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Abstract. The present paper deals with the role of sustainability assessment tools
in tackling the increasing complexity and uncertainty of urban and territorial sys-
tems. Urban metabolism is ever more under the attention of Decision Makers and
policy makers to deal with the current planning challenges, where climate change,
environmental quality, social equity and justice, and governance represent very
topical issues.

Thepaper focuses particularly onLifeCycleAssessment (LCA)and the family
of Multicriteria Decision Analysis (MCDA) retained as suitable tools to design an
integrated framework to envision sustainable, resilient and circular solutions with
a multi-scaling approach, ranging from the product to the city and territory levels.
This contribution represents a position paper of the authors which defines an inte-
grated framework to explore urban metabolism and support real assessment and
planning procedures for cities and territories transformations. This research work
is addressed to planners, Decision Makers, technicians and freelances actively
involved in planning and assessment procedures for ensuring a better quality of
life.

Keywords: Life Cycle Assessment ·Multicriteria Decision Analysis · Urban
metabolism

1 Introduction

In the ongoing context of climate change, several and different variables, from envi-
ronmental to economic, from social to political ones, are causing high uncertainty and
ambiguity in the planning of sustainable cities and territories. The increasing population
and of the quality of life have caused over time a systemic crisis in terms of accessibility to
resources and thus causing a potential overcoming of Earth security margins (Rockström
et al. 2009). Today, it is widely shared a global awareness about the need of (re)designing
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the planet boundaries and (re)thinking, on the one hand, the use of primary resources, and
on the other hand, a new life for secondary materials. The decision-making problems,
with particular focus on the urban and building scales, are dealing with important plan-
ning challenges. Actors and stakeholders are increasingly given attention to the quality
of public and /or private interventions and also to the environmental impact which they
could generate to the overall quality of life.

In the international context, many solicitations are counted over the latest years for a
route change, spanning from the achievement of the 17 Sustainable Development Goals
(SDGs), particularly the SDGoal 11 “Make cities and human settlements inclusive, safe,
resilient and sustainable”, the SD Goal 12 “Responsible consumption and production”,
and the SD Goal 13 “Climate Action”, to the global reports on climate change (United
Nations 2015; IPCC 2019, 2021), until to the 26th United Nation Climate Change Con-
ference held in Glasgow (COP26) where some key issues were fixed to contrast at global
warming, such as the creation of international sustainable standards on climate, envi-
ronmental, social and governance issues (ESG) for businesses and related strategies, as
well as the transition towards the net-zero economy (International Financial Reporting
Standards - IFRS, 2021). On the one side, the put into practice of these key issues through
a cascade adoption until to the local scale is a so urgent need. On the other side, an effort
to detect these issues by the class of Decision Makers (DMs) and policy makers into
their agendas as spatial interventions is more than ever required today.

Traditional and novel paradigms like sustainability, resiliency, or circularity empha-
size the idea that urban systems and territories can be investigated through metabolic
filters, since they can be conceived as living and evolving organisms that interact, evolves,
adapts and respond across different spatial and temporal scales (Gunderson and Holling
2002). In this way it can be easier to understand their complexity and explore the inter-
dependent relationships between the natural and human spheres. The concept of Urban
Metabolism (UM) is not new in literature. It was firstly used to assess both industri-
alized systems and biological metabolic systems in terms of resource and waste flows
from anthropogenic activities (Wolman 1965), influenced by ecological studies (Odum
1983) and was adapted over time and defined today as “the sum total of the technical and
socio-economic process that occur in cities, resulting in growth, production of energy
and elimination of waste” (Kennedy et al. 2007). UM is a very topical issue today and
is interested by high margins of investigation and development. In this context, tools for
sustainability assessment can effectively support policy design in the context of urban
planning and management, thus promoting the “cradle to cradle” transition.

