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ARTICLE INFO ABSTRACT

Handling Editor: Zhifu Mi Circular economy principles can lead to a series of opportunities to tackle climate change, particularly in cities of
developing countries where the generation of waste, consumption and demand for energy is growing rapidly.

Keywords: This paper aims to advance the understanding of the expansion of circularity for tackling climate change using

Circular economy biomass for energy at the urban scale. In addition, little is known about how Circular Economy (CE) flows can be

Climate change

Bi quantitatively integrated, what potential trade-offs exist in promoting Circular Economy using biomass, and how
ioenergy

Thermal power plants governance models can integrate these flows and contribute to a Circular Economy transition in cities. Based on

Co-benefits an empirical study of a city in India, where the private sector participation through an innovative Public-Private

India Partnership (PPP) model enabled the use of urban wastewater in thermal power plants, the study presents the
viability of Circular Economy models at the city scale. The feasibility of a further expansion of this circularity by
co-firing biomass in local thermal power plants was analyzed, as a potential solution for reducing pollution and
carbon emissions in a hard-to-abate sector. The result indicated an average 20.5 MJ kg™ calorific value for
torrefied mixed biomass pellets from crop residues, which, if applied to about 447 kt y~! surplus biomass
available in Nagpur would amount to 9.18 PJ of energy (per year). Overall, local power plants demanded about
19.85 Mt of coal in 2017-18, equivalent to 297.8 PJ in that fiscal year. Thus, the supply of torrefied pellets from
peri-urban crop residues can meet between 2 and 3% of the demand from coal-fired power plants, resulting in a
0.3% decrease in the emissions from the power sector in India in 2017-18 (i.e., 922 MtCO5), benefiting different
sectors and levels of government. The analysis provides a framework for understanding the technical and
institutional possibilities for strengthening the relationship between circular economy and climate change in the
cities of developing countries by connecting flows and systems within and beyond urban centers. Therefore, the
expansion of Circular Economy in cities can occur by integrating urban sectors and policy coordination at
different levels of governance. Partnerships between local governments, utilities, and civil society for co-
managing energy, water, and waste in cities can reduce the financial burden on national governments,
including meeting national emission targets.

(SDGs) and the commitments of the Paris Agreement through innovative
approaches to planning and delivering urban infrastructure and ser-
vices. A rapid energy transition (ET) could address climate change (CC)
in the short and medium term. Allied with Circular Economy (CE)
principles, ET can lead to a series of opportunities (Schoggl et al., 2020),
particularly in the cities of developing countries, where the demand for
energy and generation of waste is growing.

1. Introduction

The consumption associated with rapid urbanization and its impact
on climate change has highlighted the need for reshaping urban in-
frastructures toward a more circular economy. Cities worldwide are
exploring opportunities to achieve the Sustainable Development Goals
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Nomenclature

Units

GW Gigawatt

GWh Gigawatt hours

k Thousands

kty™! Thousands of kilos per year

MJ.kg~! Megajoules per kilogram

MLD Million liters per day

Mt Megaton or million tonnes

MtCO,.y~! Million tonnes of carbon dioxide per year

MtCO,, Million tonnes of carbon dioxide equivalent
MW Megawatt

PJ Petajoule

Acronyms

3Rs Reduce, Reuse and Recycle
BOT Build, Operate and Transfer
cc Climate Change

CE Circular Economy

CO4 Carbon dioxide

ET Energy Transition

GDP Gross Domestic product
GHG Greenhouse Gas (GHG)

Gol Government of India

GoM Government of Maharashtra

GWP-ARS5 Global warming potential, (IPCC) Fifth Assessment
Report

ICLEI Local Governments for Sustainability

IPCC Intergovernmental Panel on Climate Change

JNNURM Jawaharlal Nehru National Urban Renewal Mission

LCA Life Cycle Assessment

LCT Life Cycle Thinking

MAHAGENCO Also known as Maharashtra State Power Generation
Company Limited (MSPGCL)

MoU Memorandum of Understanding
NGO Non-Governmental Organization
NIT Nagpur Improvement Trust

NMA Nagpur Metropolitan Area

NMC Nagpur Municipal Corporation

NTPC National Thermal Power Corporation Limited
ppp Public-Private Partnership

SDGs Sustainable Development Goals

STP Sewage Treatment Plant

TMBP  Torrefied Mixed Biomass Pellet

TPP Thermal Power Plant
USAID  United States Agency for International Development
WRD Water Resources Department

An effective and urgent ET from fossil-based systems to bioenergy
systems, therefore, represents an opportunity to implement CE concepts
aimed at the sustainability of production chains. Special attention
should be devoted to cities, which are major centers of resource con-
sumption and contribution to climate change (Seto et al., 2012; Belle-
zoni et al., 2022). Biomass is also one of the byproducts of urban
processes and can be recirculated to generate energy in cities. Simple
biomass solutions are readily available and could be used to replace
fossil fuels such as coal and foster the CE toward ET. Estimates show that
biomass can replace 20-50% of the coal used in thermal generation
globally and could play a key role in energy and sustainable transitions
(IRENA, 2013). Thus, coal-fired thermal power plants (TPPs) can be
retrofitted economically to produce electricity from biomass (Yi et al.,
2018), which is even more feasible in biomass co-firing plants for
combined heat and power generation (CEA, 2020).

Water- and energy-intensive urbanization takes place at a rapid pace
worldwide, especially in developing countries (Sethi and Puppim de
Oliveira, 2018). This growth is anticipated to place significant pressure
on urban infrastructure and resources within and beyond the city, and
an increase in carbon emissions. As to alternatives for ET and emission
reductions, biomass could be an important component of the energy
matrix, as many developing countries usually have a large potential and
a long tradition of using biomass for energy generation.

The issue of thermal power is particularly relevant for countries such
as India, which is highly dependent on coal and ranks third place among
the world’s largest carbon emitters by country (Global Carbon Project,
2020). Through the Paris Agreement, India has committed to reducing
the emissions intensity of its GDP by 33-35% by 2030 (implementing at
least 40% of non-fossil power generation) (Government of India, 2016).
Thus, despite the rapid growth in coal-fired capacity due to increasing
electricity demand, the country also has large biomass availability that
could be used to replace coal. Its current coal-based capacity is about
200 GW, while biomass-based is only 10 GW in 500 co-generation
projects (National Power Portal, 2021; CEA, 2021). Therefore, a sig-
nificant capacity for co-firing more biomass in coal-fired TPPs,
depending on the availability and quality of raw materials. There are
several initiatives in India to replace coal with biomass. For instance,

NTPC, India’s largest power utility, has plans to use biomass in 17
coal-based TPPs. NTPC co-fired 6 thousand t (kt) of biomass in the
2019-20 fiscal year (Modi, 2020).

Against this background, biomass can be exploited beyond its con-
ventional valorization paths, leading to the generation of a broad
spectrum of bioproducts to replace their fossil-based counterparts
(Aghbashlo et al., 2022). However, the potential benefits of using
biomass in production chains depend directly on the sustainability of
biomass production, which follows varying technological routes,
resulting in different trade-offs and synergies. Various tools, including
techno-economic, life cycle assessment (LCA), emergy, energy, and
exergy analyses (and the combination of these techniques such as
exergoenvironmental and exergoeconomic analyses), used for the sus-
tainability assessment of bioenergy and bioproduct systems were
comprehensively reviewed by Aghbashlo et al., (2022). Each of these
methods has its pros and cons, and there is no one-size-fits-all solution,
with applications varying according to the objectives of the analysis. The
authors conclude that, in general, integrated sustainability assessment
methods (e.g., those that combine technical, economic, and
socio-environmental analyses) can provide more reliable and accurate
results than single approaches. While also making use of quantitative
analyses, this paper focuses on analyzing the institutional governance
needed to implement Life Cycle Thinking (LCT) in the processes of
different urban sectors, with an emphasis on a hard-to-abate sector, and
based on CE principles aimed at greater urban sustainability to tackle
climate change.

In addition, the scarcity of studies explicitly exploring the intercon-
nectedness of the circular economy, energy transition, and climate
change in cities (Goddin, 2020) has been one of the main motivators for
this manuscript. It is known that CE can generate climate-focused
co-benefits through intersectoral collaboration in solving urban solid
waste and wastewater challenges (Puppim de Oliveira, 2013). There are
good examples of circular economy initiatives in urban areas, and the
circularity of those initiatives could be expanded by connecting with
other sectors and further bringing more opportunities for climate
co-benefits. Several studies show the importance of promoting circular
actions in urban centers (i.e., [bn-Mohammed et al., 2021; Balkau and
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Bezama, 2019), however, there was an apparent lack of academic
studies that demonstrate empirically how this can happen, and what the
benefits are for the different levels of government. Studies on CE
frameworks in cities aimed at ET to tackle CC benefiting from the use of
biomass for energy, especially crop residues, are rare and scattered
(Goddin, 2020). Moreover, little is known about how CE flows can be
quantitatively integrated, what potential trade-offs exist in promoting
CE using biomass, and how governance models can integrate these flows
and contribute to a CE transition in cities. In order to exploit bioenergy
potential without adverse environmental impact, emerging economies
need technology and supporting policy frameworks, and it may not be
sustainable without an integrated sectoral collaboration. Accordingly,
this article investigates how local initiatives for a circular economy
focused on energy transition and tackling climate change can generate
co-benefits in different sectors and at various governmental levels
through integrated policies for cities’ water, energy, and waste sectors.

Aiming to advance the understanding of models of circularity for
tackling CC at the urban scale, this article examines the challenges of the
use of biomass in TPPs for ET and CC mitigation by expanding an
existing model of circularity in wastewater management in the Nagpur
Metropolitan Area (NMA), State of Maharashtra, India. The proposed
circular framework using biomass was designed following a national
trend for scaling up biomass co-firing in TPPs into the existing urban CE
model for wastewater. Following the Paris Agreement, the Government
of India has set the target of a 5-10% blend of biomass pellets made,
primarily from agro-residues and coal, for co-firing in TPPs after
assessing technical and safety feasibility (Ministry of New and Renew-
able Energy, 2022). Although the waste, water, energy, and food sectors
were separately governed and managed by different agencies in NMA,
they engaged in an initiative connecting wastewater and energy in a
local TPP. It is important to note, however, that this study does not
intend to perform a life cycle assessment of the systems involved, but
only make use of the LCT, which considers the links in the production
chains of a given sector or product (UNEP, 2005). Thus, the links be-
tween waste from agricultural value chains and the demand for
coal-based energy production are investigated.

This study provides several original contributions to the literature on
CC and CE with direct applications and lessons, particularly for cities in
developing countries (summarized in Table 1). First, the analysis of ET
aimed at CC mitigation at the city scale using CE ideas, which are scarce
in the literature. The availability of applicable models for cities is crucial
as they consume a large part of the energy resources, mostly from
outside their immediate environment, thereby stressing transboundary
systems (Ramaswami et al., 2017).

Second, the development of a quantitative methodology to estimate
the potential for using locally available resources to improve the
circularity of the economy, with possible national and global impacts.
This is particularly important for India, one of those countries at the
development stage and also highly risked with the lock-in in carbon-
emitting infrastructure, especially coal-based power generation plants
unless action is taken in the near-term (Gadre and Anandarajah, 2019).
In addition, environmental accounting is especially needed in urban
planning initiatives (Petit-Boix and Leipold, 2018).

