economy, as they
involve the reuse and recycling of resources rather than a linear use-and-
dispose approach [231].
Girardet was based on the idea of a cyclical model of urban meta-

bolism. His perspective recognises that a linear approach—from the
input of environmental resources into a city to the production of goods
and the generation of waste—does not adequately reflect how natural
systems interact and affect the Earth’s life-support balance [232]. In
2007, Brunner strongly emphasised the importance of metabolic pro-
cesses for a city that prioritises recycling. These processes have been
studied from two distinct perspectives: management, which focuses on
how material flows in the city are managed and optimised; and meta-
bolic activity, which focuses on how the city uses and reuses its re-
sources in a sustainable manner. Both perspectives are crucial for
understanding and moving towards a more efficient and environmen-
tally friendly city [216,233].
The shift from a linear to a circular urban metabolism requires the

establishment of circular urban systems. This transformation necessi-
tates the adoption of new technologies, the modification of material
flows, changes in organisational practices, and the adaptation of in-
stitutions. The challenge lies in understanding how various system-
s—incorporating both social and technological elements—can interact
and evolve in tandem. Additionally, considerations must be made
regarding the adjustment of organisational structures and the coordi-
nation, ideally the simplification, of these processes [234].
Arguing for the concept of circular urban metabolism to change the

way we think about resources and waste in cities is not sufficient to
address the necessary changes. Vernay and Singh [137] suggest four
areas of research: understanding the emergence of circular urban sys-
tems, identifying theories and conceptual frameworks for understanding
these systems, investigating the transition from linear to circular urban
systems, and developing approaches, policies, and implementation
strategies based on knowledge of ecology, innovation, and
socio-technical transitions [234].

Esfandi [31] highlighted the transformative potential of advanced

technologies, such as artificial intelligence and renewable energy, in
urban energy planning. These tools not only improve urban energy ef-
ficiency, but also facilitate the transition to a more efficient circular
metabolism, aligning with urban sustainability goals.
A lot of research is currently being conducted in relation to the

concept of the Circular Economy (Fig. 7). These studies take a holistic
approach, combining several methods, such as Material Flow Analysis
(MFA), Ecological Footprint (EF), Life Cycle Analysis (LCA), and the
Circular Economy simultaneously.

4.1. Circular urban metabolism in the literature

Once urban metabolism was introduced, this literature review has
shown a growing interest in circular urban metabolism. So much so that
we have decided to use keywords related to circular urban metabolism
within the 1020 documents we are analysing: ‘Circularity’ (83 docu-
ments), ‘Circular economy’ (204 documents), ‘Circular Urban Systems’
(5 documents), ‘Circular Urban Metabolism’ (33 documents), and ‘Cir-
cular city’ (42 documents). This already indicates that when we start to
discuss urban metabolism, relationships with circularity begin to
emerge from 2013 onwards. By 2018, the topic started to gain mo-
mentum, with an exponential increase in documents related to the cir-
cular economy (Fig. 8).
Circular urban metabolism aims to provide a more sustainable so-

lution by reducing resource extraction through the regeneration of
materials and resources within the urban system. This concept goes hand
in hand with the circular economy, as both must coexist to achieve their
objectives. When using the keywords ‘Urban Metabolism’ and ‘Circular
Economy’, the range becomes much narrower, suggesting that it re-
mains a topic inviting further innovation, with 2 articles published in
2015 and 42 articles published in 2022, according to the Scopus data-
base. Between 2013 and 2023, a total of 204 articles address the topics
of urban metabolism and the circular economy. Among them, there are
currently 16 articles, 3 of which are the most cited, that review tools for
implementing the circular economy through a collection of strategies
and case studies categorised by scope, strategy, and implementation to
assist in introducing the concept [235], through industrial symbiosis to
enable cooperation between entities and companies to improve profits
and resource management [236], or through environmental reserves

Fig. 7. Diagram of a city’s energy metabolism. Source: Own elaboration.
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and their promotion on social and political agendas, such as those of the
SDGs in the 2030 Agenda [236]. Both concepts give rise to circular
urban metabolism, which aims to investigate how urban flows interact
with the environment in order to redesign them in a more sustainable
way.