In light of the above-described context, this contribution represents a position paper
of the authors which defines an integrated framework to support real assessment and
planning procedures in the exploration of urban metabolism with respect to urban and
territorial transformations with the aim to contribute to an extent of the state-of-the-art
thinking. Moreover, the framework is finalized to help DMs, policy makers, planners
and freelances to design greener and net-zero strategies.
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The paper is organized into four sections: Sect. 2 is devoted to the description of the
methodology, by focusing on some complex assessment tools for strategic environmental
impact assessment; Sect. 3 defines a theoretical framework proposal that combines two
specific assessment tools; Sect. 4 discusses the potentialities, the limits and opportunities
of development and then concludes the paper with some future perspectives to prosecute
this research work.

2 Complex Systems Analysis and Tools

The design of future cities and territories require ever more multidisciplinary and trans-
disciplinary approaches to tackle their complexity and uncertainty. In this way, planners,
and DMs can practice more easily traditional and novel paradigms within government
agendas. It is certain that the environment health must be focal more than ever in pol-
icy decisions. Several methods and tools are deemed useful in this context to measure
impact on the current state of the environment and its components, identifying the most
valuable and most critical areas, and to predict possible futures by building alternative
transformation scenarios.

Particularly, the paper focuses on two assessment toolswhich are considered themost
suitable to be performed within strategic environmental impact assessment procedures:
the Multicriteria Decision Analysis (MCDA) and the Life Cycle Assessment (LCA).

Both the methods can be employed to solve a wide range of complex problems with
interdependences, that are often addressed through EIA and SEA procedures. On the
one hand, MCDA can help DMs in dealing with uncertainty, subjectivity and multi-
stakeholder participation (Linkov et al. 2011; Durbach and Stewart 2012), as well as in
selecting the best sustainable solution, and providing a classification of the alternatives
to the problem under investigation (Doumpos and Zopounidis 2004).

On the other hand, LCA is retained as a powerful technique for calculating both input
and output flow of materials and energy over the course of their life cycle. Moreover, it is
gaining importance within business models and, more generally, as decision supporting
tool for the transition towards Circular Economy (CE) at various levels (Le Téno and
Mareschal 1998; Ghisellini and Ulgiati 2020; Vázquez-Rowe et al. 2021; Hannouf et al.
2021) and addressing the complexity of metabolic processes and systems (Peponi et al.
2022).

The next sub-paragraphs provide an analysis on the concept of urban metabolism
and also on both the tools, thus highlighting the strengths and weaknesses as well as
potential implementations within integrated frameworks in the context of urban and
territorial transformations.

2.1 Urban Metabolism

The UM definition, as stated in part in the introduction (Kennedy et al. 2007; Lucer-
tini and Musco 2020) is intended as technical and socio-economic processes that char-
acterise the cities functions. It can be conceptualized according to six elements: (i)
complex system, that is mainly represented by urban and territorial settlements, (ii)
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material and energy inflows and outflows with respect to the system under investiga-
tion; (iii) economic-social interactions which may occur within the system and which
are also influenced by outside relations with other systems, (4) economic driving forces
that influence the rural-urban boundaries, (iv) inequalities which could be generated by
the interactions, and (iv) adaptation and response to promote novel solutions able to
rethink existing plans/programs/projects and envision urban planning and management
strategies (Lucertini and Musco 2020).

Therefore, UM refers to a given system characterised by human presence, which
constantly exchange flows of resources, energy, and information, thus contributing to
its growth and development. However, a system must grow for guaranteeing a good
functioning and equilibrium. This means that the resources consumption characterized
the last century has significantly increased waste production and aggravated unbalances
in the environment and its components (e.g. air, water, or soil, among others). This does
not necessarily imply the annihilation of living creatures. It means that the metabolic
processes of cities and territories have been altered and a recovery is required to ensure
the survival and well-being of all living species.