Third, the exploration and expansion of the existing local circularity
model by connecting sectors. The initiative examined, incorporates crop
residues in TPPs, focusing on national targets for biomass co-firing as a
CC mitigation strategy. It further highlights the arguments for making a
joint approach to the water, energy, and waste sectors at the local and
regional level central to achieving sustainable urban development, as it
affects the extent to which resource security of these sectors can be
achieved simultaneously (Weitz et al., 2014).

Fourth, the results can inform policymakers to design their CE, ET,
and CC policies, targets, and strategies based on empirical evidence. On
this point, modern bioenergy is being recognized as an increasingly
important low-carbon resource by policymakers around the world to
meet climate policy targets (Purohit and Chaturvedi, 2018).

Journal of Cleaner Production 381 (2022) 135126

Table 1
Summary table with justification, originality, contributions, and applications of
this study.

Topic Context
Justification/ Focuses on addressing how biomass technologies, combined
Objective with integrated sectoral management between water,
energy, and food/waste systems, can contribute to the
development of more sustainable urban infrastructure aimed
at tackling CC
Novelty and Scarcity of studies that explicitly explore the
originality interconnectedness of the CE, ET, and CC in urban areas.

Thus, this article sheds light on how the co-management of
water, energy and waste sectors has the potential to foster
local CE toward a national ET to tackle CC with a focus on a
hard-to-abate sector, in addition to promoting urban low-
carbon sustainable infrastructure.

Show how CE coupled with ET initiatives can be applied to
further tackle CC and promote sustainable infrastructure at
the urban scale, from both a technical and governance

Main Contribution

perspective.
Lessons and - ET aiming at CC mitigation at the city scale using CE ideas
Applications - Development of methodologies to estimate the potential

for using locally available resources to improve the
circularity of the economy

Provide insights into the possibilities of gradually
expanding existing urban circular models toward ET for
tackling CC

Inform policymakers to design their CE, ET, and CC
policies, targets, and strategies based on empirical
evidence

- Highlight the role of local governments in exploiting
available resources at small scales

Insights and policy implications for the national, regional,
and municipal levels

The case brings managerial lessons for improving CE for
the public and private sectors

Note: CE - Circular Economy; ET — Energy Transition; CC — Climate Change.

Furthermore, studies suggest integrated assessments that help identify
the sustainability of CE strategies together with the barriers and op-
portunities identified by key stakeholders for realizing these strategies in
their respective urban contexts (Petit-Boix and Leipold, 2018). In-
terviews conducted with local stakeholders enabled capturing the
perception of the processes involved in promoting a more circular
economy.

Finally, the proposed approach emphasizes the role of local gov-
ernments in exploiting available resources not just at small scales but
from other levels of government, aiming for improvements in systems on
local, regional, and even national scales. Therefore, local and central
governments in developing countries should start working on specific
CE strategies and policies to support the exploitation of agro-residues for
energy purposes, with a focus on regional and global impacts.

Therefore, the symbiosis between different urban and rural activ-
ities, through sectors such as water, energy and waste, is an important
way of developing CE principles, by enabling the conversion of linear
flows into a closed loop. Closed-loop material systems can improve the
resource productivity of these systems by reducing material consump-
tion and waste discharge, resulting in significant local and regional
economic and environmental benefits (Wen and Meng, 2015). A review
of the literature on how CE could also accelerate transitions to a
low-carbon energy system based on biomass is presented below, with
emphasis on interactions between different sectors and different levels
of government.

2. Literature review
2.1. Tackling climate change through circular economy in cities

As an alternative to the current economic model, the CE is directly
linked to more sustainable development and focuses on the efficient use
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of resources and minimization of waste generation (Geng et al., 2019;
Niero and Kalbar, 2019). Thus, CE aims to contribute to reducing
environmental degradation and its effects on the climate while stimu-
lating economic growth in cities.

Local organizations can expand the circularity of the economy with
improvements at the micro, meso, and macro scales (Fig. 1). Individual
firms can gain efficiency by internal circular models (e.g., reusing ma-
terial). There are many opportunities for a circular economy at the meso
level (e.g., industrial symbiosis). Finally, connections with the macro
level, such as national energy or climate policies, can bring in oppor-
tunities for further expanding the opportunities for circular economy
and its impacts on tackling climate change. Thus, expanding CE initia-
tives to have a more significant effect on climate change requires
stakeholders’ involvement at different levels of action and with the
participation of national, regional, and local government authorities
(Vanhamaki et al., 2020).

In this regard, the literature on CE highlights two main domains for
advancing research on the transition to urban sustainability (Balkau and
Bezama, 2019; loppolo et al., 2019; Mirabella et al., 2018): i) identifying
the flows (of materials and energy) and how they can be integrated to
alleviate the trade-offs between CE and CC, and ii) determining models
of institutional governance that can overcome barriers and engender
city leadership to foster transition actions toward sustainability. More
discussions on these two domains are provided below, followed by the
potential of biomass for tackling climate change in urban CE initiatives.

2.2. Identifying flows

CE streams are divided into two significant areas, biological and
technical. Technical flows are activities that can be performed to keep
these flows running, i.e., recover, repair, reuse, remanufacture and
recycle. Biological flows involve initiatives such as directly reusing
organic matter without any treatment (known as cascading use) and
processing via composting and biodigestion (Paes et al., 2021). In both
flows, there is the possibility of recovery of previously unused energy
from the waste (Kirchherr et al., 2017; Pan et al., 2015). Therefore,
understanding the reuse potential of each type of material is a funda-
mental challenge for setting up circularity within the existing urban
processes, which can also generate economic and environmental bene-
fits for the cities (e.g., Paes et al., 2020). In this context of how cities
govern waste, circular economies in cities aim to integrate all possible
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flows of both materials and energy to change the perspective of waste for
“problems” to “useful materials” (or inputs) for other sectors.

Circular economy could also accelerate transitions to a low-carbon
energy system. Recent studies at the organizational level highlight the
possibility of cascading industrial surplus heat and the reuse of batteries
and materials (Su and Urban, 2021). However, studies on CE frame-
works in cities aimed at ET to tackle CC benefiting from the use of
biomass in TPPs, especially crop residues, are still rare. While some
progress has been made on circular city concepts, little is known about
how these flows can be quantitatively integrated, what potential
trade-offs exist, and how governance models can integrate these flows
and contribute to a CE transition in cities (Ibn-Mohammed et al., 2021;
Duran-Romero et al., 2020).

2.3. Institutional governance

Kirchherr et al. (2017) define a CE as a “system based on business
models promoting reducing, reusing, recycling and recovering materials
operating at different levels, with the aim of achieving sustainable develop-
ment.”. Thus, CE initiatives require the involvement of authorities,
businesses, academia, consumers, and other stakeholders. Therefore,
systemic changes are needed for a transition from linear to circular
systems, requiring efforts at different levels of action (macro, meso, and
micro, see Fig. 1) and with the involvement of national, regional, and
local government authorities (Geissdoerfer et al., 2017; Ghisellini et al.,
2016). The micro level of performance focuses on individual firms and
consumers, while the meso level is formed by networked relationships in
the commercial ecosystem, including industrial symbiosis. The macro
level, meanwhile, is focused on broader policy changes at the national,
regional, and municipal levels. Therefore, this study seeks to understand
the existing model of circularity in waste and expand this model with a
focus on greater integration between the micro, meso, and macro levels
of action to propose the use of local circular economy principles, also
focusing on national targets for decarbonization and combating climate
change (Vanhamaki et al., 2020, Kirchherr et al., 2017).

Although more consolidated in the technical aspects, studies show
that the governance of the transition to a CE is an emerging field of
research, where governance can be defined as a set of programmatic and
decision-making activities that guide organizations toward desired goals
and objectives (Morseletto, 2020). Similarly, governance targets are
practical, measurable, focused on delivery, and helpful in guiding actors

Wationa/ f

-

Industrial symbiosis
ex. use of biomass
Individual firms
ex. efficiency

Fig. 1. Conceptual framework for a circular economy approach to integrating local and national targets and policies.
Note: Dashed lines: Interconnectedness of policies for the circular economy, energy transition, and climate change at different governmental levels.
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from an existing state, so they can move forward while pushing a
pragmatic vision of what they want to achieve (Morseletto, 2020; Bevan
and Hood, 2006). In addition, target setting is essential because of its
high ability to affect the efficiency of processes, which is one of the ways
that help foster the establishment of CE systems (Milios, 2016; Akenji
et al., 2016).

2.4. Climate friendly urban infrastructure through circular economy using
biomass

Transitions to CE and low-carbon infrastructure can be attributed to
recent technological developments and the evolution of management
models (Paes et al., 2021). The institutional dimension that enabled
technical solutions has been presented as an essential instrument to
induce improvements in public policies. The biggest challenges for
implementing more circular systems lie mainly in more funding and
articulation between sectoral policies and different governmental levels
(Puppim de Oliveira et al., 2013).

Accordingly, targets for CE become fundamental for changes from a
linear to a circular state. Examples are targets for a higher level of
composting or, as in the case of NMA, stimulating targets for the pro-
gressive use of biomass in energy systems. Targets for CE can be
analyzed through different approaches, including CE metrics, long-term
goals for CE (e.g., waste reduction), CE strategies (e.g., 3Rs), economic
sectors, business models, material categories and/or streams (e.g.,
organic materials), life cycle (e.g., material use), and types of targets (e.
g., reduction targets, limits, intensity) (Morseletto, 2020).

Cities can offer immense potential for integrating their materials and
energy flows through the concepts of CE, focusing on mitigating CC
effects and creating more sustainable infrastructure (loppolo et al.,
2019; Mirabella et al., 2018). Therefore, understanding how governance
models for a more CE using biomass from urban areas and surroundings
can contribute to the implementation and expansion of these initiatives
in urban areas is as important as evaluating the technical flows between
systems and their potential environmental benefits from existing and
viable technological alternatives (Paes et al., 2021).

Emerging economies need technology and supporting policy frame-
works to exploit biomass co-firing potential, which may not be sus-
tainable without an integrated sectoral collaboration. Therefore, legal
frameworks and cross-sectoral collaborations are critical to the success
of innovative initiatives for managing city waste, water, and energy
systems. Partnerships between the government and the private sector
are also crucial for CE initiatives, such as Public-Private Partnership
(PPP). For instance, the city of Nagpur ran a linear metabolism model in
its water and wastewater management process (Eberlein, 2022; Faraud,
2017). Wastewater reuse innovation in Nagpur is unique, primarily a
resource management level initiative, with the primary parties being the
service provider and the Nagpur Municipal Corporation (NMC). It falls
within the sphere of techno-economic interventions (Zimmermann
et al., 2020; Cherp et al., 2018), considering the technological processes
and the market implications for the intended innovation. As an outcome
of a water-energy nexus study, USAID showed that treated wastewater
could fit in as the required alternative to freshwater consumption at the
industrial level in Nagpur (Warr et al., 2011). While energy and CE
transitions for tackling CC naturally center on the energy and
manufacturing sectors, they both have profound impacts and implica-
tions on the sustainability transitions of other sectors, such as agricul-
ture and waste. And the integration of different strategies at different
governmental levels can result in synergies and greater efficiency of
joint actions to combat CC. Since co-firing of biomass in some existing
coal-fired TPPs has been successfully implemented in India (Trivedi,
2020; Mofijur et al., 2019), this paper examines the CE links to biomass
and CC in urban areas using the Nagpur Metropolitan Area (NMA).
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3. Methodology

The choice of the NMA case is a unique opportunity to study the
expansion of the circularity model to tackle climate change in cities
using biomass. In particular, it brings together technical and governance
aspects about defined targets for co-firing biomass for emission reduc-
tion purposes, regardless of the sector. Thus, the analysis of the technical
potential for using crop residues in the study area as they contribute to
national targets for biomass co-firing in TPPs (decarbonization). Ulti-
mately, seeking to understand the specific case of NMA to determine
whether the national biomass co-firing target (Greenhouse Gas — GHG -
reduction targets) could stimulate the expansion of the circularity model
and achieve local targets for biomass use in NMA, thus highlighting the
relationship between targets for different sectors and set by various
levels of government. This is particularly useful for developing CE
models for other developing cities. The interest in the relationship be-
tween these targets is justified by the fact that targets are rarely analyzed
from the perspective of their governance, especially their effects at the
local scale. As a result, existing national decarbonization targets are
investigated here as possible stimuli that drive the emergence of (non-
existent) local targets for biomass use, and that can promote an energy
transition based on CE principles.

