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Abstract. The “urban and territorial metabolism” refers to the construction of urban 
systems by analyzing the directions of energy, water, nutrients, materials, and waste 
flows in an urban system, with the aim of quantifying the inputs, outputs, and stored 
parts of the system. In short, it is an evaluative-design approach to the stability and 
impact of a production system, with the aim of verifying its results in terms of sus-
tainability. The transition from linear production-consumption approaches to circu-
lar systems, now accepted by various European public administrations, represents 
a new direction in the processes of regeneration and transformation of the territory, 
in order to improve the quality impact of urban and peri-urban areas and meet the 
environmental objectives set out in the European agenda. On this basis, in develop-
ing the meta-project for the eco-sustainable restructuring and functionalization of the 
Mondeggi Public Estate, this article aims to use a metabolic approach to define the 
conditions for achieving the overall environmental, social, and economic sustainabil-
ity of the Mondeggi Estate’s systems. Specifically, the metabolic approach defined to 
safeguard and maintain natural and ecosystem resources over time, without producing 
irreversible alterations, is evaluated through a Life Cycle Assessment considering the 
relationship between the flows of resources (firstly energy, even considering water) that 
the ‘Tenuta di Mondeggi’ system absorbs and produces.

Keywords:	 landscape, environment, metabolism, Life Cycle Assessment, energy com-
munity.

1. INTRODUCTION

Urban territorial systems based on the traditional linear economic model 
– “extract, produce, use, and dispose” – have given rise to several pressing 
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societal challenges (Fernandes and Ferrão, 2023; Perrotti 
and Stremke, 2017). 

The lack of coordinated and circular planning 
has produced urbanization models that fail to manage 
nonrenewable resources and raw materials effectively 
(Brown et al., 2017). These shortcomings have contribut-
ed to climate change and rising global temperatures, sig-
nificantly undermining residents’ quality of life and the 
resilience of territories, as reflected in recent well-being 
indicators (Cinquepalmi, 2019).

The exponential growth of the global population, 
now surpassing 8 billion, combined with the ongoing 
abandonment of inland and rural areas and recent tech-
nological and economic developments, has significantly 
contributed to urban overcrowding. This scenario exac-
erbates the challenges of managing energy, resources, 
and material flows (Paoli and Pirlone, 2024).

In this context, issues related to the supply of fossil 
resources become crucial globally, especially for coun-
tries that lack these resources within their territory. This 
situation has made energy dependence a central theme 
in national debates across many states of the European 
Union (ENEA, 2011).

The European Union’s substantial reliance on off-
shore energy supplies remains one of its most press-
ing challenges. The EU continues to depend heavily on 
imports of natural gas and oil (GEA, 2012). This vulner-
ability is further exacerbated by fossil fuels being pri-
marily imported from countries with high geopolitical 
risk profiles (ENEA, 2011). Scientific literature consist-
ently shows that a nation’s energy security is significantly 
weakened when dependence is high and when imports 
are concentrated among a small number of suppliers 
with low geopolitical stability (Gross and Mautz, 2015; 
Magnani, 2018). Moreover, reliance on cross-border pri-
mary energy sources affects not only the resilience of the 
energy system but also a country’s overall security and 
competitiveness.

Heavy reliance on fossil fuel imports from non-EU 
countries exposes many EU Member States to signifi-
cant fuel price volatility. These price fluctuations directly 
impact electricity costs and hinder environmental sus-
tainability, as external fossil fuel use remains a major 
driver of greenhouse gas emissions and other environ-
mental pressures.

This context calls for a sustainable rethinking of 
urban systems, including the diversification of energy 
sources, as demonstrated by recent policies supporting 
renewables, the development of efficient and circular 
models, and, ultimately, the diversification of fossil fuel 
supplier countries (Aura, 2022; Khan, 1995; Pluchino, 
2019).

To strengthen the methodologies used for analyzing, 
evaluating, and designing urban systems based on circu-
lar economy principles – defined as an economic model 
capable of self-regeneration and long-term sustainabil-
ity (Bortolotti et al., 2023) – it is advisable to adopt the 
urban metabolism approach (Castán Broto et al., 2012; 
Kennedy, 2007). This framework enables the analysis 
of energy flow inputs and outputs within cities or spe-
cific urban areas. Moreover, it serves as a design tool for 
implementing circular, resilient, and sustainable urban 
models, improving energy system efficiency, and helping 
mitigate the impacts of climate change.