4.2. Urban metabolism, circularity and sustainable development goals
(SDGs)

Circular urban metabolism is closely linked to existing energy
planning for the energy transition. The Sustainable Development Goals
(SDGs), adopted by the UN in 2015 [237], also include solutions at the
local level, as cities are vital centres for optimising the SDG agenda to
achieve a transition in the policies, budgets, institutions, and regulatory
frameworks of governments, cities, and local authorities. At the urban
level, the most important SDGs are SDG 7, which seeks to ensure access
to affordable, reliable, and sustainable energy by promoting access to
electricity, the use of renewable energy, clean cooking solutions, energy
efficiency, and financing; and SDG 11, which calls for safe, resilient, and
sustainable cities through circularity-oriented urban planning and im-
provements in public transport.
If we filter for ’Sustainable Development Goal’ in the search of the

1020 documents, we get a total of 85 documents that specifically start
mentioning them from 2016 onwards. In 2020, the number of docu-
ments already exceeds 10, with a growth rate of 88 % compared to 2019
(Fig. 9).
However, one of the questions that arose and needed to be revisited

was whether the entry of the SDGs had changed anything in the way
urban metabolism was approached. The answer is yes, as most of the
articles published up to May 2023 focused primarily on environmental
protection and, to a lesser extent, on sustainable development [238].
Additionally, it is interesting to note that, since 2015, urban sustain-
ability has become an increasingly important topic for researchers. This
brief review of the SDGs not only provided insight into the growing
interest in the topic, but it also highlighted that, in the context of urban
metabolism, several SDGs are relevant, such as SDGs 11 to 15, which
refer to targets for sustainable cities, consumption, climate, and biodi-
versity. This interaction increased the emphasis on environmental

protection alongside human coexistence, with these SDGs outlining
different analyses of energy consumption to regulate sectoral energy use
and facilitate the understanding of sustainable energy practices [239,
240].
The study of urban metabolism is intrinsically related to all the SDGs,

although SDGs 7 and 11 are the most closely linked. The following SDGs
are also relevant:

- SDG 8: ‘Decent work and economic growth’. This goal seeks
sustained, inclusive, and sustainable economic growth by main-
taining per capita economic growth and promoting resource-efficient

Fig. 8. Publications on circularity concepts and SDGs. Source: Own elaboration.

Fig. 9. ODS connections and urban metabolism (map of concurrence by key-
words). Database: Scopus. Source: Own elaboration [VosViewer].
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production. It is linked to the long-pursued goals of eco-efficiency
and sustainable development [145].
- SDG 9: ‘Industry, innovation and infrastructure’. This goal pro-
motes industrialisation, including small industries in medium-sized
cities.
- SDG 12: ‘Responsible production and consumption’. The aim is
to decouple economic growth from environmental degradation
[146], which, when applied to cities, is achieved through efficient
resource management and rational waste management.
- SDG 13: ‘Climate action’. Pollution control in cities can be key to
lowering the pollution rate of larger regions. For example, there are
already plans that define city territories with Low Emission Zones
that affect transport.
- SDG 14: ‘Life belowwater’.Medium-sized cities with seaports have
set targets to control excessive fishing, making sustainable use of the
oceans and contributing to circular urban metabolism.
- SDG 15: ‘Life on land’. As nature is the most obvious example of
circular metabolism, it is necessary to set targets within cities with
natural ecosystems to protect this way of life, which can be useful for
developing an efficient circular model [241].

5. Future UM research

As noted in earlier sections of this review article, research on the
concept of urban metabolism (UM) has evolved from basic models, such
as the black box model—which considers only general input and output
variables—to more sophisticated models that delve into the intricate
functions of the cities or regions being studied.
Despite the advancements made, substantial limitations and gaps

persist in the research surrounding this concept. For instance, the
collection and accessibility of data related to the metabolism of cities
pose significant challenges, hindering the ability to conduct compara-
tive analyses across different regions or to track the evolution of a city
over time [242].
Following several literature review studies on the concept of urban

metabolism, it has been deemed essential to standardise methodology in
order to simplify comparisons between studies, find methods to inte-
grate analysis results, and encourage collaboration between disciplines.
The standardisation of data quantification should be prioritised, as
research is often hindered by issues related to data accuracy and
availability.
After reviewing the literature, three main lines of research are

