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framework
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Urban Metabolism is derived from a biological-based mechanism wherein a
city is metaphorically analyzed from a biological perspective, which tracks the
transformation of resources and addresses key questions related to self-sufficiency
and consumer behavior. This research, for the first time, explores Urban Metabolism
as a tool to evaluate sustainability-related framework and standards for urban
regions on both global and local scales to address regional disparity and better
means to devolve powers to local planning institutions. In the first half of the
study, an adaptive approach was used to categorize the concept and find its
connection with SDGs, wherein it was inferred that a new section under economic
ecology has evolved, which requires policy interventions as its application at
regional context creates lacunae in terms of UPE (Urban Political Economy).
Furthermore, the study explores case studies and identifies the characteristics of
urban metabolic systems to comprehend the trend in the idea and the necessity
of using the UM lens at two different scales with two different narratives to solve
entirely different challenges under the same component. The second part of the
article looks at how the concept is used within current research. The results of
the “perspective methods” were compared to gathered standard guidelines, and
their shortcomings were noted to help close the implementation gap between
researchers and practitioners. This suggests that policies, frameworks, guidelines,
and other documents should adopt the discussed integrated approach to devolve
power to local planning areas.

KEYWORDS

urban metabolism, urban political economy, inclusive governance, self-sufficiency,
regenerative cities, regional economic consciousness

1 Introduction

Cities are hubs for socioeconomic activities and wealth accumulation, accounting for 55%
of the global population. The ongoing trend of haphazard urbanization has led to various
problems related to climate change, such as increased Greenhouse Gas (GHG) emissions,
drought, loss of species, health risks, poverty, etc. By 2050, the urban population is expected
to increase to 68% of the global population (United Nations Environment Programme, 2020).
Some of the scientific findings by the International Resource Panel on the impact of
urbanization include the following: (a) increased resource mining, production and processing
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that has resulted in a 90% loss in biodiversity and water stress and 50%
of GHG emissions; and (b) the material footprint of consumption per
capita of developed nations is 60% higher than that of developing
nations and 13 times that of underdeveloped nations (C40 Cities,
2019). Besides, the IPCC (International Panel on Climate Change) in
2018 released its ‘Special Report on Global Warming of 1.5°C’ and
revealed that an increase of 1.5°C leads to a comparatively congenial
global living condition of the ecosystem (IPCC, 2022). Instead of 2°C,
limiting global warming to 1.5°C might prevent 420 million people
from regularly experiencing extreme heat and 65 million from
experiencing exceptional heat. This reflects that biodiversity loss and
resource stresses greatly depend on economic-based urbanization on
a global level (Figure 1).

Approximately 80% of anthropogenic-based emissions are
produced in urban areas (Chen et al., 2020; Li et al., 2021), and
one-third is primarily from Land Use and Cover Change. Given the
inevitability of urbanization, the dire need to account for, model, and
strategize mitigation measures to reduce consumption and
exploitation and create sustainable urban development has become a
common goal for urban decision-makers (Wang and Deng, 2015).

UM is the study of interactions involving energy flows, people,
and the information they carry in an urban landscape that leads to
complex socioeconomic, sociotechnical, and socioecological processes
from a global to local scale (Cartiaux et al., 2018; Curie and Musango,
2016; Teixeira et al., 2021; Schmidt et al., 2022; Lu et al., 2024).
Wolman (1965) developed the UM concept for the first time by