This study employed a research design that uses a mix of both
qualitative and quantitative methods (Fig. 2, more details in the Sup-
plementary Material). An empirical study of the Nagpur CE approach
was conducted to gain in-depth information on the city’s coal-fired en-
ergy system and existing CE initiatives in relation to other vital systems,
such as water, agriculture, and waste. The research had two main steps
between November 2018 and June 2021. First, information was
collected on the innovative CE wastewater project of USAID WENEXA in
Nagpur. The data gathering process relied on project document reviews,
interviewing informants (5) in the utilities and Nagpur Municipal Cor-
poration (NMC), as well as experts and civil society' representatives (e.
g., NGOs such as ICLEI - World Secretariat, in this case). A detailed ex-
amination of the CE initiatives was accomplished through the design of a
semi-structured interview protocol, particularly to assess the existing
initiative of wastewater use in a local TPP, with interviews lasting be-
tween 30 and 90 min. Secondary data were also extensively sought to
complement the primary data and establish existing literature gaps. The
review of the wastewater project’s implementation was carried out
using reports and articles in the literature, particularly focusing on the
current challenges and the governance scenario, targeting conditions
that enabled the initiative to take place.

Second, as an alternative to India’s national targets for co-firing
biomass and CC mitigation, an estimation of further expansions of the
circularity model for supporting the ET using surplus biomass, based on
Ravindranath et al. (2005) and Purohit and Chaturvedi (2018), from
soybeans, rice, wheat, cotton, jowar, tur, and gram crops using data
from Nagpur Improvement Trust (2015) and Trivedi (2020), was carried
out. A complete list of agencies can be found in the Supplementary Material.
Official data supported the definition of the assumptions used in the
quantitative analysis of the research. Thereby facilitating estimation of:
i) the potential for producing Torrefied Mixed Biomass Pellets (TMBPs)
from crop residue, ii) the total quantity of coal that could be replaced by
TMBPs (based on energy contents for different biomasses available in
the literature) and assessed iii) the institutional/technical requirements
to foster the use of TMBPs in NMA.

Finally, the study explored the local challenges in crop-residue-based
power generation, aiming to expand the wastewater CE model in Nagpur

1 By civil society (also known as third sector) we refers to a wide array of non-
governmental and not-for-profit organizations that have a presence in public life,
expressing the interests and values of their members or others, based on ethical,
cultural, political, scientific, religious or philanthropic considerations. More details
at: https://www.weforum.org/agenda/2018/04/what-is-civil-society/.
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and how the CE expanded framework using local biomass could be a
feasible strategy that helps India meet its CC mitigation targets. See the
supplementary material for more information on the estimation methods.
Overall, the results and discussion are presented in two main parts, i) the
expanded wastewater CE model including TMBPs in local TPPs and ii)
the local technical feasibility of using TMBPs toward the 5% national
target of co-firing biomass in TPPs.

4. Nagpur case study

Nagpur is the third largest city (2.4 M people) in the state of
Maharashtra, India’s most economically advanced and second most
populous state (Varghese, 2018). The Nagpur Metropolitan Area (NMA)
has grown over the years to attract a significant number of industries
and population. On the one hand, the thriving economic output of the
city, the industries, and the growing population created a growing
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demand for more energy. On the other hand, NMA has over 80% of the
land cover being agricultural land, consuming 23% of its energy and
80% of its water demand. Agriculture is the most water- and
energy-intensive sector in NMA, and its main water basin (Wainganga)
is classified as having chronic depletion (Abell et al., 2017). The water
demands in Nagpur Municipal Corporation (NMC), the main local gov-
ernment in NMA, are primarily met through the multipurpose Pench
Dam (Fig. 3), but the recently declining water availability has created
inevitable conflicts over the consumption of food, water, and energy
resources (Sukhwani et al., 2020a).

The NMA was chosen as a case study due to the presence of a pre-
vious circular economy initiative for water reuse, in addition to pre-
senting problems of water scarcity, the concentration of agricultural
production with high waste generation, difficulties in waste manage-
ment, increased use of fossil fuels due to the concentration of thermal
power plants in the region, history of environmental pollution, and

Naapur Metropolitan Area (NMA)

Pench Dam

ON
Y

| RICE - JOWAR
an Intake Works  §

Pulse

2

N\

nh

4
‘,¥; Power Stations

D
‘4‘ Water Sources
L

—— Nagpur Rivers

St N
Matida

JOWAR}: WHEAT

e

2l
\

Land Use and Cropping Pattern
Arable Irrigated
Arable Unirrigated

B Forest

[ Grass and Scrub

[ INagpur Urban

[CInMA Boundary

MAJOR CROPS ~
Minor Crops
N

10 20 km

r sources, and crop residues in NMA.



R.A. Bellezoni et al.

economically fragile population with reduced access to energy. There-
fore, the limits of the analyses are consistent with the limits of the NMA,
as presented in Figs. 1 and 4, and are specific to a local context in a
developing country.

5. Results and discussion

This section presents some findings and discussions about, first, the
challenges and opportunities for expanding circular economy using
biomass (5.1) in cities and, second, how to expand circularity models to
tackle climate change in urban areas (5.2).

5.1. Challenges and opportunities for expanding circular economy using
biomass

To understand the challenges of the CE as a vector to combat CC on a
local scale, an analysis of the existing circularity initiative in the city of
Nagpur for wastewater reuse in local TPPs, was done, focusing on the
institutional arrangements that made this strategy possible. This sub-
section further discusses how the water-energy model could be
expanded to include biomass for use in power plants by identifying the
key stakeholders involved and the technical potential of this alternative.
Such fuel replacement represents a precept of the ET centred on bio-
energy from a peri-urban CE, with consequent GHG emissions re-
ductions through an eventual decrease in the use of coal for power.

a)

( 30-YearBOT
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5.1.1. Intersectoral collaboration for circular economy in the Nagpur
Metropolitan Area: water for energy

This section highlights the current challenges and the governance
scenario targeting conditions that enabled the wastewater reuse initia-
tive. NMA relies heavily on the electricity from five thermal power
plants in the region (Fig. 3 and Table S1). Rising power demand has
resulted in several expansions of the TPPs (Open Government Data
Platform, 2022). However, these expansions faced three main chal-
lenges. First, there was water scarcity for TPPs because of the growing
demand from households and agricultural lands. The resulting pollution
of the water bodies led NMC to procure water from nearby sources
(Nagpur Municipal Corporation, 2011a). Second, funding for expanding
electricity production depended on the NMC’s limited capacity to raise
revenues. Third, the traditional coal-powered plants generated emis-
sions, and nearby large-scale energy alternatives were limited.

The discharge of sewage from the city resulted in the contamination
of agricultural lands beyond the city, consequently, legal actions against
NMC compelled it to improve and expand its sewage treatment capacity.
Although the construction of a new Sewage Treatment Plant (STP) was
financially prohibitive for NMC, this limited funding created avenues to
generate revenue from its sewage treatment output. Thus, NMC had to
innovate in searching for alternatives using CE principles (Kirchherr
et al., 2017). With the support of USAID, NMC developed a PPP with
MAHAGENCO for financing a Sewage Treatment Plant (STP), to facili-
tate the reuse of NMC'’s treated wastewater in TPPs. The sales of treated
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Fig. 4. a) PPP for the sewage treatment plant wastewater reuse initiative in Nagpur and b) Expanding the circularity model of Nagpur.

Note a): BOT: Build, Operate and Transfer; MLD: Million liters per day; JNNURM: Jawaharlal Nehru National Urban Renewal Mission; GoM: Government of
Maharashtra; MAHAGENCO: Also known as Maharashtra State Power Generation Company Limited (MSPGCL); PPP - MoU: Public-Private Partnership, Memorandum
of Understanding; NMC: Nagpur Municipal Corporation; WRD: Water Resources Department.

Note b): Circular economy model for wastewater reuse (white background; existing). The expanded circular model including the use of biomass in TPPs (dashed
yellow area; proposed).
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water from the STP to the TPPs allowed for freeing-up freshwater for
agricultural and urban use while expanding TPP output at a reduced
cost. The collaborative effort resulted in the NMC negotiating for addi-
tional freshwater to meet its increasing demand and securing the STP as
a long-term asset. NMC secured further funding from the Government of
Maharashtra (GoM) and the Government of India (Gol, the national
government) through the Jawaharlal Nehru National Urban Renewal
Mission (JNNURM). The investment in the STP resulted in the initiative
being financially viable and created a new revenue stream for NMC in
the sales of treated wastewater. (Fig. 4a).

This initiative displayed the significance of a multi-disciplinary
approach to CE initiatives (Fig. 4). Although technical partners were
engaged, there was no need for any specialized training for the NMC
staffers. All technological inputs were readily available in the city. In
addition, the prospect of a 60% discount in water supply cost to
MAHAGENCO and the long-term ownership of a 130 MLD STP offered a
win-win scenario for all parties. This cost reduction in the generation of
public services is not only positive for the actors involved in the PPP, but
also for the local community, as the cost reduction can be passed to
consumers or invested in social programs for water supply for the poor.
While the interviewees did not provide details of NMC’s revenue gen-
eration from this PPP, it is known that Nagpur lost about $500 million in
revenue due to the droughts of 2013 and 2016 (World Resources Insti-
tute and International Renewable Energy Agency, 2018), highlighting
the costs of unavailable fresh water and its implications on revenue.
Thus, the intersectoral collaboration led to benefits for the companies,
the city government, and the populations with economic (e.g., reduction
of costs, reliable water supply to the power plants), social (e.g., sewage
treatment, social programs), and environmental benefits (e.g., cleaner
water and environment).

As a result of water scarcity, there is a reduction in the supply of
energy, which becomes more expensive, thus reducing the access to, and
affordability for poorer populations, a phenomenon known as energy
poverty. Therefore, there is a nexus between income poverty, climate
change and energy poverty, where policymakers must develop strategies
with the awareness that actions to address one issue will also have
beneficial effects on the other (Lazaro et al., 2022). Thus, a better un-
derstanding of the nexus between energy poverty and income poverty is
a relevant issue for tailoring policies to tackle poverty and improve the
well-being of citizens, supporting policymakers in allocating scarce re-
sources (Carfora et al., 2022). In this case, for those interested in eval-
uating in more detail the technical and socioeconomic feasibility of
bioenergy systems, payback period, return on investment, and cash flow
analysis, among others, are suggested once techno-economic analysis
attempts to link technological parameters of bioenergy and bioproduct
systems with economic indicators (Thomassen et al., 2019). However, to
overcome some limitations of this approach (e.g., use of many as-
sumptions, simplifications and approximations), it is recommended to
couple techno-economic analysis with LCA and exergy approaches
(Aghbashlo et al., 2022).