identified. The first focuses on optimising urban metabolism networks
using multi-objective methods to define feasible solutions, requiring
clear definitions of system nodes and flow dynamics [243]. The second,
as highlighted by Zhang, centres on the impact of carbon and energy
metabolism on climate change, emphasising reducing emissions and
expanding case studies in developing cities [244]. The third line aims to
develop models that incorporate social factors to understand why
certain urban flows are preferred and why some potential connections
remain underutilised, impacting regulatory effectiveness.
In addition to these lines of research, another significant advance-

ment in urban metabolism studies is the integration of Geographic In-
formation Systems (GIS) with material flow analysis (MFA). Liu et al.
developed a GIS-based framework that quantifies urban mass gains and
losses, providing spatio-temporal maps of material stocks and flows
during urbanisation. This approach is particularly relevant in rapidly
urbanising regions, such as China, where significant material inputs and
environmental impacts are observed [245]. Similarly, Peña et al. high-
light the value of spatially explicit data in urban metabolism studies,
arguing that such data can improve urban planning practices by
increasing the efficiency of resource use at the city scale [246].
The application of ecological network analysis (ENA) has also gained

ground in urban metabolism studies. Rosales et al. used ENA to quantify
a virtual water metabolic network in Quito, Ecuador, demonstrating
how this method can elucidate the connections between urban

components and their external environment [247]. This holistic
perspective is crucial for understanding urban sustainability and
resource management. Furthermore, Feng et al. explored carbon meta-
bolism within urban ’production-living-ecology’ spaces, highlighting
the dynamic interactions between different urban functions and their
carbon fluxes [248].
Future lines of research in urban metabolism are likely to focus on

the integration of digital twin technologies with urban metabolism
analysis. Geremicca proposes a framework for applying these technol-
ogies to the monitoring and analysis of resource flows, which could
foster circular economy strategies within urban environments. This
approach aligns with the growing recognition of the need for sustainable
urban practices that prioritise resource recovery and reuse [249].
Additionally, the concept of rural-urban metabolism is emerging as a

critical area of study. Pianegonda et al. advocate for a methodological
approach that considers the interdependencies between urban and rural
areas, emphasising the importance of monitoring and assessing resource
flows across these boundaries to promote sustainable development. This
perspective is essential to address the complexities of urbanisation and
its environmental impacts [250].
Another interesting point to mention within the potential future lines

of urbanmetabolism (UM) research is the application of neural networks
and artificial intelligence (AI) in urban modelling and simulation. This
represents a promising frontier for understanding and predicting future
urban states, especially in rapidly urbanising cities. Recent studies have
highlighted the integration of neural networks with various modelling
techniques to improve the accuracy and reliability of urban growth
predictions.
Neural networks, particularly when combined with Markov models

and cellular automata, have proven effective in simulating urban growth
scenarios. For example, it has been discussed how a neural network-
Markov model can simulate future exposure to urban coastal flooding,
thus assisting in sustainable urban planning by evaluating different
urban expansion scenarios [251]. Similarly, the work of Kamusoko and
Gamba highlights the usefulness of neural networks in capturing com-
plex non-linear relationships in urban systems, showing their potential
in optimising urban growth modelling. This indicates that neural net-
works can not only forecast urban growth but also contribute to the
efficient management of urban resources [252].
In addition, the integration of AI techniques with spatial prediction

models has been recognised as a significant advance in urban planning.
Ranagalage et al. illustrate the effectiveness of combining random for-
ests with cellular automata to predict land use and land cover changes in
urbanised areas, thus supporting sustainable urban development stra-
tegies [254]. This approach is reflected in the findings of Simwanda
et al. [253], who used a neural-Markov network model to simulate
intra-urban land use expansion in Lusaka, Zambia, highlighting the
importance of using remote sensing and geographic information systems
(GIS) to improve the accuracy of urban growth predictions. Such models
are essential for developing urban planning frameworks that can adapt
to changing environmental and social dynamics.
The application of neural networks also extends to specific case

studies, such as the research by Rifat and Liu, which demonstrates the
practical implications of these models for predicting urban growth sce-
narios and potential exposure to flooding in metropolitan areas such as
Miami. This underscores the crucial role of AI in formulating urban
resilience strategies [254].
In summary, urban metabolism continues to evolve towards an

interdisciplinary approach, using advanced technologies and more ac-
curate modelling to improve urban planning and sustainability. Future
research should focus on standardising methods, incorporating AI, and
integrating social and environmental dynamics to create more resilient
and sustainable cities.
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6. Conclusions