10.3389/frsc.2025.1538006

comparing a city to an organism. Metabolism of a city includes various
dimensions such as urban form/spatial pattern, its urban governing
body, and socioeconomic and sociocultural aspects, thereby
identifying gaps in sustainability and urban issues with the
transformation of its materials and energy (Bahers et al., 2019; Rosado
etal, 2017). It defines a broad and assimilated system of interest and
provides essential insights for sustainable urban planning and
management (Restrepo et al., 2018; Teixeira et al,, 2021). Urban
Metabolism is the study of interactions that includes energy flows,
people, and the information they carry in an urban landscape that
leads to complex socioeconomic, sociotechnical, and socioecological
processes from a global to local scale (Cartiaux et al., 2018; Schmidt
et al,, 2022). It can assist in defining a broad and assimilated nexus
system of interest, and important insights for sustainable urban
planning along with management can be brought by this integration
(Teixeira et al., 20215 Restrepo et al., 2018). Hence, there has been a
remarkable evolution in the quantification of resource flow to build
resource-efficient cities. In recent years, the UM idea has been
employed progressively in an extensive range of sectors as a method
to examine and formulate city strategies. Hence, this approach
identifies the dynamic urban pattern of a city along with the nature of
economic-socio-environmental urban diaspora. As the distinctive
nature of a city is its linear form of resource flows, the challenge of the
current era is the shift toward a cyclical network approach for self-
sustainability (Musango et al., 2017; Galdn-Cano et al, 2025)
(Figure 2).
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FIGURE 1

A summary of critical risks that cities and their residents will encounter due to climate change. Source: Based on data from C40 Cities (2019).
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In earlier UM studies, the designed framework was used to
analyze the city’s input-output relationship with its surrounding
environment and to achieve balanced, regularized, and functioning
urban systems (Decker et al., 2000; White, 1994). UM researchers
realized the complexity of socioeconomic systems and dissected the
study to quantify the flow of a single resource, such as water (Serrao-
Neumann et al., 2019; Serrao-Neumann et al., 2017), energy
(Kuznecova et al., 2014; Barrera et al., 2018; Carreén and Worrell,
2018), nitrogen (Forkes, 2007; Pan et al., 2020), food (Tseng and
Chiueh, 2015; Villarroel Walker et al., 2014), etc.

In future, studies are further expected to embark on this trend of
dividing the components into finer fractals (Wang et al., 2023). UM
concept further aided in assessing the climate change impact and
quantifying carbon emission flows to measure emissions due to
socioeconomic activities related to infrastructure such as transport
and energy use (Kennedy et al., 2011; Kennedy et al., 2010). UM
studies provide cross-disciplinary interventions across different urban
systems that contribute to urban sustainability (Wang, 2023; Lu et al,
2024). Hence, to achieve enhanced resource management, urban
management systems must take combined resource efficacy initiatives
despite the challenges of engendering robust cities. Although there are
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studies that provide the metabolic profile for a region, the influence of
urban socioeconomic activities becomes the passive actor in defining
the metabolic types and their interrelations (Rosado et al., 2017;
Wang, 2023). Yet, there has been no study on the nature of urban
systems and their practical implications in developing nations,
creating a research gap and the need to use it as a tool to evaluate
frameworks such as SDGs that influence global and national policies
(Figure 3).

The first half of the article tries to delve into case studies and
identify the nature of urban metabolic systems via the method used
by Wang (2023), wherein an adaptive approach of technical cases was
collected and manually reviewed to understand the trend in the
concept and the need for UM lens to identify the lacunae in the
application of SDGs at the regional context for the implication of
effective policy landscape. Hence, the article addresses factors
influencing UM at two different scales, with two distinct narratives to
address completely different issues under the same component. The
second half of the article explores the application of the concept in
current studies, wherein the findings from the ‘perspective methods’
were aligned to standard guidelines that were collected, and its
limitations were identified to help reduce the gap in effective
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FIGURE 3
Urban metabolism framework. Source: Based on data from Ferrdo and Fernandez (2013).

implementation between researchers and practitioners, inferring the
need to take an integrated approach in policies, framework, guidelines,
etc. Hence, UM is suggested as an effective tool to address regional
disparity and a better means to devolve powers to local
planning institutions.