LCA is a promising approach to quantifying the environmental bur-
dens of various products and systems and it can easily identify sources of
unsustainability at each stage of a product’s life cycle (Aghbashlo et al.,
2021). While Exergy analysis focuses on the maximum useful work that
can theoretically be obtained from a system when it is brought to an
equilibrium state through reversible processes (Song et al., 2021). That
is, exergy analyzes both the quality and quantity of energy flows,
overcoming some limitations presented in standard energy analyses (i.
e., based on the first law of thermodynamics and widely used in analyses
of the sustainability of bioenergy systems, but without any insights into
the intrinsic energy degradation) (Aghbashlo et al., 2022). One of the
most important features of the exergy concept is its capability to be
integrated with economic and environmental constraints (Aghbashlo
and Rosen, 2018) and this feature can outperform other sustainability
assessment tools in providing accurate and reliable results. Importantly,
however, this paper focuses on analyzing the governance needed to
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implement life cycle thinking in different urban sectors based on CE
principles, and no LCA was performed; only the emission balance of
replacing coal with biomass in local TPPs was undertaken, as per sec-
tions 5.1.3 and 5.1.3.1.

Finally, the socioeconomic context of the NMA indicated an urban
center with low purchasing power and a lack of quality public services,
allied to a peri-urban area focused on low value-added agriculture and
with a high concentration of low-skilled labor. However, the use of
energy from crop biomass can serve as a vector for income generation in
the region, and contribute to reducing the costs of providing public
services (e.g., water and energy), with consequent greater access to
these services. Moreover, according to Carfora et al. (2022), there is
evidence that substituting fossil fuels with renewables helps to reduce
energy poverty and widespread poverty due to the leverage effect on
economic development as well as to support the achievement of some of
the SDGs.

5.1.2. Expanding the circular economy model for energy transition using
biomass

The NMA has enhanced the supply and efficiency of water and en-
ergy resources. However, according to the Draft Sanitation Plan report
for 2011 (Nagpur Municipal Corporation, 2011b), more than 50% of
water supplied to Nagpur was lost in transmission and distribution
networks. The importance of food systems was also stressed during the
enforced COVID-19 lockdown, wherein the urban-rural food supply
chains were reportedly disrupted (Sukhwani et al., 2020a). In the same
way that a PPP has been established for wastewater in a TPP, a synergy
between stakeholders is proposed to use crop residue as an energy
source (Fig. 4b).

Expanding the circularity model in NMA could be done by co-firing
biomass in local TPPs in line with national climate and energy policies
(Fig. 4b). The biomass supply can come from crop residue in the region,
municipal waste, and plantations using wastewater in partnership with
farmers, TPP, and national stakeholders. Following a national trend for
scaling up biomass co-firing, TPPs in NMA have the potential for large-
scale biomass conversion from various sources into electricity. Reusing
waste in any form is in line with CE concepts. Moreover, previous studies
indicate that an effective intervention to reduce energy poverty lies in
encouraging the substitution of oil and coal for renewable energy
sources (Carfora et al., 2022), since such actions can reduce the final
price of power, especially at peak times and during times of geopolitical
crises, which may increase in light of climate change.

Aiming to develop a more CE toward ET, the NMA could strengthen
its urban-rural linkages to optimize the use of agricultural by-products
through industrial symbiosis in both industry and energy sectors. The
importance of strengthening urban-rural links in India is increasingly
being recognized for achieving sustainable urban development, as the
cities essentially meet their demands from neighboring areas (Sukhwani
et al.,, 2020b). Indeed, crop residues have significant long-term socio-
economic development potential in India and many other developing
countries. Hence, central and local governments and institutions should
start working on specific strategies and policies to support the exploi-
tation of crop residues for energy purposes.

The synergies and trade-offs among waste streams can foster changes
in the context of urban resources governance. Moreover, governance for
sustainable development can be achieved by efficiency promotion,
waste reduction, and waste-to-energy applications toward energy tran-
sitions. Similar to the institutional arrangement made for the waste-
water, the local government and TPPs should consider the biomass
available in NMA for the production of TMBPs in order to reduce the
coal demand by TPPs. This measure would align with the national target
of 5% co-firing in coal-fired TPPs, aiming to improve cities’ air quality
and reduce CO, emissions from the Indian economy.
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5.1.3. Reducing Greenhouse Gas emissions using biomass in thermal power
plants

Following a national trend for scaling up biomass co-firing in TPPs,
NMA may have a potential market for medium-to large-scale con-
sumption of crop residue and converting it into electricity. The Gov-
ernment of India has committed to using biomass in TPPs to replace coal
(Government of India, 2021). NTPC, India’s largest energy conglom-
erate, has successfully demonstrated the co-firing of 7% of biomass
pellets with coal in India (Vella, 2022). This can be replicated in other
coal-fired TPPs, depending on biomass availability and quality. In this
sense, the following sections present the technical potential of crop
residues in NMA to meet part of the coal demand of its TPPs. Considering
the technical analysis to infer the possibility of the circular model
focused on biomass energy transition to contribute to national targets
for reducing coal use in TPPs.

The total crop residues used as fodder and for thatching were
excluded from the analyses. Using the procedures explained in the
Supplementary Material (S1. Methodology), the estimated total residue
used as fodder was 145,000 t y~! (or 145 kt y 1) accounting for 29% of
the total, while thatching activities (e.g., rice, wheat, and tur straw),
amounted to 40.13 kt y’1 (8%) (Table S6). Ligneous and hardy crop
residues (i.e., rice husks and stalks of gram and cotton) are mainly used
for fuel in both domestic and industrial sectors. The total crop residue
used as fuel in NMA amounted to 335 kt y’1 (68.5%) and was considered
available for pellet production, adding up to a total of about 560 t y .
Excluding 20% water content results in 447.7 kt y~! of available crop
residue for pellets production (Tables S6 and 2).

The analysis indicated an average 20.5 MJ kg™! calorific value for
TMBPs from crop residues (Table S4), which applied to the total surplus
available in NMA would amount to 9.18 PJ of energy (or 2550 GWh)
(Table S6). Indian coals have a calorific value of 15 MJ kg_l (Table S4)
and are declining in energy quality, with relatively poor coals being
supplied to NMA (Commonwealth of Australia, 2019). Therefore,
several types of crop residues found in the region have energy content
close to or even higher than local coal, especially when processed into
torrefied pellets.

Overall, TPPs in NMA demanded about 19.85 Mt of coal in 2017-18,
equivalent to 297.8 PJ. Therefore, the total energy available from the
TMBPs (up to 9.2 PJ) of NMA could replace between 2% and 3% of all
coal consumption from local TPPs (Table 2 and Fig. 5). Importantly, any
of the analyzed TPPs have a co-firing potential higher than 5%, if only
one of them receives 100% of the biomass shipment. Co-firing could be
done with up to 25% biomass in the smallest TPP — Butibori.

The biomass available in NMA, after processing into TMBPs, could
help India in meeting its 5% biomass co-firing target in any coal-fired
TPP studied for the region. In addition, Li et al. (2012) show that tor-
refaction can provide a technical option for high substitution ratios of
biomass in the co-firing system, including 100% biomass. They point out
that in pulverized coal boilers can be fired 100% TMBPs without rele-
vant efficiency decreasing, with net CO, emissions significantly reduced

Table 2
Amount of non-fodder crop residues potentially available for energy use.
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with increasing biomass substitution ratios.

5.1.3.1. Avoided emissions from Co-firing biomass with coal. Operated
under the assumptions made in the Methodology (Table S5), the TMBP
plant requires about 900 MWh.y_l, which in turn emits 819 tCOz.y_l.
The use of TMBP could replace about 3% of all the fuel energy demanded
by the TPPs in NMA (i.e., 9.18 PJ, Table S6) and this amount of energy
would represent the non-use of 0.61 Mt of coal. By applying the
weighted emission factor found for the TPPs in NMA (i.e., 1.16 tCO,.
MWh 1) from Table S5, the avoided combustion of this amount of coal
would contribute to the reduction of about 2.96 MtCOg.y’1 (ceteris
paribus). Therefore, the balance of CO5 emissions is essentially the net
emissions (avoided) by the non-use of coal (i.e., 2.96 MtCO>) since
emissions from the TMBP production account for less than 0.05% (i.e.,
819 tCO-) of the emissions saved. The total emission reduction would
account for 0.3% of the decrease in the emissions from the power sector
in India in 2017-18 (i.e., 922 MtCO,) (Bhawan and Puram, 2018). Ac-
cording to the GHG Platform India (GHG Platform India, 2022), Maha-
rashtra’s energy sector emitted about 194 MtCOg2e gwp-ars in 2015,
therefore, emission savings from using TMBPs in only five TPPs in NMA
would reduce 1.5% of the state’s power sector emissions.

It is important to note that this paper focuses on quantitative ana-
lyses only for the emissions resulting from the replacement of coal by
TMBP, as an example of how governance for a circular economy can
benefit from the coupling of qualitative and quantitative approaches for
the evaluation of different fuels or technological routes in bioenergy
systems. Thus, neither LCA nor energy, emergy, and exergy analyses,
which are intended to quantify the quantity (and quality, in the case of
exergy) of energy generated and used in different processes, were per-
formed. When coupled with technical and economic indicators, exergy-
based analyses (i.e., exergoeconomic, exergoenvironmental, and exer-
goeconoenvironmental) present great potential to provide decision-
makers with information not achievable by exergy, techno-economic,
and LCA analyses alone (Aghbashlo et al., 2021, 2022). Therefore, the
use of complementary tools to those used in this paper is highly rec-
ommended in order to introduce more efficient, viable, and sustainable
bioenergy technologies using advanced exergy-based methods. How-
ever, it is important to note that there is no one-size-fits-all sustainability
tool that can be applied to all cases, and each application should be
context-specific.

5.2. Expanding of circularity to tackle climate change in cities

Expansion of existing CE models in cities can be achieved, implying
potential reductions in GHG gases. This expansion can be done by better
connecting urban sectors, which are traditionally disconnected because
of the existing governance. There are also opportunities to expand CE to
tackle climate change by working together with different levels of
government, which can provide guidance and resources to implement
climate policy in cities. Finally, biomass provides an alternative for the

Name of TPP  Capacity Coal demand (Mt.  Total energycoal Crop-residue availability (Mt. Total energyerop-res @) % of substitution
W) yh Q) y
- 20% -10% - 20% -10% - 20% -10%
moisture” moisture® moisture moisture moisture moisture
Butibori 600 2.06 30.98 - - - - 25.92 20.74
Khaparkheda 1340 5.23 78.53 - - - - 10.23 8.18
Mauda 2320 5.65 84.83 - - - - 9.47 7.57
Koradi 2400 6.89 103.4 - - - - 7.76 6.21
Total 6660 19.85 297.7 0.392 0.313 8.03 6.42 2.70 2.16

Note: *Based on a calorific value of 15 MJ kg™! for Indian coals — average between calorific values of bituminous coal and lignite (Table 54).
b After removing 20% of the water from total crop residues available for energy use.
¢ Considering a further 10% water removal through the torrefaction process (Madanayake et al., 2017), to evaluate a scenario with lower availability of energy.
4 Based on a calorific value of 20.5 MJ kg’1 for torrefied mixed biomass pellets — TMBPs (Table S4).
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Fig. 5. Overview of the estimates and share of biomass co-firing in TPPs.