This literature review underlines the urgency of addressing urban
metabolism in the current context of climate change, the consequences
of human activity (resource depletion and global warming) and the
uncontrolled growth of cities, which have come under the spotlight due
to their significant energy consumption and contribution to greenhouse
gas emissions. These factors underline the need for a comprehensive
literature review to understand urban metabolism, especially circular
metabolism in combination with a circular economy, not only as a
response to environmental challenges, but also as a means to reduce
waste, regenerate resources in cities and integrate the UN Sustainable
Development Goals (SDGs), which are crucial for sustainable urban
planning.
The uniqueness of this review lies in its focus on circular urban

management as an integrative framework that promotes waste reduc-
tion and resource regeneration. The relationship between circular urban
management and sustainable development provides a critical analysis of
how cities can adapt to the demands of a low-carbon future. This
approach requires redefining urban models, moving away from simple
analyses towards more complex and dynamic frameworks that take into
account the interactions of multiple factors affecting urban systems.
However, one of the most important challenges highlighted by the

review is the lack of standardised and accessible data on urban meta-
bolism, which limits the ability to make meaningful comparisons over
time and across contexts. Interdisciplinary collaboration is needed to
establish a solid foundation for future research, especially in urban
network optimisation, integration of generic models and consideration
of social factors, areas that require immediate attention.
Research on urban metabolism has progressed from basic models,

such as the black box approach focusing on general input and output
variables, to more detailed frameworks that delve deeper into urban
functions. However, gaps remain in data collection and accessibility,
making comparative analysis across regions and over time difficult.
Standardisation of methodologies will facilitate such comparisons,
integrate the results of analyses and foster interdisciplinary cooperation.
Recent research from 2022 to 2024 reinforces the importance of inte-
grating energy and food flows, as well as the transformative role of
advanced technologies in improving urban metabolism. These per-
spectives offer clear directions for future research, especially in the
transition towards a circular and resilient urban metabolism.
Future research should develop circular urbanmodels that align with

current policies, such as the SDGs, while measuring their tangible effects
on climate change. This may involve exploring new energy dynamics at
the local scale, the electrification of industry, the use of waste and
innovative technologies such as AI and neural networks to model eco-
efficient urban scenarios. The shift towards a more circular urban
metabolism offers cities the opportunity to adopt advanced technolo-
gies, modify material and energy flows and adapt organisational and
institutional practices. Cities that adopt a circular economy will not only

manage resources more efficiently, but also mitigate environmental
impacts.
Furthermore, it is crucial to develop generic models to better un-

derstand the influence of social factors on urban dynamics. While studies
have quantified urban flows, the reasons behind specific patterns remain
unclear. Enhancing connections between components of the urban sys-
tem can further improve efficiency. Research should also focus on ana-
lysing urban metabolism in the context of climate change, in particular
carbon and energy flows, to reduce consumption and emissions from a
metabolic perspective. Broadening spatial analysis and extending case
studies to developing cities will address unique sustainability chal-
lenges. Finally, incorporating technologies such as Geographic Infor-
mation Systems (GIS) and Artificial Intelligence (AI) into the analysis of
urban metabolism can advance urban planning, optimise resource
management and develop precise strategies to create sustainable and
resilient cities.
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Appendix 1. Summary table of figures in the text

Item Title or Description Location Purpose

Fig. 1 Steps to follow in order to carry out the work
methodology.

Section 2 To illustrate the methodological process described in the manuscript.

Fig. 2 WOS and SCOPUS publication and citation
reports.

Section 3.
Section 3.1

To visualise the temporal evolution of publications and citations in twomajor scientific databases: Web
of Science (WOS) and Scopus.