2 Materials and methods

It is to be noted that this study does not encompass all studies
done so far in this field of research, as the goal is to identify the innate
nature of Urban Metabolic Systems and to use it as a tool to find the
wide differences in approaches under the same component due to the
sociopolitical-economy framework of the region, especially in a
developing nation. To perform this research, rather than repeating
comprehensive reviews done so far, cases from two critical pieces of
literature were assembled up to 2023, and an adaptive approach was
adopted similar to Wang (2023). The data cases from two pieces of
literature were used for this approach as there was not much research
made recently within the scope of this study, and the technical aspect
of the literature review was already covered. The collected data are
critical to explain what UM methods should be used in various
research contexts. Both the literature works review the empirical
methods applied and act as a guide to methodological approaches.
This study identifies itself as an extension of the following research
works, as mentioned in Figure 4.

i The first study by Wang et al. (2023) gives a comprehensive
description of recent interventions of UM studies in industrial
ecology (as it is the new core of the concept) from the
‘Perspective of Methods’ approach compared to earlier studies
on specific components. This study procured data from
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Elsevier’s Scopus database, dated till April 2023, and gathered
literature of 482 articles suitable for the study. The results from
this study address the extent to which UM prediction analysis
is done and further identify works done globally on the urban
metabolic network that effectively reveals the multi-scale
linkage of the urban systems. Consequently, this research
served as the foundation for this study to explore the
interconnections among various metabolic systems and to
classify the characteristics of these systems further.

The second study by Wang et al. (2021) provides a systematic
review of the current trends and multi-disciplinary perspectives
on various metabolic flows and methods derived from 1,084
publications related to UM studies by structuring the evolution
of the concept, thereby drawing insights toward the analysis of
urban systems for effective identification of Urban Political
Economic (UPE)-based complexities and the need for an
evolved SDGs framework.

Furthermore, the collected materials were manually reviewed for
their titles based on the topic’s relevance to the study, and irrelevant
publications were eliminated. A total of 518 publications
(Supplementary Material 1) were used as the base data for the study.
From the collected cases exclusive to this study, research on UM
became active between 2010 and 2019 and contributed close to 69% of
the total publications (Supplementary Material 2). During this period,
studies on resource consumption as a metabolic system increased 10
times from the previous decade, yet escalation in research is expected
as this is the crux of the concept. ‘Economic Ecology’ had an unexpected
increase in publications (~7 times), as these studies identified
synergistic opportunities for mutual relationships between neighboring
industries with regional discrepancies. Initially, two metabolic systems
(Urban Systems - 31.8% + Resource Consumption Pattern — 43.8%)
contributed to most of the research, as they were core sections of the
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concept, and slowly shifted toward ‘Industrial Ecology’. Furthermore,
the nature of these components helped in the identification of gaps in
the national framework, influencing effective policy-making.

3 Findings and discussions

3.1 Factors influencing the nature of UM
systems

Identifying factors that impact the flows within a city is integral
to UM studies. Sociodemographic factors (e.g., income inequality
due to accessibility of education, culture, etc.) reflect consumption
preferences and patterns and their influence on accessibility,
accountability, and inclusivity (Lyons et al., 2018). The dynamic
transformation in culture, economy, infrastructure, technology,
environment, and climate is closely related to these trends (Dijst
etal, 2018; Geremicca and Bilec, 2024), indicating the dire need to
adopt it as a tool. The following section is viewed at two levels—the
global (international context) and national (Indian context)/
regional—and touches upon subjects rarely represented in UM
studies at each level and addresses two tangents within the same
category. The upcoming subsections have some overlapping concepts
that are categorized for ease of understanding. Within the same
subsection, different issues are addressed based on the current urban
political economy, which gives an overview of how gaps occur when
establishing strategies. For example, there is a significant focus on
industrial integration and increasing infrastructure in the Indian
context (developing nation) to achieve self-sufficiency and generate
a better revenue stream, whereas, at the global scale, this level of
infrastructure is already attained and moving toward resolving
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advanced challenges for integrating Information and
Communication Technology (ICT) and governance. These
inferences reflect the need to use such tools to identify the problem
at micro-scale to provide policies that aid in devolving its power to

the local planning authority.

3.1.1 Urban systems: patterns, real estate
dynamics, and statutory provisions

Understanding the characteristics and influences of material flows
in an urban environment is crucial, as local factors have the greatest
impact on achieving sustainability. When urban systems are viewed
from a systems perspective, efficient land use of cities is an integral
factor in reducing the negative entropy and regulating the sustainable
metabolic flow of material and energy. UM research focuses on
creating categorization systems, determining the metabolic profiles of
urban areas, and examining trends and transitions in different stages
of city expansion, which will give insights into land management
policies (Figure 5).