Staring from the assessment of the complexity of metabolic processes associated
to urban and territorial contexts, the shift to more sustainable and resilient planning
and design models can be effectively supported. The expected result includes strategic
guidelines and legislative suggestions, environmental mitigation and compensating ini-
tiatives, and best practices for a good Anthropocene (Bennett et al. 2016; Lucertini and
Musco 2020).

Several frameworks and tools have been proposed in recent years, with the aim
at encouraging beneficial interactions between disciplines and assisting Decision and
Policy Makers in conceptualising and implementing as solutions of short-, medium- and
long-term.

For example, in the paper (Mostafavi et al. 2014) an Integrated Urban Metabolism
Analysis Tool (IUMAT) explores the dynamics occurring in urban and territorial systems
from a spatial-temporal perspective and provides overall sustainability based on urban
settlements typologies. The coupling of Circular Economy (CE) and Urban Metabolism
(UM) in integrated and multidisciplinary frameworks is highly needed for operating in
changing urban contexts (see Fig. 1) (Lucertini and Musco 2020).

An interesting conceptual framework is the Economy-Wide Material Flow Analysis
(EW-MFA) that employs the Drivers-Pressures-Responses logic (as a simplified version
of DPSIR tool) and the system dynamics approach between natural and human sides
(Cárdenas-Mamani and Perrotti 2022), or even the combination of life cycle approach
with dynamicalmodellingby considering anested systems theory to support the improve-
ment of building stocks (Stephan et al. 2022). GIS-based methods play a transversal role
in dealing with complex spatial systems. The work (Montealegre et al. 2022) defines
a bottom-up strategy to assessing food-energy-water systems (FEW) at district level,
taking into account residential and non-residential morphology. The integration of many
approaches, such as Life Cycle Thinking (LCT) and Machine Learning for Smart and
regenerative urban places (SRUP).
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Fig. 1. Representation of urbanmetabolismwith amulti-scale approach. Adapted from (Lucertini
and Musco 2020)

2.2 Life Cycle Assessment and Regionalization of Impacts

In developed economies, the production, use, and disposal of goods along a value chain
generate impacts and pressure on ecosystems and human wellbeing both at global and
regional scale. LCA is a standard methodology for environmental impact accounting
able to track the generation of pollutions and resource consumption and assess them
from a systems perspective. The main objective of the analysis is identifying strategies
for process improvement without shifting burdens along the life cycle. Recent emerg-
ing developments in LCA moved from a conventional attributional approach, mostly
addressed to product development or company assessment, to a more cohesive approach
to support policymakers in environmentally informed decisions or consumers in their
responsive choices. Regionalization in LCA is a promising process which makes LCA
more consistent for city planning and urban development (Bjorn et al. 2020). On one
hand, “top-down” studies of national or transnational economies help to pinpoint crucial
areas of consumption and drivers of environmental impacts in sustainable consumption
and production, which could not be evaluated with a conventional attributional approach
(see Fig. 2). For example, housing, mobility, and food – namely heating and cooling of
buildings, car and air travel, and meat and dairy consumption - are responsible for the
largest share of most environmental impacts in Europe (Tukker et al. 2008). On the other
hand, more detailed “bottom-up” studies of single products or product groups can also
help to determine submersed key drivers that may not be linked to the most commonly
associated high impacts lifecycle stages (Garnett 2008).

Coupling LCAwithmaterial flow analysis (MFA)models is a consolidated approach
in literature which allows building future scenarios and predict their environmental con-
sequences and pressure on natural resources at a regional scale (Göswein et al. 2021).
However, often the completeness in scope of regional LCA and combined LCA-MFA
fails in simplifications and increasing uncertainties (Pittau et al. 2019). Recent stud-
ies have highlighted the contribution that system assumptions and value choices can
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Fig. 2. The expanding nature of LCA from conventional product-based scope to regional-level
assessments. Adapted from (Hellweg and Canals 2014)