Fig. 3 Most common research areas of search
databases.

Section 3.
Section 3.1

To visualise the percentage distribution of research areas in the WOS (Web of Science) and Scopus
databases.

Fig. 4 Citation-country relationship. Database: Scopus. Section 3.
Section 3.1

To represent a network of citation relationships between countries, generated from data in the Scopus
database, using the VOSviewer tool.

Fig. 5 Source-citation analysis. Database: Scopus
Source:

Section 3.
Section 3.1

To show a co-citation network of academic journals, generated with the VOSviewer tool.

(continued on next page)
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(continued )

Item Title or Description Location Purpose

Fig. 6 Timeline of the historical evolution of Urban
Metabolism.

Section 3.
Section 3.2

To represent a timeline of the historical development of urban metabolism research (UM, Urban
Metabolism).

Fig. 7 Diagram of a city’s energy metabolism Section 4 To represent a schematic model of urban metabolism, showing the input and output flows of energy
and resources in the context of an urban environment.

Fig. 8 Publications on circularity concepts and SDGs. Section 4.
Section 4.1

To show the temporal evolution of scientific publications related to circularity concepts and the
Sustainable Development Goals (SDGs).

Fig. 9 ODS connections and urban metabolism (map of
concurrence by keywords).

Section 4.
Section 4.2

To represent a map of keyword concurrence in urban metabolism research and its connection to the
Sustainable Development Goals (SDGs), generated with VOSviewer.

Data availability

Data will be made available on request.
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[82] L. Sörme, B. Bergbäck, U. Lohm, Century perspective of heavy metal use in urban

areas. A case study in Stockholm, Water Air Soil Pollut. Focus 1 (2001) 197–211.
[83] J. Svidén, A. Jonsson, Urban metabolism of mercury turnover, emissions and

stock in Stockholm 1795–1995, Water Air Soil Pollut. Focus 1 (2001) 179–196.
[84] P.H. Brunner, H. Rechberger, Anthropogenic metabolism and environmental

legacies. Encyclopedia of Global Environmental Change, Wiley, New York, 2002.
[85] J.A. Tarr, The metabolism of the industrial city: the case of Pittsburgh, J. Urban.

Hist. 28 (2002) 511–545.

[86] Barret J., Vallack H., Jones A., Haq G. A material flow analysis and ecological
footprint of York technical report. Stockholm Environment Institute 2002:1–109.

[87] R. Obernosterer, Urban metal stocks: future problem or future resource?
Substance flow and stock analysis as a tool to achieve sustainable development,
in: Proceedings of the International Conference Regional Cycles: Regional
Economy Towards Sustainability 31, 2002.

[88] F. Krausmann, H. Haberl, The process of industrialization from the perspective of
energetic metabolism: socioeconomic energy flows in Austria 1830–1995, Ecol.
Econ. 41 (2002) 177–201.

[89] N. TAMBO, Hydrological cycle and urban metabolic system of water, J. Jpn. Soc.
Hydrol. Water Resour. 15 (2002) 101–105.

[90] F. Burström, N. Brandt, B. Frostell, U. Mohlander. Parallel session C: MFA for
regional and local materials management material flow accounting and
information for environmental policies in the City of Stockholm, 2024.

[91] Emmenegger M.F., Frischknecht R., Cornaglia L., Rubli S. Métabolisme des
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industrielle: http://www.GeCh/Themes/Themes_environnementAsp 2003.

[92] J. Lennox, G. Turner, State of the environment report on human settlements:
stocks and flows indicators, in: Proceedings of the Prepared for the Department of
the Environment and Heritage, Canberra CSIRO Sustainable Ecosystems,
Canberra, 2004, p. 17.

[93] M. Fischer-Kowalski, F. Krausmann, B. Smetschka, Modeling scenarios of
transport across history from a socio-metabolic perspective, Review (Fernand
Braudel Center) 1 (2004) 307–342.

[94] P.H. Brunner, Materials flow analysis and the ultimate sink, J. Ind. Ecol. 8 (2004)
4–7.

[95] J. Martinez-Alier, G. Kallis, S. Veuthey, M. Walter, L. Temper, Social metabolism,
ecological distribution conflicts, and valuation languages, Ecol. Econ. 70 (2010)
153–158.