CE model expansion, as this can connect cities to peri-urban agricultural
areas.

5.2.1. Expanding circularity by connecting urban sectors

Overall, the literature states that water, energy, and food/waste are
separately governed and managed by different agencies at various ter-
ritorial levels (Hoff, 2011; Newell et al., 2019). This conventional
sector-specific approach for managing key resources misses out on
possibilities to address community priorities, and local resource chal-
lenges more efficiently. However, little is said about how to integrate
those systems. City managers can leverage the interlinkages between
water, energy, and food sectors and promote policy coherence on both
local and regional scales (considering cross-border effects), using PPP
and value creation for industrial (e.g., wastewater) and agricultural (e.
g., biomass energy) by-products.

The NMA case shows that it is possible to implement industrial
symbiosis concepts in practice by integrating the water (wastewater)
and energy (TPP) systems through a PPP. By expanding circularity to
include other sectors such as waste management and agricultural waste,
the NMA case contributes to a reduction of coal consumption in TPP,
without impacting agricultural production. Such cross-sectoral integra-
tion brings mutual benefits to the sectors involved, contributing to better
local and regional resource management. The case further highlights
that there are opportunities for expanding local circularity by mapping
resources (i.e., technical and quantitative analysis) and strategic stake-
holders (i.e., quantitative and governance analysis) to the processes of
interest.

Urban problems, including climate change, will not be solved unless
urban institutions and governance begin to commit resources to tech-
nical assessments of the cities’ needs and potential, with a focus on
developing strategic plans that improve access to essential resources
without increasing GHG emissions and pollution. From an integrated
analysis of water, energy, and waste systems at the city scale, opportu-
nities may arise for reducing external dependence on resources, as well
as contributing to more sustainable local actions that can have impacts
on broader scales (Bellezoni et al.,, 2022). Thus, conventional
sector-specific approaches to urban resource management generate
significant trade-offs and reduce the possibilities of addressing com-
munity priorities and local, regional, and global resource challenges
more effectively. Therefore, the NMA case presents pathways for
expanding circularity by integrating different systems and identifying
some synergies, both direct and indirect, by proposing reusing resources
such as wastewater and crop waste. Finally, the existence of a PPP
enabled the transfer of resources and the optimization of management
between different systems.

5.2.2. Policy integration at different levels of governance

The study discussed how waste management in major agricultural
activities in India could integrate the actions and goals of reducing the
use of fossil fuels (coal) and GHGs in TPPs, through the principles of

10

circular economy and public-private partnership. Also, as illustrated in
Figs. 1 and 4, such a model can serve as inspiration for other initiatives
aiming to adopt the CE model for cities, achieving both local and
regional benefits (waste and wastewater management) and broader
scale benefits (national decarbonization targets and actions to combat
CQ) (Fig. 5).

Studies show the importance of promoting circular actions in urban
centers (i.e., Balkau and Bezama, 2019; Duran-Romero et al., 2020),
however, limited in demonstrating how this can happen and what the
benefits are for the different levels of government. First, through the
wastewater management initiative (i.e., a PPP), benefits can be obtained
for public policies for the management of water resources, which usually
involves states and national governments, as it involves the domain of
river basins. Second, by managing waste from agricultural activities, it is
possible to promote policy actions commonly the responsibility of the
state and central governments, such as energy and climate change.

Thus, understanding the flows generated at different territorial
levels, such as local (sewage treatment and municipal solid waste) and
regional (agricultural waste and demands for water resources), can help
in the implementation of measures to be led by cities, but which can
generate benefits to other territories and government levels. It is key to
note that the possibility of support from other government levels (states
and federal government) to municipalities, as authors point out that
financing and local technical capacity can be barriers to the imple-
mentation of improvement actions by cities (Puppim de Oliveira, 2016).
However, concession or PPP alternatives with private companies can be
good paths for innovation in actions that promote circularity in cities
and urban regions.

Therefore, an urban CE model that integrates and combines the
horizontal management (of the different sectoral public policies) and
vertical management (through the different territories and govern-
mental levels) of the different initiatives that make up both the chal-
lenges and opportunities within environmental and urban public
policies toward sustainability are fundamental to meet both local
(waste, water, food, and energy) and national (energy transition and
climate change) environmental targets.

5.2.3. Circulating biomass for boosting national decarbonization initiatives

Initiatives to circulate biomass in urban energy systems can lead to
potential alternatives to tackle climate change, particularly in
substituting traditional fossil fuels, such as coal in TPPs. Because they
require a high volume of coal, co-firing biomass in TPPs demands more
complex institutional arrangements aimed at the concentration of resi-
dues from different regions to supply TPPs strategically located within a
distance that makes the processing of this material technically and
economically feasible (Ebadian et al., 2011; Rentizelas et al., 2009). This
study explored how to expand the existing local circularity model to a
regional system incorporating torrefied crop residues in TPPs, with a
focus on national targets for biomass co-firing as a CC mitigation strat-
egy. This can give insights into the possibilities of gradually expanding



R.A. Bellezoni et al.

existing circular models toward ET for tackling CC.

The NMA circular planning across the water, energy and waste sec-
tors increases the flow capacity of resources, optimizes local production,
and adds value to the supply chain, thus optimizing industrial processes,
recycling, and using scarce resources. The technical potential of con-
verting crop residues into torrefied pellets for use in TPPs is demon-
strated, with reduced demand for coal and associated emissions. Thus,
concepts for a more CE can drive a local ET toward national decarbon-
ization targets. In addition to other renewables, waste is key for an urban
ET focused on the principles of sustainable governance for a more CE.
Therefore, crop residue-based electricity effectively benefits waste
through CE (Mofijur et al., 2019).

The above processes are examples of the mutual benefits from ET and
CE transitions such as waste-to-energy enhanced by industrial symbio-
sis. In this sense, the NMA case shows that new PPPs can be the answer
for better management of local waste with a focus on its valorization as
inputs for the productive sectors (local and regional), with effects on the
national decarbonization targets. Notably, the NMA case highlights the
possibility of homogenizing crop waste (urban-rural interlinkages)
through torrefaction processes, thus meeting the energy requirements of
fuels for TPPs. For that, regulations, laws, taxes, and subsidies can be
issued by local governments to support industrial symbiosis, while pri-
vate (or national) companies can contribute to technical and financial
agreements (Bjgrnbet et al., 2021; Xu et al., 2020), as seen in the PPP for
wastewater reuse in TPPs in the case of NMA.

This study provides several contributions to the literature on CC
through CE models. The research analyzed ET aiming at CC mitigation at
the city scale using CE ideas, which are scarce in the literature (Goddin,
2020). Through the proposed CE model, cities would benefit from a
transition by using renewable resources and cyclical and efficient sys-
tems. Thus, a quantitative methodology to estimate the potential for the
use of regional crop residues in TPPs was developed. Shedding light on
the potential for using locally available resources to improve the
circularity of the economy, with possible national and global impacts.
This would encourage innovative responses and effective partnerships
toward more integrated cities able to apply local resources to tackle CC
(Newell et al., 2019; Puppim de Oliveira et al., 2022). The main con-
tributions of the results to the identified research gaps are summarized
in Table 3.

Table 3
The main research gaps in the CE literature and how the results of the present
study fill these gaps.

Topic Research gap Our contributions
Modelling Perspectives on the need to A practical example of how
implement “closed” and circular these closed or circular systems
systems (Ibn-Mohammed et al., can be modelled
2021)
Urban flow analysis to measure Integrated modelling adapted
the transition to the CE, based on  to the life cycle perspective
life cycle thinking (Balkau and
Bezama, 2019)
Integrated systems that benefit A model that promotes
circularity and mitigate climate circularity and sustainable low-
change and associated trade-offs (  carbon infrastructure (through
Paes et al., 2020) CE for water and crop residues)
Governance Governance models for Replicable management model
transitions to sustainability ( at the local or broader scale,
Gadre and Anandarajah, 2019) focusing on multiple sectors
Urban Integration at different levels for: ~ Practical examples at different
challenges levels for:

1) circular economy (Moraga
et al., 2019)

2) sectoral policies (Paes et al.,
2021)

3) governments (Duran-Romero
et al., 2020)

1) processes, industrial
symbiosis, cities and
regions

2) urban, rural, water, energy,
waste and emissions

3) city, state and national
management
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6. Conclusions and future directions

The main theoretical contribution of this study is to understand how
circular models can be expanded to tackle CC and foster low-carbon
infrastructure. It can also have managerial and policy implications in
practice. Besides technological challenges, the major transitioning
challenge in developing countries is governance and finance (Gadre and
Anandarajah, 2019). Conversely, NMC deployed its in-house capacity to
drill down on possible solutions. A PPP enabled innovations in waste-
water management without extra municipal resources, making CE
models feasible at the city scale, and showing the feasibility of energy
policies using the nexus approach with local resources by connecting
public and private stakeholders in different sectors. In the case of Nag-
pur, the model can be expanded using biomass in TPPs, with a capacity
to replace between 2 and 3% of coal with biomass from the region. The
production of crops’ torrefied pellets can play an important role in the
decarbonization of the Indian power sector, aiming to co-fire at least 5%
of biomass in coal-fired TPPs. Any of the analyzed TPPs have a co-firing
potential higher than 5%, if all the pellets are sent to the same plant.
Indeed, India has taken several policy measures toward decarbonizing
the power sector. However, the goal of this article is to present how local
governance of available resources also affects national targets in terms
of biomass use in TPPs. Governance models for managing wastewater,
waste, and energy, CE targets can be enforced by local players and thus
contribute to an ET that also benefits national emission reduction targets
and CC mitigation strategies.

The case provides insights and policy implications for the national,
regional, and municipal levels. Future national energy policies should
have a more bottom-up approach to identifying and supporting CE in-
novations at the local level to catalyze improvements in the energy
sector, such as carbon emission reductions. At the regional level, hori-
zontal collaboration among municipalities can expand the possibilities
of innovative solutions among different municipal entities. One munic-
ipality that relies on agriculture can benefit from treated water from a
more urban municipality. At the municipal level, promoting cross-sector
collaboration among departments can find joint-departments innovative
initiatives that save costs and bring social and environmental benefits.
The case brings managerial lessons for improving CE for the public and
private sectors. The sectoral approach is important as solutions to spe-
cific problems need experts in the sector, but the increasing complexity
of problems, such as climate change, requires collaboration across sec-
tors to find both technically and economically/politically feasible so-
lutions. Thus, improving the managerial capacity of departments in
government and private organizations to work together with different
sectors is critical for increasing circularity. Skills to work in inter and
multidisciplinary teams have become a relevant asset for building
effective human resources.