make to overall uncertainty (De Schryver et al. 2013). Several quantitative uncertainty
assessments and robustness analysis are available (Lloyd and Ries 2007) but are rarely
implemented in practice (Galimshina et al. 2021). In some cases, rough estimates of
input values can be enough to identify supply chain hotspots (Canals et al. 2011), but for
other applications, such as product comparisons (Gregory et al. 2013), the demands for
more accurate values are higher. LCA practitioners should always attempt to manage
the decision-maker’s expectations and clarify that LCA is not always a tool to provide
a single answer, but rather one that permits comprehensive understanding of a problem
and its possible solutions. Other studies have aimed at reducing uncertainties in LCA by
mapping and assessing value chains and impacts through a regionalized approach (Yang
et al. 2017; Yazdanbakhsh and Lagouin 2019). Regionalized assessments increase the
accuracy by considering site-specific production conditions as well as differences in
transport and the sensitivity of ecosystems. Impact-assessment methods often need a
different geographical resolution, embracing the nature of the impact rather than politi-
cal boundaries. However, acquiring spatial data constitutes a challenge. Although pilot
research software systems are capable of doing this (Steubing et al. 2020), it has yet to
be implemented in commercial LCA tools.

2.3 MCDA Within Multidisciplinary and Transdisciplinary Frameworks

Multicriteria Decision Analysis (here and after MCDA) is an umbrella term for tech-
niques that can assistDMs andPolicyMakers in solving complex situations characterised
by uncertainty. This is the case of spatial problems affecting the environmental system
and its key components at all scales,which often imply transformations and consequently
impact, direct or indirect, cumulative, and/or synergic, resulting in a loss of natural and
socio-economic capital. In this sense, the MCDA expanded its role within planning and
environmental assessment procedures (i.e. Environmental Impact Assessment, Strategic
Environmental Assessment, or Valuation for Ecological Incidence). The main motiva-
tion is that they can simultaneously consider numerous aspects of a decision problem.
Second, they can take into consideration the preferences of real actors and stakeholders
in a collaborative and transparent manner, which is another fundamental necessity to
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which public bodies are giving increasing attention (Fig. 3). The employment of MCDA
can go beyond the monetary evaluation, such as the Cost-Benefit Analysis (CBA) or the
Discount Cash-Flow Analysis (DCFA) and looking at hybrid evaluations to assess urban
quality (Oppio and Dell’Ovo 2020), resilience in territorial scenarios (Assumma et al.
2020), the regeneration of critical areas (Bottero et al. 2021a), or even the ecological
enhancement for animal species reintroduction (Treves et al. 2020), among others.

In an uncertain context where the policy decisions must consider the environmental
impact, it is possible to state that the mentioned tools can be used whether supported by
a multidimensional approach, as well as tools capable of addressing final users in the
design of environmental mitigation and compensation actions to ensure a better quality
of life for both present and next generations. This is a goal that MCDA can achieve.

This paragraph develops an analysis focused directly on the applications relevant in
the field and emphasizing their ability or potentialities to be integrated or matched with
other environmental assessment tools, such as the Life Cycle Assessment.

Table 1 collects exemplary MCDA applications. The selection was made by search-
ing the Scopus database in March 2022. Specific contributions were selected according
to the main scope of this paper and by combining specific keywords such as “mul-
tidisciplinary”, “transdisciplinary”, “decision-making process”, “urban planning” and
“management”. In recent years, there has been an increasing trend in number of contri-
butions that integrate MCDAwith other methodologies, ranging from land use planning
to landscape ecology, from site localisation to urban regeneration processes, from sus-
tainability to resiliency assessment until circularity. The scope of this selection is to
find those applications which highlight MCDA as a powerful tool being applied within
multidisciplinary and transdisciplinary frameworks to solve complex spatial problems.