[96] N. Duan, Urban material metabolism and its control, Res. Environ. Sci. 17 (2004)
75–77.

[97] R. Bailey, J.K. Allen, B. Bras, Applying ecological input-output flow analysis to
material flows in industrial systems: part I: tracing flows, J. Ind. Ecol. 8 (2004)
45–68.

[98] J. Liu, R. Wang, J. Yang, Metabolism and driving forces of Chinese urban
household consumption, Popul. Environ. 26 (2005) 325–341, https://doi.org/
10.1007/s11111-005-3345-8.

[99] N. Heynen, M. Kaika, E. Swyngedouw, In the Nature of cities: Urban political
Ecology and the Politics of Urban Metabolism, 3, Taylor & Francis, 2006.

[100] M. Fung, C.A. Kennedy, An integrated macroeconomic model for assessing urban
sustainability, Environ. Plann. B Plann. Des. 32 (2005) 639–656.

[101] Y. Zhang, Z. Yang, X. Yu, Measurement and evaluation of interactions in complex
urban ecosystem, Ecol. Modell. 196 (2006) 77–89.

[102] M. Hammer, S Giljum, Materialflussanalysen Der Regionen Hamburg,
Forschungsprojekt NEDS, Wien und Leipzig, 2006.

[103] J.P. Kaye, P.M. Groffman, N.B. Grimm, L.A. Baker, R.V. Pouyat, A distinct urban
biogeochemistry? Trends Ecol. Evol. 21 (2006) 192–199.

[104] H.P. Huang, J. Bi, X.M. Li, B. Zhang, J. Yang, Material flow analysis (MFA) of an
eco-economic system: a case study of Wujin District, Changzhou, Acta Ecol. Sin.
26 (2006) 2578–2586.

[105] S.-L. Huang, C.-L. Lee, C.-W. Chen, Socioeconomic metabolism in Taiwan: emergy
synthesis versus material flow analysis, Resour. Conserv. Recycl. 48 (2006)
166–196.

[106] S. Pincetl, P. Bunje, T. Holmes, An expanded urban metabolism method: toward a
systems approach for assessing urban energy processes and causes, Landsc. Urban.
Plan. 107 (2012) 193–202, https://doi.org/10.1016/j.landurbplan.2012.06.006.

[107] C.A. Kennedy, Applying industrial ecology to design a sustainable built
environment: the Toronto Port Lands challenge, in: Proceedings of the
Engineering Sustainability Conference, 2007, pp. 15–18.

[108] N.B. Schulz, The direct material inputs into Singapore’s development, J. Ind. Ecol.
11 (2007) 117–131.

[109] X. Bai, Industrial ecology and the global impacts of cities, J. Ind. Ecol. 11 (2007)
1–6.

[110] G.W. McDonald, M.G. Patterson, Bridging the divide in urban sustainability: from
human exemptionalism to the new ecological paradigm, Urban. Ecosyst. 10
(2007) 169–192.

[111] J. Forkes, Nitrogen balance for the urban food metabolism of Toronto, Canada,
Resour. Conserv. Recycl. 52 (2007) 74–94.

[112] Z.F. Yang, S.S. Li, Y. Zhang, G.H. Huang, Emergy synthesis for three main
industries in Wuyishan City, China, J. Environ. Inform. 17 (2011) 25–35.

[113] S. Barles, A material flow analysis of Paris and its region, in: Proceedings of the
International Conference Renewables in a Changing Climate-Innovation in the
Built Environment, Ecole Polytechnique fédérale de Lausanne EPLF, 2007,
pp. 579–584.

[114] S. Barles, Feeding the city: food consumption and flow of nitrogen, Paris,
1801–1914, Sci. Total Environ. 375 (2007) 48–58.

[115] L.M.A. Bettencourt, J. Lobo, D. Helbing, C. Kühnert, G.B. West, Growth,
innovation, scaling, and the pace of life in cities, Proc. Natl. Acad. Sci. 104 (2007)
7301–7306.