While the methodological approach (particularly the framework for
CE for water and biomass and the steps taken for quantitative emissions
analysis) used in this study can be replicated in other contexts and cases,
it is important to take note of the conditions affecting the replication of
this study. Having consulted official sources (and consistent with the
literature), future research may consider different assumptions. The
main changes may lie in the estimates of residue availability, which
could include different waste sources. The inclusion of municipal waste
in circular economy schemes is strongly recommended. Moreover, es-
timates in this study are static and therefore represent a snapshot of that
moment in time, though they represent the best available estimates with
the existing data.

To define policies for the use of biomass fuel, a long-term supply
analysis is suggested. Considering some assumptions to size up the
emissions reduction, which may change according to different policy
frameworks. Thus, greater detailing of emissions from the biomass
supply chain (mainly input collection and product transportation), with
estimates of the optimal distance for installation of the processing unit is
required. Therefore, future studies should also consider these results
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from the perspective of life cycle assessment and urban metabolism to
understand the interconnection with other systems (inside and outside
cities).

Finally, comparison with other energy uses of biomass should be
addressed in future work, especially the production of biogas and the use
of compressed biomass (e.g., briquettes) as fuel in agricultural and res-
idential activities, preferably using exergy-based analyses. To this end,
remote sensing analyses should be incorporated into the technical ana-
lyses provided here to accurately determine the region’s availability and
distribution of strategic resources. Also, the socio-economic impacts in
the region need to be better investigated, considering aspects of social
inclusion, income generation, and impacts on human health from
broader circular economy initiatives.

Using bioenergy can help developing countries support the devel-
opment of low-carbon and more sustainable infrastructure systems. This
calls for effective coordination between multiple institutions and levels
of government and local-level tailoring of national agricultural, water,
energy, and emission policies using CE principles. In this regard, the
Nagpur analysis provides the framework for understanding the re-
lationships between energy and circular economy transitions for India
and other developing countries. It also provides policy and managerial
implications for preparing cities for tackling global and local problems
simultaneously. Policies that connect different urban sectors and levels
of governance are key to making CE feasible. Managerial skills to work
in multidisciplinary teams are fundamental to developing innovative
ideas to develop CE initiatives at the local level. It shows that partner-
ships between local governments, utilities, and civil society can reduce
national governments’ burden, including meeting national targets. This
increased knowledge of site-specific characteristics promotes more sig-
nificant interactions and circular thinking. Therefore, the co-
management of water, energy and waste sectors has the potential to
foster local circular economy toward a national energy transition to
tackle climate change and promote low-carbon sustainable infrastruc-
ture, with effects on national policies and targets.

CRediT authorship contribution statement

Rodrigo A. Bellezoni: Conceptualization, Methodology, Investiga-
tion, Data curation, Supervision, Writing — original draft, preparation,
Writing — review & editing. Ayoola Paul Adeogun: Methodology,
Investigation, Data curation, Visualization, Writing — original draft,
preparation. Michel Xocaira Paes: Investigation, Validation, Writing —
original draft, preparation, Writing — review & editing. José Antonio
Puppim de Oliveira: Conceptualization, Supervision, Writing — review
& editing, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This work was supported by Belmont Forum (IFWEN Project);
Foundation for the Promotion of Research in the State of Sao Paulo
(FAPESP) “grant numbers 2017/50425-9, 2018/20057-0 and 2018/
16542-0"; Coordination for the Improvement of Higher Education
Personnel (CAPES) “grant number 88881.310380,/2018-01"; and Na-
tional Council for Scientific and Technological Development (CNPq)
“grant number 442472/2020”. Sincere appreciation to the ICLEI World
Secretariat and the Nagpur Municipal Corporation for allowing the staff

12

Journal of Cleaner Production 381 (2022) 135126
to give interviews to collect information for the research.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jclepro.2022.135126.

References

Abell, R., Asquith, N., Boccaletti, G., et al., 2017. Beyond the Source: the Environmental,
Economic and Community Benefits of Source Water Protection (Arlington, USA).

Aghbashlo, M., Khounani, Z., Hosseinzadeh-Bandbafha, H., Gupta, V.K., et al., 2021.
Exergoenvironmental analysis of bioenergy systems: a comprehensive review.
Renew. Sustain. Energy Rev. 149, 111399 https://doi.org/10.1016/j.
rser.2021.111399.

Aghbashlo, M., Hosseinzadeh-Bandbafha, H., Shahbeik, H., Tabatabaei, M., 2022. The
role of sustainability assessment tools in realizing bioenergy and bioproduct
systems]. Biofuel Res. J. 35, 1697-1706. https://doi.org/10.18331/BRJ2022.9.3.5.

Aghbashlo, M., Rosen, M.A., 2018. Exergoeconoenvironmental analysis as a new concept
for developing thermodynamically, economically, and environmentally sound
energy conversion systems]. J. Clean. Prod. 187, 190-204. https://doi.org/10.1016/
j-jclepro.2018.03.214.

Akenji, L., Bengtsson, M., Bleischwitz, R., Tukker, A., Schandl, H., 2016. Ossified
materialism: introduction to the special volume on absolute reductions in materials
throughput and emissions]. J. Clean. Prod. 132, 1. https://doi.org/10.1016/J.
JCLEPRO.2016.03.071. -12.

Balkau, F., Bezama, A., 2019. Life cycle methodologies for building circular economy in
cities and regions]. Waste Manag. Res. 37, 765-766. https://doi.org/10.1177/
0734242X19864489.

Bellezoni, R.A., Seto, K.C., Puppim de Oliveira, J.A., 2022. What can cities do to enhance
water-energy-food nexus as a sustainable development strategy? In: Lazaro, L.L.B.,
Giatti, L.L., Macedo, L.V.C. (Eds.), Water-Energy-Food Nexus and Climate Change,
Puppim de Oliveira JA. Springer Nature). https://doi.org/10.1007/978-3-031-
05472-3.

Bevan, G., Hood, C., 2006. What’s measured is what matters: targets and gaming in the
English public health care system. Publ. Adm. 84, 517-538. https://doi.org/
10.1111/J.1467-9299.2006.00600.X.

Bhawan, S., Puram, R.K., 2018. CO2 Baseline Database for the Indian Power Sector: User
Guide (New Delhi). Available at: https://cea.nic.in/wp-content/uploads/baseline
/2020/07 /user_guide_ver14.pdf.

Bjgrnbet, M.M., Skaar, C., Fet, A.M., Schulte, K.@., 2021. Circular economy in
manufacturing companies: a review of case study literature. J. Clean. Prod. 294,
126268 https://doi.org/10.1016/J.JCLEPRO.2021.126268.

Central Electricity Authority (CEA), 2020. Review of Performance of Thermal Power
Stations 2017-18. 42nd Issue. CEA, Ministry of Power, Govt. of India (New Delhi,
India).

Central Electricity Authority (CEA), 2021. All India Installed Capacity of Power Stations
(As of 31.01.2021). CEA, Ministry of Power, Govt. of India, New Delhi, India. https
://cea.nic.in/wp-content/uploads/installed/2021/01/installed_capacity.pdf.

Carfora, A., Passaro, R., Scandurra, G., Thomas, A., 2022. The Casual Nexus between
Income and Energy Poverty in EU Member States] Energies 15 2822. https://doi.org/
10.3390/en15082822.

Cherp, A., Vinichenko, V., Jewell, J., Brutschin, E., Sovacool, B., 2018. Integrating
techno-economic, socio-technical and political perspectives on national energy
transitions: a meta-theoretical framework. Energy Res. Social Sci. 37, 175. https://
doi.org/10.1016/J.ERSS.2017.09.015. -190.

Commonwealth of Australia, 2019. Coal in India 2019 Report (Canberra, Australia).

Duran-Romero, G., Lopez, A.M., Beliaeva, T., Ferasso, M., Garonne, C., Jones, P., 2020.
Bridging the Gap between Circular Economy and Climate Change Mitigation Policies
through Eco-Innovations and Quintuple Helix Model] Technol. Forecast. Soc. Change
160 120246. https://doi.org/10.1016/J. TECHFORE.2020.120246.

Ebadian, M., Sowlati, T., Sokhansanj, S., Stumborg, M., Townley-Smith, L.A., 2011. New
Simulation Model for Multi-Agricultural Biomass Logistics System in Bioenergy
Production] Biosyst. Eng. 110 280-290. https://doi.org/10.1016/J.
BIOSYSTEMSENG.2011.08.008.

Eberlein, S., 2022. Urban metabolism: a real world Model for Visualizing and Co-creating
healthy cities — the nature of cities. Available from: https://www.thenatureofcities.co
m/2018/07/24/urban-metabolism-real-world-model-visualizing-co-creating-health
y-cities/.

Faraud, C., 2017. Urban Metabolism in Practice: the Difficult Implementation of Closing
the Loop Approaches, through the Water and Food Cycles in Cities (London, UK)).

Gadre, R., Anandarajah, G., 2019. Assessing the evolution of India’s power sector to 2050
under different CO2 emissions Rights allocation schemes]. Energy Sustain. Dev. 50,
126-138. https://doi.org/10.1016/J.ESD.2019.04.001.

Geissdoerfer, M., Savaget, P., Bocken, N.M.P., Hultink, E.J., 2017. The circular economy
— a new sustainability Paradigm? J. Clean. Prod. 143, 757-768. https://doi.org/
10.1016/J.JCLEPRO.2016.12.048.

Global Carbon Project (GCP), 2020. Carbon Emission Per Country. www.globalcarbonatl
as.org. (Accessed 7 July 2022).

Geng, Y., Sarkis, J., Bleischwitz, R., 2019. How to globalize the circular economy. Nat
565 (7738), 153-155. https://doi.org/10.1038/d41586-019-00017-z.

GHG Platform India, 2022. Energy. Available from: http://www.ghgplatform-india.
org/EnergyAnalytics-India.


https://doi.org/10.1016/j.jclepro.2022.135126
https://doi.org/10.1016/j.jclepro.2022.135126
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref1
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref1
https://doi.org/10.1016/j.rser.2021.111399
https://doi.org/10.1016/j.rser.2021.111399
https://doi.org/10.18331/BRJ2022.9.3.5
https://doi.org/10.1016/j.jclepro.2018.03.214
https://doi.org/10.1016/j.jclepro.2018.03.214
https://doi.org/10.1016/J.JCLEPRO.2016.03.071
https://doi.org/10.1016/J.JCLEPRO.2016.03.071
https://doi.org/10.1177/0734242X19864489
https://doi.org/10.1177/0734242X19864489
https://doi.org/10.1007/978-3-031-05472-3
https://doi.org/10.1007/978-3-031-05472-3
https://doi.org/10.1111/J.1467-9299.2006.00600.X
https://doi.org/10.1111/J.1467-9299.2006.00600.X
https://cea.nic.in/wp-content/uploads/baseline/2020/07/user_guide_ver14.pdf
https://cea.nic.in/wp-content/uploads/baseline/2020/07/user_guide_ver14.pdf
https://doi.org/10.1016/J.JCLEPRO.2021.126268
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref11
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref11
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref11
https://cea.nic.in/wp-content/uploads/installed/2021/01/installed_capacity.pdf
https://cea.nic.in/wp-content/uploads/installed/2021/01/installed_capacity.pdf
https://doi.org/10.3390/en15082822
https://doi.org/10.3390/en15082822
https://doi.org/10.1016/J.ERSS.2017.09.015
https://doi.org/10.1016/J.ERSS.2017.09.015
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref15
https://doi.org/10.1016/J.TECHFORE.2020.120246
https://doi.org/10.1016/J.BIOSYSTEMSENG.2011.08.008
https://doi.org/10.1016/J.BIOSYSTEMSENG.2011.08.008
https://www.thenatureofcities.com/2018/07/24/urban-metabolism-real-world-model-visualizing-co-creating-healthy-cities/
https://www.thenatureofcities.com/2018/07/24/urban-metabolism-real-world-model-visualizing-co-creating-healthy-cities/
https://www.thenatureofcities.com/2018/07/24/urban-metabolism-real-world-model-visualizing-co-creating-healthy-cities/
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref19
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref19
https://doi.org/10.1016/J.ESD.2019.04.001
https://doi.org/10.1016/J.JCLEPRO.2016.12.048
https://doi.org/10.1016/J.JCLEPRO.2016.12.048
http://www.globalcarbonatlas.org
http://www.globalcarbonatlas.org
https://doi.org/10.1038/d41586-019-00017-z
http://www.ghgplatform-india.org/EnergyAnalytics-India
http://www.ghgplatform-india.org/EnergyAnalytics-India

R.A. Bellezoni et al.