UM of materials and the influence of urban patterns have been
studied using spatially explicit models and overlaid with material flow
analysis (Bahers et al., 2019; Zhang et al., 2016). These models range
from material impact assessment (Bahers and Rosado, 2023;
Delivandani et al., 2021; Rosado et al., 2017) to carbon metabolism
within a region (Li et al., 2021; Xia et al, 2017; Zhang et al., 2018a),
including network analysis (Li et al., 2019; Xia et al., 2018). In
developing countries, urban patterns and systems are also determined
by income disparities and correlating real estate dynamics.

A global study indicated that the automobile urban fabric model
demanded more basic raw material (BRM) (288 tons/person) than the
transit urban fabric (189 tons/person) and also found that walking
urban fabric (147 tons/person) required 10 times more additional

frontiersin.org
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Concept visualization for urban system.

materials for low-density dwellings with its supporting infrastructure
(Thomson and Newman, 2018). However, the amount of food, fuel,
water, and land consumed by individuals yearly did not change as
there was no “Technology Plus Construction Innovation,” despite the
change in occupancy level (Thomson and Newman, 2018). This proves
that studies using temporal land use matrices are insufficient to
achieve regenerative goals. At a global scale, discussions on Green
sustainability stewardship with social equity and wellbeing are part of
SDG 11, wherein the goal is to make cities and settlements inclusive,
secure, resilient, and sustainable. This again becomes challenging
when the urban political economy is integrated, considering the
requirement of the multi-faceted approach.

At the national level, the Indian real estate market by 2030 is
expected to reach $1 trillion in value and begin to contribute 13%
of the country’s Gross Domestic Product (GDP). The Economic
Survey 2018-2019 predicts that by 2031, there will be 600 million
people worldwide. It will not be possible to accommodate the 223
million additional urban residents by 2031 if the rental housing
market is not developed (Zia, 2019). An inadequate supply of
affordable housing with appropriate infrastructure under SDG 11.1
is a major factor in the growth of slums and informal settlements,
which house nearly half the population in many cities. The
affordability of the real estate market will determine that the urban
sprawl as properties in peri-urban areas are more budget-friendly
than those in the urban core and require SDGs to address the
integration of Real Estate Regulatory Authority (RERA) with
policies. Another aspect is that in the case of Delhi, its low ‘Rental
Yield’ is mainly due to the high property prices relative to the rental
income with other factors such as limited rental housing stock,
cultural preferences for home ownership, and most importantly,
based on the political situation, the tenant-landlord regulation of
the metro cities with low interest rates on fixed deposits.

Hence, UM studies highlight the need to focus on resource
distribution and other infrastructure services to determine material
consumption. Addressing it wholistically provides a better scope for
developing a framework for more efficient, inclusive, regenerative
cities (Figure 6).
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3.1.2 Transport and logistic systems

UM studies on transportation and logistics have examined
sustainability measures (Meng et al., 2016) via interspatial analysis to
quantify energy consumption and GHG emissions from the transport
sector (Khalil et al,, 2021; Kissinger and Stossel, 2021; Kissinger and Stossel,
2019). They also cover the interdependency of a region (KChalil et al., 2021;
Pianegonda et al., 2022) with metabolic location value based on the spatial
distribution of assets with travel time and cost (Braham and Lee, 2020). A
global study found that, despite a railway station located within the district,
results showed that very few users (0.7%) in Zamalek relied on the subway,
except for some commercial users (6.8%), reflecting the overall community
preference. A similar perspective was used to understand the location value
of land parcels in the greater Philadelphia area by reinforcing urban
connectedness via energy analysis (Braham and Lee, 2020). The CBD area
had a lower life cycle of the urban neighborhood (0.25-0.5) than the
adjacent neighborhood region (0.6-0.97), identifying pockets suitable for
regeneration (Braham and Lee, 2020). This approach can also be applied to
create sustainable cities. Global studies are keenly working toward achieving
SDG 11.2, which fosters pedestrian-friendly environment, as they have
already achieved sustainable industrial practices (Figure 7).