Urban metabolism aligns closely with key Euro-
pean energy strategies, including the “2030 Framework 
for Climate and Energy” (European Commission, 2014) 
and the “Long-term Strategy for 2050” (European Com-
mission, 2018). These frameworks are designed to meet 
the targets established by the Paris Agreement, which 
include: (i) keeping the global temperature increase 
below 2°C, with efforts to limit it to 1.5°C; (ii) reducing 
greenhouse gas emissions by at least 55% compared to 
1990 levels, surpassing the previous 40% target (Kenne-
dy et al., 2011); (iii) increasing the share of energy con-
sumption from renewable sources to at least 32%; and 
(iv) improving energy efficiency by a minimum of 32.5%.

Italy is among the EU countries facing significant 
energy dependency, fossil fuel use, and waste manage-
ment challenges.

At the national level, the National Energy Strategy 
(SEN), published in late 2017, established long-term pol-
icy guidelines aligned with EU goals and called for a a 
reduction of emissions by at least 80% compared to 1990 
levels. 

The SEN also led to the adoption of the Integrated 
National Energy and Climate Plan (NECP) 2021-2030, 
a strategic framework structured around five key pil-
lars: (i) decarbonization; (ii) energy efficiency and secu-
rity; (iii) development of the internal energy market; (iv) 
research and innovation; and (v) competitiveness.

Municipalities play a central role in climate action at 
the local level through the Covenant of Mayors for Cli-
mate and Energy, which sets a target of a 40% reduction 
in greenhouse gas emissions by 2030. Italian municipali-
ties implement this commitment through the Sustain-
able Energy and Climate Action Plan (PAESC), adapting 
climate goals to local contexts and resource availability 
(Bolognesi, 2018). These strategies recognize that achiev-
ing the energy transition requires acting on multiple 
fronts, including increasing renewable energy production, 
reducing emissions, and lowering energy demand. One 
promising avenue is the development of energy commu-
nities (Tucci et al., 2024; Galán-Cano et al., 2025).
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The construction of energy communities offers 
a chance to address the social acceptability of energy 
interventions and move beyond the traditional sectoral 
approach, fostering locally defined energy mixes, tai-
lored to resource availability. In dynamic energy com-
munities, inhabitants engage in identifying heritage 
resources, assuming a lead role in managing their terri-
tory’s transition towards self-sustainability (Biggeri et al., 
2023; Pisano, 2021). Core principles of energy commu-
nities include decentralization and localization of ener-
gy production. Involving citizens, businesses, and local 
enterprises enables energy production, consumption, 
and exchange focused on self-consumption and collabo-
ration (ENEA, 2021).

The development of local energy communities in 
Italy can serve as a pathway to constructing metabolic 
energy systems that enhance regional energy poten-
tial and generate alternative energy sources (Bolognesi 
and Magnaghi, 2020), thereby promoting greater ener-
gy independence. This initiative partially mitigates the 
deficit that currently hampers Italy’s energy autonomy. 
Within this framework, an energy community possesses 
the capacity to function as an instrument for attaining 
national energy independence in a scenario where the 
Italian landscape encompasses a network of such com-
munities.

The significance of this tool/model can be understood 
by referencing the Italian case study and briefly examin-
ing the data regarding domestic energy production.

In 2021, Italy’s electricity demand was recorded at 
319.9 TWh, marking an increase of 6.2% compared to 
the previous year. Domestic production accounted for 
86.6% of the electricity demand, while the remaining 
13.4% was fulfilled through net imports from abroad, 
which rose by 32.9% from 2020. The gross domestic pro-
duction reached 289.1 TWh, reflecting a 3.0% increase 
over 2020. Specifically, domestic generation consisted 
of 59.0% non-renewable thermoelectric generation (an 
increase of 5.5% relative to 2020), 16.4% from hydro 
generation (a decrease of 4.1% compared to 2020), and 
the remaining 24.6% was derived from wind, geother-
mal, photovoltaic, and bioenergy sources (with wind 
increasing by 11.5%, photovoltaic by 0.4%, geothermal 
decreasing by 1.9%, and bioenergy decreasing by 2.9% 
when compared to 2020). The renewable generation sec-
tor continued to expand in 2021, with an overall growth 
of 2.5%, representing 48.4% of the total installations in 
Italy. Conversely, the thermoelectric generation f leet 
slightly declined, decreasing from 62.7 GW in 2020 to 
61.9 GW. In quantitative terms, the number of renewable 
installations increased from 948,979 in 2020 to 1,029,479 
in 2021, with the photovoltaic sector registering an 