Ghisellini, P., Cialani, C., Ulgiati, S., 2016. A review on circular economy: the expected
transition to a balanced interplay of environmental and economic systems]. J. Clean.
Prod. 114, 11-32. https://doi.org/10.1016/J.JCLEPRO.2015.09.007.

Goddin, J.R.J., 2020. The role of a circular economy for energy transition. In:

Bleicher, A., Pehlken, A. (Eds.), The Material Basis of Energy Transitions. Academic
Press. https://doi.org/10.1016/B978-0-12-819534-5.00012-X.

Government of India (Gol), 2016. India’s Intended Nationally Determined Contribution:
Working Towards Climate Justice, submission to United Nations Climate Change (New
Delhi). https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/India%
20First/INDIA%20INDC%20TO%20UNFCCC.pdf.

Government of India (Gol), 2021. M. Of P. Revised Policy for Biomass Utilisation for
Power Generation through Co-firing in Coal-Based Power Plants (New Delhi)).

Hoff, H., 2011. Understanding the nexus. Background paper for the Bonn2011
conference: the water. Energy and Food Security Nexus (Stockholm)).

Ibn-Mohammed, T., Mustapha, K.B., Godsell, J., et al., 2021. A critical analysis of the
impacts of COVID-19 on the global economy and ecosystems and opportunities for
circular economy strategies]. Resour. Conserv. Recycl. 164, 105169 https://doi.org/
10.1016/J.RESCONREC.2020.105169.

Ioppolo, G., Traverso, M., Finkbeiner, M., 2019. Preface — a new Paradigm for life cycle
thinking: exploring sustainability in urban development scenarios. Int. J. Life Cycle
Assess. 24, 1169-1173. https://doi.org/10.1007/511367-019-01586-X.

IRENA (International Renewable Energy Agency), 2013. Biomass Co-firing: Technology
brief. Available at: https://www.irena.org/publications/2013/Jan/Biomass-co-
firing.

Kirchherr, J., Reike, D., Hekkert, M., 2017. Conceptualizing the circular economy: an
analysis of 114 definitions]. Resour. Conserv. Recycl. 127, 221-232. https://doi.org/
10.1016/J.RESCONREC.2017.09.005.

Lazaro, L.L.B., Giatti, L.L., Macedo, L.S.V., Puppim de Oliveira, J.A. (Eds.), 2022. Water-
Energy-Food Nexus and Climate Change in Cities. Springer Nature. https://link.sp
ringer.com/book/9783031054716.

Li, J., Brzdekiewicz, A., Yang, W., Blasiak, W., 2012. Co-firing based on biomass
torrefaction in a pulverized coal boiler with aim of 100% fuel switching]. Appl.
Energy 99, 344-354. https://doi.org/10.1016/J.APENERGY.2012.05.046.

Madanayake, B.N., Gan, S., Eastwick, C., Ng, H.K., 2017. Biomass as an energy source in
coal Co-firing and its feasibility enhancement via pre-treatment techniques]. Fuel
Process. Technol. 159 287, 305. https://doi.org/10.1016/J.FUPROC.2017.01.029.

Milios, L., 2016. In: Balint, G., Antala, B., Carty, C., Mabieme, J.M.A., Amar, L.B.,
Kaplanova, A. (Eds.), Policies for Resource Efficient and Effective Solutions: A
Review of Concepts, Current Policy Landscape and Future Policy Considerations for
the Transition to a Circular Economy (Uniwersytet Slaski. Wydzial Matematyki),
https://doi.org/10.2/JQUERY.MIN.JS.

Ministry of New and Renewable Energy, 2022. Overview. Available from. https://mnre.
gov.in/bio-energy/current-status.

Mirabella, N., Allacker, K., Sala, S., 2018. Current trends and limitations of life cycle
assessment applied to the urban scale: critical analysis and review of selected
literature. Int. J. Life Cycle Assess. 24, 1174-1193. https://doi.org/10.1007/
S11367-018-1467-3.

Modi, A., 2020. India’s NTPC Sees Biomass Replacing 5pc of Coal Use. Argus blog. https
://www.argusmedia.com/en/news/2171269-indias-ntpc-sees-biomass-replaci
ng-5pc-of-coal-use.

Mofijur, M., Mahlia, T.M.I., Logeswaran, J., et al., 2019. Potential of Rice Industry
Biomass as a Renewable Energy Source] Energies 12 4116. https://doi.org
/10.3390/EN12214116.

Moraga, G., Huysveld, S., Mathieux, F., et al., 2019. Circular economy indicators: what
do they measure? Resour. Conserv. Recycl. 146, 452-461. https://doi.org/10.1016/
j-resconrec.2019.03.045.

Morseletto, P., 2020. Targets for a circular economy]. Resour. Conserv. Recycl. 153
104553 https://doi.org/10.1016/J.RESCONREC.2019.104553.

Nagpur Improvement Trust, 2015. Nagpur Metropolitan Area Draft Development Plan.
2012-2032 (Nagpur, India).

Nagpur Municipal Corporation, 2011a. City Sanitation Plan (Nagpur, India).

Nagpur Municipal Corporation 2011b Nagpur: PPP in City-wide Water Supply (Nagpur,
India).

National Power Portal (NPP), 2021. Installed Capacity Reports (as on FEB-2021). https://n
pp.gov.in/public-reports/cea/monthly/installcap/2021/FEB/capacity1-2021-02.
pdf.

Newell, J.P., Goldstein, B., Foster, A., 2019. A 40-year review of food-energy-water nexus
literature and its application to the urban scale. Environ. Res. Lett. 14, 073003
https://doi.org/10.1088/1748-9326/AB0767.

Niero, M., Kalbar, P.P., 2019. Coupling material circularity indicators and life cycle
based indicators: a proposal to advance the assessment of circular economy
strategies at the product level]. Resour. Conserv. Recycl. 140, 305-312. https://doi.
org/10.1016/J.RESCONREC.2018.10.002.

Open Government Data Platform, 2022. City consumption. Nagpur: As on Jan 2019.
Available from. https://smartcities.data.gov.in/resources/city-consumption-nagpur
-jan-2019.

Paes, M.X., Campos-Silva, J.V., de Oliveira, J.A.P., 2021. Integrating circular economy in
urban amazon]. npj Urban Sustain 1, 1-6. https://doi.org/10.1038/542949-021-
00031-z.

Paes, M.X., de Medeiros, G.A., Mancini, S.D., et al., 2020. Municipal solid waste
management: integrated analysis of environmental and economic indicators based
on life cycle assessment]. J. Clean. Prod. 254, 119848 https://doi.org/10.1016/J.
JCLEPRO.2019.119848.

Pan, S.Y., Du, M.A,, Huang, L.T., et al., 2015. Strategies on implementation of waste-to-
energy (WTE) supply chain for circular economy system: a review]. J. Clean. Prod.
108, 409-421. https://doi.org/10.1016/J.JCLEPRO.2015.06.124.

13

Journal of Cleaner Production 381 (2022) 135126

Petit-Boix, A., Leipold, S., 2018. Circular economy in cities: Reviewing how
environmental research aligns with local practices. J. Clean. Prod. 195, 1270-1281.
https://doi.org/10.1016/j.jclepro.2018.05.281.

Puppim de Oliveira, J.A., 2013. Learning how to align climate, environmental and
development objectives in cities: lessons from the implementation of climate Co-
benefits initiatives in urban asia]. J. Clean. Prod. 58, 7-14. https://doi.org/10.1016/
J.JCLEPRO.2013.08.009.

Puppim de Oliveira, J.A., 2016. Breaking Resilience in the urban system for improving
resource efficiency: the case of the waste sector in Penang, Malaysia]. Int. J. Urban
Sustain. Dev. 9, 170-183. https://doi.org/10.1080/19463138.2016.1236027.

Puppim de Oliveira, J.A., Doll, C.N.H., Kurniawan, T.A., et al., 2013. Promoting win-win
situations in climate change mitigation, local environmental quality and
development in asian cities through Co-benefits. J. Clean. Prod. 58, 1-6. https://doi.
org/10.1016/J.JCLEPRO.2013.08.011.

Puppim de Oliveira, J.A., Bellezoni, R.A., Shih, W., Bayulken, B., 2022. Innovations in
urban green and blue infrastructure: tackling local and global challenges in cities.
J. Clean. Prod. 362, 132355 https://doi.org/10.1016/j.jclepro.2022.132355.

Purohit, P., Chaturvedi, V., 2018. Biomass pellets for power generation in India: a
techno-economic evaluation. Environ. Sci. Pollut. Res. 25, 29614-29632. https://
doi.org/10.1007/511356-018-2960-8.

Ramaswami, A., Boyer, D., Nagpure, A.S., Fang, A., Bogra, S., et al., 2017. An urban
systems framework to assess the trans-boundary food-energy-water nexus:
implementation in Delhi, India]. Environ. Res. Lett. 12, 025008 https://doi.org/
10.1088/1748-9326/aa5556.

Ravindranath, N.H., Somashekar, H.I., Nagaraja, M.S., et al., 2005. Assessment of
sustainable non-Plantation biomass resources potential for energy in India]. Biomass
Bioenergy 29, 178-190. https://doi.org/10.1016/J.BIOMBIOE.2005.03.005.

Rentizelas, A.A., Tolis, A.J., Tatsiopoulos, I.P., 2009. Logistics issues of biomass: the
storage problem and the multi-biomass supply chain. Renew. Sustain. Energy Rev.
13, 887. https://doi.org/10.1016/J.RSER.2008.01.003. -894.

Seto, K.C., Reenberg, A., Boone, C.G., Fragkias, M., Haase, D., et al., 2012. [Urban land
teleconnections]. Proc. Natl. Acad. Sci. USA 109, 7687-7692. https://doi.org/
10.1073/pnas.1117622109.

Schoggl, J.P., Stumpf, L., Baumgartner, R.J., 2020. The narrative of sustainability and
circular economy - a longitudinal review of two decades of research]. Resour.
Conserv. Recycl. 163, 105073 https://doi.org/10.1016/J.
RESCONREC.2020.105073.

Sethi, M., Puppim de Oliveira, J.A.P. (Eds.), 2018. Mainstreaming Climate Co-benefits in
Indian Cities: Post-habitat III Innovations and Reforms. Springer.