Meanwhile, in the urban political economy front of the Indian
context, The Export Preparedness Index Report 2021 revealed that states
such as Gujarat, Chandigarh, and Punjab scored highly in the LEADS'
index score (based on SDG 9) and performed poorly under Pillar 2:
Business Ecosystem. Karnataka and Delhi scored higher as they had well-
established air cargo facilities, multi-modal logistic hubs, and inland
container depots. Establishing sustainable logistics infrastructure is a
better investment when social costs are considered; however, for
developing nations, it is possible to procure such money only when they
are economically robust, wherein their competitive positioning of exports

1 LEADS evaluates international trade logistics across Indian states and UTs
based on user and stakeholder perceptions. Additionally, it offers indicator-level

evaluations of the performance on particular dimensions.
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Rental yields across selected two BHK properties in major Indian cities. Source: Reproduced from Zia (2019), with permission.
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Concept visualization for transport and logistic systems.

is checked based on the value chain carbon footprint for
economic development.

3.1.3 Economic ecology: industry, connectivity,
and industrial linkages

The current industrial economy is undergoing significant changes
via industrial convergence and agglomeration, each possessing
distinct attributes. This creates a sustainable stream via agglomeration
economies of scale and cost-cutting in transportation, transactions,
and technology with cost innovations. Metabolic studies related to
industrial metabolism have been specific to a particular industry, e.g.,
construction industry (Wang et al., 2018; Zhang et al., 2018b), or
focused on the traditional and advanced method of network analysis
(Fan et al., 2017; Gan et al., 2023; Tian et al., 2022) and calculation of
industrial waste (Gambarotto et al., 2022; Hua et al., 2023) (Figure 8).

Quantitative and qualitative economic linkage approaches at the global
level reveal mutualism and synergism between industries, creating more
resource and energy-efficient systems. The mutual relationship of integral
flows between the system compartments reveals the system's synergistic
opportunity to make it more holistic and robust (Fan et al,, 2017; Gan et al,,
2023). It was found that Tiajin, a structured city in China, accounted for 54
and 62% of the exploitative relationship between common industrial solid
waste (CSIW) and hazardous waste generation, respectively, from industrial
sectors such as chemical, metal-based, and production and supply of heat
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industries. A socioeconomic metabolism approach (Hua et al., 2023)
identifies the type of synergistic relationships, such as a mutual relationship,
wherein there is a positive correlation between two industries, leading to
the reduction of resource consumption or waste generation, one after
another. In the case of an exploitative relationship, there is a negative
association, i.e., reducing waste in one industry alters the intersectoral
supply chain of another, generating more waste. In a competitive
relationship, the industrial output is mutually inhibited, which is an ideal
state for achieving sustainability. Such an approach can help in accounting
for resource input-output based on the type of relationship and
identification of management hotspots that could be integrated as a part of
SDG 94 to retrofit industries and overall industrial master plan for
increased resource use efficiency, which requires flexible regulations and
seamless operation.

Industrial estimates, in Urban Political Economy context, suggest
that Indias logistics and supply chain costs represent 13 to 14% of GDP,
compared to 8 to 10% in developed countries; thus, the nation is targeting
to reduce it to 10%. Cost reduction is the vital focal point, with the
expected export competitive growth of 1 trillion dollars by 2028 from 422
billion in 2022 (Gambarotto et al., 2022). The International Plant
Protection Convention and the Joint FAO/WHO Codex Alimentarius
Commission have set global standards for exporting agricultural
products, although individual nations may establish their standards.
Globally, approximately 500,000 tons of food are treated annually;
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however, only one facility in India has been approved by the
U.S. Furthermore, India’s resource demands are primarily domestic;
hence, the export business is relatively smaller with added disadvantages
such as infrastructure and logistics. NLP (National Logistics Policy) must
be integrated with the surrounding testing facilities in its master plan via
SDG 9 to develop an agglomerated industrial setup for a viable
investment. Hence, this proves that the approach required for effective
implementation differs from theoretical methods.