Fig. 3. MCDA techniques benefits from supporting decision-making process. Elaboration from
(Marttunen 2010)
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Table 1. Collection of exemplary MCDA applications within interdisciplinary and multidisci-
plinary frameworks

Author and Year Structure Field of application

(Miller et al. 2013) Multicriteria Analysis and
Geodesign to integrating
livability and sustainability
indicators into the overall
planning process

Transportation policy and
planning

(Evers et al. 2018) Collaborative Modelling (CM)
and MCDA within a Flood Risk
Management framework (FRM)
to favour the process-driven
decision-making

Risk assessment and
management

(Bottero et al. 2019) Integration of A’WOT, DFCA
and SROI to design strategies for
the rural development of an
island by taking into account
social, economic, environmental
and cultural features

Rural sustainable
development

(Bottero et al. 2021.a) Hybrid evaluation method
including STEEP + SWOT
Analysis, Stakeholders Analysis,
Scenario Building and
Multi-Attribute Value Theory to
support the identification of the
most suitable scenario of urban
regeneration for a contaminated
sited

Urban regeneration,
Industrial Heritage

(Assumma et al. 2021) Matching of SMARTER
Ranking method through a AHP
approach with a Lotka-Volterra
cooperative model to predict
scenarios of territorial resilience
in a wine region

Landscape and urban
planning

(Dell’Ovo et al. 2021) GIS and MCDA for exploring
the quality of open spaces in the
context of COVID-19 pandemics

Urban design

(Vázquez-Rowe et al. 2021) Coupling of MCDA, CBA and
LCA to support the solution of a
Building Information
Modelling-based problem for a
construction project

Education infrastructure

(continued)
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Table 1. (continued)

Author and Year Structure Field of application

(Colucci et al. 2022) Development of a European
Interoperable Database for risk
assessment of cultural assets.
Integration of the SMARTER
ranking method and factsheets to
calculate a synthetic index of
risk to support 3D GIS systems

Risk and Cultural Heritage
management

(Voukkali and Zorpas 2022) Assessment of urban metabolism
through SWOT and AHP process

Urban metabolism

(Quagliolo et al. 2023) Combination of InVEST
modeling and A’WOT model to
define the most suitable scenario
to respond to flood risk in a Man
and Biosphere area

Nature-Based Solutions

3 Integrated Evaluation Framework: A Methodological Proposal

Once having analysed themain characteristics of both the LCA andMCDA, it is possible
to assert that they are suited for usage as independent tools as well as when integrated
within multidisciplinary and transdisciplinary frameworks. In the case when they enter
in synergy to solve the same decision problem, can effectively identify the most suitable
solution.More in general, this synergy can handle the complexity and unpredictability of
Socio-Ecological Systems (SES) (e.g., cities, rural settlements, or regions). Particularly,
some specific cases are identified for implementing this synergy for urban revitalization
and adaptive reuse (e.g. historic buildings, industrial sites, or villages, or rural accessi-
bility), regeneration, growth, and cohesion (e.g. polluted sites, quarries, or landfills) as
new opportunities for spatial planning (Biddau et al. 2020; Cotella and Vitale Brovarone
2021). Their integration can effectively assist DMs, as well as planners, public tech-
nicians and freelances for multiple purposes: i) knowledge and assessment studies for
intervention site localisation; ii) selection of the best alternative solution; iii) designing
the alternatives by considering the material and energy flow; iv) prioritizing winning
policy recommendations for plans, programs, and projects, among others. It is provided
below a scheme that illustrates the integration of both the tools proposed by the authors
as a multi-scale hybrid dynamic model for a multi-scale impact assessment. As shown
in Fig. 4, the integrated framework can effectively play the connecting role between
planning and assessment procedures. From a practical point of view, the framework can
be employed after the screening step (or ex-ante phase), once having acquired a com-
prehensive knowledge of territorial and decisional contexts. Therefore, it can be easily
fixed the assessment goal and follow the in-itinere phase. The obtained information
can be used to define the main criteria better representing the decisional problem and
thus to be evaluated by MCDA, according to key actors and stakeholders’ preferences,
in order to select the best sustainable solution. It should be noted, however, that the
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solution of a decision problem through MCDA techniques such as Analytic Hierarchy
Process (AHP) and Analytic Network Process (ANP) can provide the winning solution,
even if the final decision to implement or not that solution is devoted to the DMs, since
they detain the political power. Therefore, the evaluator should design the alternative
evaluations and criteria selection according to the multidimensionality of a given deci-
sion problem, as well as the actors and stakeholders’ desiderata. The alternatives design
should be accompanied by a participatory approach, both bottom-up and top-down, with
the purpose of converging towards sustainable policy decisions, including the economic
development, social equity and environmental compatibility, and also other relevant
components (i.e. technical, administrative-political, and cultural sustainability) (Bottero
and Mondini 2009). In the case when the decision problem is explored with the desktop
modality, the evaluator’s sensitivity, as well as his/her ability to properly identify and
blend a variety of driving forces, are required for scenarios building and planning.