Song, M., Zhuang, Y., Zhang, L., Wang, C., Du, J., Shen, S., 2021. Advanced exergy
analysis for the solid oxide fuel cell system combined with a kinetic-based modeling
pre-reformer. Energy Convers. Manag. 245, 114560 https://doi.org/10.1016/].
enconman.2021.114560.

Su, C., Urban, F., 2021. Circular economy for clean energy transitions: a new opportunity
under the COVID-19 Pandemic]. Appl. Energy 289, 116666. https://doi.org/
10.1016/J.APENERGY.2021.116666.

Sukhwani, V., Shaw, R., Deshkar, S., Mitra, B.K., Yan, W., 2020a. Role of smart cities in
optimizing water-energy-food nexus: opportunities in Nagpur, India. Smart Cities 3,
1266-1292. https://doi.org/10.3390/SMARTCITIES3040062.

Sukhwani, V., Thapa, K., Shaw, R., Deshkar, S., Mitra, B.K., Yan, W., 2020b. Addressing
Urban-Rural Water Conflicts in Nagpur through Benefit Sharing] Water 12 2979.
https://doi.org/10.3390/W12112979.

Thomassen, G., Van Dael, M., Van Passel, S., You, F., 2019. How to Assess the Potential of
Emerging Green Technologies? towards a Prospective Environmental and Techno-
Economic Assessment Framework] Green Chem, vol. 21, pp. 4868-4886. https://doi.
org/10.1039/C9GC02223F.

Trivedi, V., 2020. Agro-Residue for Power: Win-Win for Farmers and the Environment?
(New Delhi, India)).

United Nations Environment Programme (UNEP), 2005. Life cycle approaches: The road
from analysis to practice (Rome, Italy). Available at: https://www.lifecycleinitiative.
org/wp-content/uploads/2012/12/2005%20-%20LCA.pdf.

Vanhamaiki, S., Virtanen, M., Luste, S., Manskinen, K., 2020. Transition towards a
circular economy at a regional level: a case study on closing biological loops].
Resour. Conserv. Recycl. 156, 104716 https://doi.org/10.1016/J.
RESCONREC.2020.104716.

Varghese, P., 2018. An India Economic Strategy to 2035: Navigating from Potential to
Delivery (New Dheli).

Vella, H., 2022. India’s bold move towards emission control. Available from. htt
ps://www.power-technology.com/features/power-generation-in-india/.

Warr, K., Gaffen, M.M., Rajagopal, A., Mishra, M., 2011. Evaluation of DRUM and
WENEXA Assessing the Impact of USAID/India’s Distribution Reform, Upgrades and
Management Program and its Water and Energy Nexus Program (Arlington, USA)).

Weitz, N., Nilsson, M., Huber-Lee, A., Davis, M., Hoff, H., 2014. Cross-Sectoral
Integration in the Sustainable Development Goals: A Nexus Approach. Discussion
Brief, Stockholm Environment Institute (SEI), (Stockholm, Sweden). Available at:
https://www.sei.org/publications/cross-sectoral-integration-in-the-sustainable-
development- goals-a-nexus-approach/.

Wen, Z., Meng, X., 2015. Quantitative assessment of industrial symbiosis for the
promotion of circular economy: a case study of the printed circuit boards industry in
China’s Suzhou New District]. J. Clean. Prod. 90, 211-219. https://doi.org/
10.1016/j.jclepro.2014.03.041.

World Resources Institute and International Renewable Energy Agency (WRI and
IRENA), 2018. Water use in India’s power generation: impact of renewables and
cooling technologies to 2030. Available at: www.wri.org/resources/maps/india-wa
ter-tool.


https://doi.org/10.1016/J.JCLEPRO.2015.09.007
https://doi.org/10.1016/B978-0-12-819534-5.00012-X
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/India%20First/INDIA%20INDC%20TO%20UNFCCC.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/India%20First/INDIA%20INDC%20TO%20UNFCCC.pdf
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref28
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref28
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref29
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref29
https://doi.org/10.1016/J.RESCONREC.2020.105169
https://doi.org/10.1016/J.RESCONREC.2020.105169
https://doi.org/10.1007/S11367-019-01586-X
https://www.irena.org/publications/2013/Jan/Biomass-co-firing
https://www.irena.org/publications/2013/Jan/Biomass-co-firing
https://doi.org/10.1016/J.RESCONREC.2017.09.005
https://doi.org/10.1016/J.RESCONREC.2017.09.005
https://link.springer.com/book/9783031054716
https://link.springer.com/book/9783031054716
https://doi.org/10.1016/J.APENERGY.2012.05.046
https://doi.org/10.1016/J.FUPROC.2017.01.029
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref37
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref37
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref37
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref37
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref37
https://mnre.gov.in/bio-energy/current-status
https://mnre.gov.in/bio-energy/current-status
https://doi.org/10.1007/S11367-018-1467-3
https://doi.org/10.1007/S11367-018-1467-3
https://www.argusmedia.com/en/news/2171269-indias-ntpc-sees-biomass-replacing-5pc-of-coal-use
https://www.argusmedia.com/en/news/2171269-indias-ntpc-sees-biomass-replacing-5pc-of-coal-use
https://www.argusmedia.com/en/news/2171269-indias-ntpc-sees-biomass-replacing-5pc-of-coal-use
https://doi.org/10.3390/EN12214116
https://doi.org/10.3390/EN12214116
https://doi.org/10.1016/j.resconrec.2019.03.045
https://doi.org/10.1016/j.resconrec.2019.03.045
https://doi.org/10.1016/J.RESCONREC.2019.104553
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref44
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref44
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref45
https://npp.gov.in/public-reports/cea/monthly/installcap/2021/FEB/capacity1-2021-02.pdf
https://npp.gov.in/public-reports/cea/monthly/installcap/2021/FEB/capacity1-2021-02.pdf
https://npp.gov.in/public-reports/cea/monthly/installcap/2021/FEB/capacity1-2021-02.pdf
https://doi.org/10.1088/1748-9326/AB0767
https://doi.org/10.1016/J.RESCONREC.2018.10.002
https://doi.org/10.1016/J.RESCONREC.2018.10.002
https://smartcities.data.gov.in/resources/city-consumption-nagpur-jan-2019
https://smartcities.data.gov.in/resources/city-consumption-nagpur-jan-2019
https://doi.org/10.1038/s42949-021-00031-z
https://doi.org/10.1038/s42949-021-00031-z
https://doi.org/10.1016/J.JCLEPRO.2019.119848
https://doi.org/10.1016/J.JCLEPRO.2019.119848
https://doi.org/10.1016/J.JCLEPRO.2015.06.124
https://doi.org/10.1016/j.jclepro.2018.05.281
https://doi.org/10.1016/J.JCLEPRO.2013.08.009
https://doi.org/10.1016/J.JCLEPRO.2013.08.009
https://doi.org/10.1080/19463138.2016.1236027
https://doi.org/10.1016/J.JCLEPRO.2013.08.011
https://doi.org/10.1016/J.JCLEPRO.2013.08.011
https://doi.org/10.1016/j.jclepro.2022.132355
https://doi.org/10.1007/S11356-018-2960-8
https://doi.org/10.1007/S11356-018-2960-8
https://doi.org/10.1088/1748-9326/aa5556
https://doi.org/10.1088/1748-9326/aa5556
https://doi.org/10.1016/J.BIOMBIOE.2005.03.005
https://doi.org/10.1016/J.RSER.2008.01.003
https://doi.org/10.1073/pnas.1117622109
https://doi.org/10.1073/pnas.1117622109
https://doi.org/10.1016/J.RESCONREC.2020.105073
https://doi.org/10.1016/J.RESCONREC.2020.105073
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref65
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref65
https://doi.org/10.1016/j.enconman.2021.114560
https://doi.org/10.1016/j.enconman.2021.114560
https://doi.org/10.1016/J.APENERGY.2021.116666
https://doi.org/10.1016/J.APENERGY.2021.116666
https://doi.org/10.3390/SMARTCITIES3040062
https://doi.org/10.3390/W12112979
https://doi.org/10.1039/C9GC02223F
https://doi.org/10.1039/C9GC02223F
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref71
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref71
https://www.lifecycleinitiative.org/wp-content/uploads/2012/12/2005%20-%20LCA.pdf
https://www.lifecycleinitiative.org/wp-content/uploads/2012/12/2005%20-%20LCA.pdf
https://doi.org/10.1016/J.RESCONREC.2020.104716
https://doi.org/10.1016/J.RESCONREC.2020.104716
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref74
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref74
https://www.power-technology.com/features/power-generation-in-india/
https://www.power-technology.com/features/power-generation-in-india/
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref76
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref76
http://refhub.elsevier.com/S0959-6526(22)04700-X/sref76
https://www.sei.org/publications/cross-sectoral-integration-in-the-sustainable-development-%20goals-a-nexus-approach/
https://www.sei.org/publications/cross-sectoral-integration-in-the-sustainable-development-%20goals-a-nexus-approach/
https://doi.org/10.1016/j.jclepro.2014.03.041
https://doi.org/10.1016/j.jclepro.2014.03.041
http://www.wri.org/resources/maps/india-water-tool
http://www.wri.org/resources/maps/india-water-tool

R.A. Bellezoni et al. Journal of Cleaner Production 381 (2022) 135126

Xu, Y., Yang, K., Zhou, J., Zhao, G., 2020. Coal-biomass Co-firing power generation pulverized fuel combustion power plant in the United Kingdom]. Appl. Energy 225,
technology: current status, challenges and policy implications]. Sustainability 12, 258-272. https://doi:10.1016/j.apenergy.2018.05.013.
3692. https://doi.org/10.3390/s5u12093692. Available at: Zimmermann, A.W., Wunderlich, J., Miiller, L., et al., 2020. Techno-economic

Yi, Q., Zhao, Y., Huangb, Y., et al., 2018. Life cycle energy-economic-CO2 emissions assessment guidelines for CO2 utilization]. Front. Energy Res. 8 (5) https://doi.org/
evaluation of biomass/coal, with and without CO2 capture and storage, in a 10.3389/FENRG.2020.00005.

14


https://doi.org/10.3390/su12093692
https://doi:10.1016/j.apenergy.2018.05.013
https://doi.org/10.3389/FENRG.2020.00005
https://doi.org/10.3389/FENRG.2020.00005

	Tackling climate change through circular economy in cities
	1 Introduction
	2 Literature review
	2.1 Tackling climate change through circular economy in cities
	2.2 Identifying flows
	2.3 Institutional governance
	2.4 Climate friendly urban infrastructure through circular economy using biomass

	3 Methodology
	4 Nagpur case study
	5 Results and discussion
	5.1 Challenges and opportunities for expanding circular economy using biomass
	5.1.1 Intersectoral collaboration for circular economy in the Nagpur Metropolitan Area: water for energy
	5.1.2 Expanding the circular economy model for energy transition using biomass
	5.1.3 Reducing Greenhouse Gas emissions using biomass in thermal power plants
	5.1.3.1 Avoided emissions from Co-firing biomass with coal


	5.2 Expanding of circularity to tackle climate change in cities
	5.2.1 Expanding circularity by connecting urban sectors
	5.2.2 Policy integration at different levels of governance
	5.2.3 Circulating biomass for boosting national decarbonization initiatives


	6 Conclusions and future directions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