3.1.4 Economic infrastructure, inequality, and
accessibility

The urban infrastructure carrying capacity of functional
infrastructure (e.g., water, gas, or transportation-based infrastructure)
has been evaluated by integrated approaches of mean-variance
analysis and coupling coordination degree (Wang et al., 2020; Zhou
and Jiang, 2019), which aided in identifying cities that are fluctuating
due to the dynamic nature of load and carrier indicators. In the case
of the urban nexus of resources, identifying gaps in the
interdependencies with their climatic, geopolitical, and socioeconomic
drivers can help policymakers and stakeholders design policy via
cost-benefit-risk trade-offs (Valencia et al., 2022) (Figure 9).

Investments in global economic infrastructure, an important aspect
of urban political economy (e.g., Industrial parks, Special Economic
Zones, and Tourism facilities), can positively impact urban infrastructure
carrying capacity performance as it stimulates urban economic growth.
A study that surveyed 35 cities in China (Wang et al., 2020) found that
the performance increased p1 0.1435 in 2008 to 0.1832 in 2017 due to
investment in infrastructure delivery with the latest technology and
reinforcing urban infrastructure carriers to benefit urban resilience.
However, embracing uncertainty for various possible futuristic scenarios,
where the risk could be a cooperative and close scenario in the case of
physical connectivity or a global-local scenario in the case of digital
connectivity (Lyons et al., 2018; Geremicca and Bilec, 2024), based on the
lifestyle expressions of the people, “whole system” thinking is ideal for
encouraging physical accessibility, spatial relatedness, and digital
connectedness. The centripetal and centrifugal forces are not just affected
by regulatory or market incentives to invest in urban ICT infrastructure;
initiatives by policymakers to develop more collaborative consumption
of resources can also lead to more socially resilient and environmentally
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sustainable solutions. UM studies have transitioned from the first
intradisciplinary wave to the second wave focusing on integration; a third
wave focusing on inclusivity and codesigning with communities is now
emerging. Thus, adapting to the upcoming third wave of UM assessment
as part of SDG 11 is similar to Amsterdam’s Circular Strategy by
Municipality of Amsterdam where there is active involvement of locals,
as there is no tailor-made approach to analyze informal settlements.

The basic key infrastructure implementation agency and other
regulatory guidelines must be seamlessly coordinated in developing
nations. This means that physical accessibility and spatial relatedness
must be achieved first. Indian cities typically grow horizontally
compared to other cities. The SDG 11 indicators refer to the
accessibility and affordability of housing and transport systems, with
indicator 11.3 broadly focusing on sustainable urbanization. However,
the “sustainable urbanization” scope in an urbanized area should also
focus on the regeneration model (Figure 10).

For example, the Metro rail system in India linked land value
capture of the transport infrastructure finance framework with the
Transit - Oriented Development (TOD) policy, thereby establishing
sustainable urban growth centers integrated with robust transit
systems. To attain comprehensive development, the policy allows for
an increased Floor Area Ratio (FAR), consequently enabling vertical
development. Other than Mumbai, the guideline value (reference value
for land value) is not linked to property tax or development charges (an
aspect of UPE, as regulations vary in different metro cities) to maintain
nominal values (Asian Development Bank, 2022) (Table 1).