[116] P.H. Brunner, Reshaping urban metabolism, J. Ind. Ecol. 11 (2007) 11–13.
[117] Stimson R.J., Western J.S., Mullins P.F., Simpson R. Urban metabolism as a

framework for investigating quality of life and sustainable development in the
Brisbane-Southeast Queensland Metro region 1999.

[118] Lennox J.A., Turner G. State of the environment report on human settlements:
stocks and flows indicators. 2004.

L. Galán-Cano et al.

http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0045
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0045
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0045
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0046
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0046
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0047
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0047
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0048
https://doi.org/10.1016/0304-3746(76)90130-X
https://doi.org/10.1016/0304-3746(76)90130-X
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0050
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0050
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0051
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0051
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0052
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0052
https://doi.org/10.1162/10881980160084042
https://doi.org/10.1162/10881980160084042
https://doi.org/10.1119/1.10676
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0058
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0058
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0058
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0060
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0060
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0061
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0061
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0062
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0062
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0063
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0063
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0064
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0064
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0065
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0065
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0066
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0066
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0067
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0067
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0068
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0068
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0072
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0072
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0073
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0073
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0074
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0074
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0075
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0075
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0076
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0076
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0076
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0077
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0077
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0078
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0078
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0078
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0078
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0078
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0079
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0079
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0079
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0079
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0080
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0081
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0081
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0082
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0082
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0083
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0083
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0084
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0084
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0085
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0085
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0087
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0087
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0087
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0087
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0088
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0088
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0088
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0089
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0089
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0090
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0090
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0090
http://www.GeCh/Themes/Themes_environnementAsp
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0092
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0092
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0092
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0092
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0093
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0093
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0093
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0094
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0094
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0095
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0095
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0095
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0096
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0096
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0097
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0097
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0097
https://doi.org/10.1007/s11111-005-3345-8
https://doi.org/10.1007/s11111-005-3345-8
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0099
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0099
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0100
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0100
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0101
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0101
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0102
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0102
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0103
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0103
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0104
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0104
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0104
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0105
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0105
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0105
https://doi.org/10.1016/j.landurbplan.2012.06.006
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0107
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0107
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0107
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0108
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0108
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0109
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0109
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0110
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0110
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0110
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0111
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0111
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0112
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0112
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0113
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0113
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0113
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0113
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0114
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0114
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0115
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0115
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0115
http://refhub.elsevier.com/S2590-1230(25)00363-9/sbref0116


Results in Engineering 25 (2025) 104278

15

[119] K. Warren-Rhodes, A. Koenig, Escalating trends in the urban metabolism of Hong
Kong: 1971–1997, AMBIO J. Hum. Environ. 30 (2001) 429–438, https://doi.org/
10.1579/0044-7447-30.7.429.

[120] X. Cui, How can cities support sustainability: a bibliometric analysis of urban
metabolism, Ecol. Indic. 93 (2018) 704–717, https://doi.org/10.1016/j.
ecolind.2018.05.056.

[121] M. Gandy, Rethinking urban metabolism: water, space and the modern city, City
8 (2004) 363–379, https://doi.org/10.1080/1360481042000313509.

[122] J. Thériault, A.M. Laroche, Evaluation of the urban hydrologic metabolism of the
greater Moncton region, New Brunswick, Can. Water Resour. J. 34 (2009)
255–268, https://doi.org/10.4296/cwrj3403255.

[123] L.A. Baker, The Water Environment of Cities, Springer US, 2009, https://doi.org/
10.1007/978-0-387-84891-4.

[124] C. Kennedy, J. Cuddihy, J. Engel-Yan, The changing metabolism of cities, J. Ind.
Ecol. 11 (2007) 43–59, https://doi.org/10.1162/jie.2007.1107.

[125] B. Gasson, The ecological footprint of Cape Town: unsustainable resource use and
planning implications, in: Proceedings of the National Conference of the South
African Planning Institution, 2002, pp. 18–20.

[126] H.R. Sahely, S. Dudding, C.A. Kennedy, Estimating the urban metabolism of
Canadian cities: greater Toronto area case study, Can. J. Civ. Eng. 30 (2003)
468–483, https://doi.org/10.1139/l02-105.

[127] Emmenegger M.F., Frischknecht R., Rubli S. Métabolisme des activités
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