In both the cases, the selection of the best solution will help the final users to define
strategic and time-oriented recommendations and guidelines.

The LCA contribute to increase the awareness that an individual choice could have an
impact on the environment and its components. It can effectively promote the transition
towards a circular planning and design, ranging from the local to the regional scales. It
can assess a set of alternatives, also complementary to aMCDA evaluation. For example,
the alternatives can be contradistinguished using specificmaterials that can impact on the
environment, or that can be recycled and (re)used in their second life in the production
cycle. The LCA can address both planning and evaluation processes once the suitable
alternative scenario is identified and monitor its performance over time (ex-post phase)
by considering the material flow analysis and specific indicators.

Considering the scheme of the integrated framework (Fig. 4) we can combine the
tools according to a multi-scalar approach, on the one hand, to explore the life and
material flow and energy, and on the other hand, to identify the main characteristics of
the problem under investigation and the cost-effectiveness ratio of the set of alternative
scenarios under investigation.

Particularly, the authors identify some opportunities of employment of this frame-
work. It could be useful in the context of spatial planning and management, for example
for the revision of municipal plans, or urban regeneration projects, or even high-impact
spatial projects, since these can increase the awareness of final users about the envi-
ronmental impact entity generated by an intervention, as well as on the sensibilization
of secondary material use for closing the cycles. An equitable context of investigation
is environmental planning and management, with particular regard to the design and
assessment of projects inspired by Nature-Based Solution approach (NBS) (Quagliolo
et al. 2023). Last, but not least, the context of sustainable tourism planning could trig-
ger interesting insights in terms of design of circular policies and actions, since projects
and interventions developed in tourism destinations impact strongly on the environment,
where local communities consensus could not be always reached (Cimnaghi andMussini
2015; Mandić and Kennell 2021).
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Fig. 4. Definition of the integrated framework combining LCA and MCDA (Own elaboration)

4 Conclusions

The resilient development of the society towards SDGs and the transition to net-zero
carbon target by 2050 are challenging objectives which require a specific attention on
current planning issues and understanding of complexmechanisms of urbanmetabolism.
Life cycle integrated multi-criteria decision tools are fundamental instruments for sus-
tainability assessment of urban and territorial development due to their ability to tackle
the increasing complexity and uncertanties during the evaluation process.

This position paper aimed to identify an integrated framework to explore urban
metabolism and define benefits and critical issues of applying integrated Life Cycle
Assessment (LCA) and Multicriteria Decision Analysis (MCDA) for decision making.
Outcomes from literature were reviewed and suitable tools, with spatial boundaries rang-
ing from building to city/territory levels, discussed to evaluate sustainability, resiliency,
and circularity within a multi-scaling approach. Regionalization and accuracy of data
are currently the major limits of the integrated framework. Future advances in enhancing
regional detail and broadening the assessment to economic and social aspects will make
it more relevant for stakeholders involved in planning and assessment procedures.
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