3.1.5 Resource consumption, governance, and
health

Integrated analysis, such as material footprint with multi-regional
input-output, effectively accounts for the externalization of UM and
required intervention in urban circular economic policies. When
considering a degrowth perspective (Bahers and Rosado, 2023),
initiatives by Amsterdam’s Circular Strategy, Municipality of
Amsterdam, that focused on the regional value chain of food,
construction, and textiles deal only with the resource stock, not with
its downscaling (Cui, 2022; Henrysson et al., 2022; Lucertini and
Musco, 2020; Savini, 2023; Wang et al., 2022) (Figure 11).
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Conceptual visualization for economic infrastructure, inequality, and accessibility.
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In resource consumption from a global socioecological
perspective, Froes and Lasthein (2020) described that a healthy city
recognizes and deals with the intricate interdependence of its various
actors, allocating resources to maintain a constant, robust flow of its
metabolism. The policy determines urban political economy from its
recommended budgets for all planned urban development projects,
which require urban prototypes and design spaces such as city labs to
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educate individuals about their resource needs and the implications
of the general flow of commodities and transportation in cities.
Meanwhile, in the Indian UPE context, it is estimated that by
2025, the government wants to spend nearly 2.5% of the nation’s
GDP on public health. India’s Foreign Direct Investment (FDI)
regime in the pharmaceutical industry has undergone significant
liberalization; under the automatic route, FDI is now permitted up
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TABLE 1 Taxes and charges linked to market value of land: Indian cities.

10.3389/frsc.2025.1538006

Development charge Property tax Taxes or charges linked to market value of property
Additional FAR Betterment levy Stamp duty
Ahmedabad No No Yes Yes Yes
Bengaluru No No Yes Yes Yes
Chennai No No Yes Yes Yes
Delhi No No Yes Yes Yes
Hyderabad No No No Yes Yes
Kochi No No No Yes Yes
Mumbai Yes Yes Yes Yes Yes
Source: Reproduced from Asian Development Bank (2022) under CC BY 3.0 IGO license.
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FIGURE 11
Conceptual visualization for resource consumption, governance, and health.

to 100% in greenfield projects and 74% in brownfield projects.
Currently, China is the source of up to 80% of Indias Active
Pharmaceutical Ingredients (APIs) imports. Indias healthcare
sector comprises hospitals supported by clinical trials, medical
equipment and health insurance, medical tourism, and telemedicine.
These market segments are expected to diversify with an aging
population and penetrate more to the vulnerable sects of society.
The policies via Aatmanirbhar Bharat Abhiyaan packages and SDGs
for India include several short- and long-term health system
advancements, such as Production-Linked Incentive schemes to
increase domestic production of pharmaceuticals and medical
equipment. A general policy framework only touches upon resource
consumption; in contrast, it is necessary to focus on whether the
resource use is inclusive and reaches the vulnerable sectors of
society by considering the purchase disparity and accessibility of
resources (Figures 12-14).

3.2 International urban metabolism
standards

This section identifies literature on the assessment of metabolic
status via city strategies, quality of city services, smartness, and
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sustainability, which are integral aspects of UM studies. It was
found that although city assessment tools or standards related to
smartness address social and economic aspects of sustainability,
they rarely are related to environmental sustainability. Additionally,
there is a dire need for framing assessment tools, especially for
developing nations. Each study is examined to check if it addresses
the following aspects that were found to be the limitations in the
current policy framework and became the key targets to achieve
sustainability, especially for developing nations: accessibility,
social inequality, local scale, geographical inequality, diversity,
green building, low-carbon city, sustainable development, and
politicized production. Each factor assesses the decentralization of
various sectors and the extent to which power is devolved to local
planning  authorities for a more sustainable and
effective governance.

Janik et al. (2019) identified the following as the most comprehensive
frameworks: (i) City Protocol is a comprehensive system that embraces
city-centered concepts to efficiently deliver services and enhance the
quality of life for its residents. (ii) CIT Ykeys—developed as part of the
EU project, the framework was designed for the H2020 program to foster
smart cities, encompassing the monitoring and implementation of smart
city initiatives. (iii) ITU-T Y.4903/L.1603—city’s performance assessment
to achieve smart, sustainable goals (Janik et al., 2019). While these

standards acknowledge the diversity of its citizens, it is crucial to enhance
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the city’s resilience by considering the diversity of its infrastructure,

3.3 Urban metabolism infrastructure—

facilities, revenue generation, and investments. The following illustration ~ global context
exhibits the limitations of the current assessment tools (Ahvenniemi and
Huovila, 2021; Hajduk and Jelonek, 2021; Janik et al., 2019; Ko and Chiu,

2020; Ness and Xing, 2020; Shmelev and Shmeleva, 2019).

This section reviews literature that addresses urban metabolic
infrastructure systems. Studies have solely focused on resource
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demand for current and future scenarios, for example Renouf
et al. (2018) quantified the water performance of urban areas by
overlaying land use data over hydrological flow partition factors.
Ideally, to develop more resilient strategies, it is important to
address the diversity of infrastructure availability and understand

Frontiers in Sustainable Cities

12

the geopolitical nature of resource distribution for decentralized
governance (Barragan-Escandén et al, 2017; Baynes and
Musango, 2018; Renouf et al., 2018; Serrao-Neumann et al,,
2017; Zasada et al., 2019; Rusca et al., 2022; Szmelter-Jarosz
et al., 2020).
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3.4 Urban metabolism infrastructure—

Indian context

This section highlights literature on specific urban metabolic
infrastructure systems in the Indian context, as a case study for
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developing nations. The studies analyze the geographic characteristics

using multiple systems networks or networks in periurban areas. For

example, Paul (2020) identified geographic factors that influence the
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livability potential of the Kolkata Metropolitan area for an advanced,
resilient approach, identifying the need to quantify system redundancy

frontiersin.org


https://doi.org/10.3389/frsc.2025.1538006
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org

Zorba and Malarvizhi

and robustness (Ghosh et al., 2021; Sukhwani et al., 2020; Paul, 2020;
Mourya et al., 2021; Sahana et al., 2018; Allen et al., 2017; Ghosh et al.,
2019; Lehmann, 2018; McFarlane et al., 2017; Sen et al., 2019). Hence,
when the policy framework is designed, the regional-level institutional
unit, along with SPV, is required to be considered to avoid issues
regarding implementation-based regional disparity.

The gap found in the study has a wholesome approach to
addressing the nine parameters that have not been considered for an
efficient and sustainable implication for urban political economy-
based policy framework from a bottom-up approach perspective. This
can be largely found in the smartest city program, e.g., Pedestrian-
friendly projects in Pune, Bengaluru, Chennai, Cochin, etc.

3.5 Limitations

This study is limited to the Indian context as it adheres to the
current on-ground practical implications for implementation as cities
are dynamic, and with time, the same factors considered would
become irrelevant for the study. Furthermore, exploration regarding
the practical implementation of the devolution of power to local
planning institutions is required. There are some advanced methods
to review the urban metabolic profile using geospatial tools, such as
GIS with a system dynamic approach, that can be integrated with the
urban political economy of the study region for effective development
of policy framework. More studies related to niched aspects of Urban
Political Economy based Urban Metabolism studies are required to
bring practical solutions.

4 Discussions and conclusion

UM studies provide a holistic view of the complex relationships
and patterns of resource flows in addition to taking an accounting-
based approach and are found to be an effective tool to take a deeper
lens to address disparity at the regional level. In future, research
scholars, urban planners, and other decision-makers need to work on
finer spatial units and achieve multi-level metabolic networks wherein
a multi-scale associative coupling is necessary for more integrated and
efficient control of metabolism. For a sustainable transition, it is
essential to find the potential of an emerging economy, as the global
transition from agro- to industrial-based economies has affected
material flow patterns. Additionally, enhancing the quality of life
necessitates strategies targeting resource consumption, waste
reduction, and management. Hence, the real challenge in developing
a policy framework for sustainable urbanization is a seamless
stakeholders
implications, as the study is not limited to just the identification of

amalgamation between different for practical
metabolic infrastructure services but should also consider the
underlying factors that influence them.

This article examines case studies that apply to planning practices
and how a more sustainable approach can be taken to create resilient
systems. It is noted that the same urban-based concerns at various
scales have different impacts, entailing both resource-based and
service-oriented analyses. Over time, new urban challenges can only
be addressed by an advanced and multi-faceted approach to UM as a
lens, where the goal is to achieve an ameliorated version of sustainable
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systems and find a center between sustainability and regional
economic consciousness.
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