increase of 80,245 installations. Various sectors demon-
strated growth over the preceding year, with photovolta-
ics increasing by 4.4% and wind power by 3.5%. Mean-
while, the hydro renewable sector experienced a modest 
increase of 0.3%, reaching 19.2 GW; the bioenergy (4.1 
GW) and geothermal (0.8 GW) sectors remained stable. 
Additionally, as of December 31, 2021, there were 75,070 
operational storage systems, reflecting a 90% increase 
compared to 2020, with a total nominal active capacity 
of 407.1 MW, representing a 124% rise compared to 2020 
(TERNA, 2021).

The above data suggest that, despite a significant 
decline, the still high national dependence on nonre-
newable energy sources presents an issue that requires 
prompt and practical solutions.

This research endeavors to delineate the methodol-
ogy for establishing a metabolic energy community, uti-
lizing the Mondeggi Estate in Bagno a Ripoli, a public 
property under the jurisdiction of the Metropolitan City 
of Florence, as a case study.

In detail, it aims to understand and explore the 
potential of local energy systems based on urban metab-
olism and circularity principles. It utilizes the energy 
community model by planning alternative energy pro-
duction facilities tailored to a specific local system’s spa-
tial energy potential and energy demand. 

The study was conducted as part of a collaboration 
between the DIDA and DISEI departments of the Uni-
versity of Florence and the Metropolitan City of Flor-
ence. The outcome was a Technical-Economic Feasibil-
ity Project, which was submitted for funding under the 
Integrated Urban Plans supported by NRRP.

The area being tested was the focus of a project pro-
posal for environmental, architectural, social, and cul-
tural redevelopment through the implementation of one 
of the project lines of the National Recovery and Resil-
ience Plan (NRRP), which allocates resources to Metro-
politan Cities for investments aimed at fostering better 
social inclusion in urban or suburban areas. 

The process of building the energy community for 
the Mondeggi area followed an analytical approach 
articulated through in-depth research into the area’s 
energy potential and needs to be met, the foreseeable 
production and waste production cycles, and the corre-
lations between the basic components of urban metabo-
lism (product, energy, waste) (Muñoz and Navia, 2018). 

This study also considered landscape values and 
the citizens’ perceptions of the area, also supported by 
the participatory process that accompanied the develop-
ment of the project (Biggeri et al., 2023). From this point 
of view, the analyses also served as the basis for redefin-
ing the general perception of the area, enabling shared 
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envisioning and building support for the proposed ideas 
(Pisano and Lingua, 2021).

After this, a comprehensive series of metabolic inter-
vention options was developed, meticulously calibrated 
in accordance with the relationship between available 
resources and the requisite needs to be addressed. Con-
sequently, the final hypothesis was formulated, accompa-
nied by a thorough assessment of the associated imple-
mentation costs. 

A Life Cycle Assessment was conducted using One 
Click LCA Planetary software and the Net Zero Carbon 
application to evaluate the operational validity of the 
design process and the results obtained.

Based on the above, the following sections are out-
lined: Section 2 provides a literature review of the top-
ics covered in the article and illustrates the LCA meth-
od used; Section 3 presents the results arising from the 
experiment, specifically the construction of an energy 
community on the Mondeggi Estate in the Municipality 
of Bagno a Ripoli; Section 4 presents the outcomes of the 
LCA conducted; and Section 5 discusses the experiment 
results and draws conclusions from the work.

2. MATERIALS AND METHODS

This section presents: i) the results of a literature 
review on the key topics addressed in this paper, includ-
ing: 2.1) energy production, efficiency, and savings; 
2.2) urban metabolism; ii) a description of the research 
methodology, covering: 2.3) The planning approach for 
energy communities, illustrated through the case study 
of the Mondeggi Estate in the Municipality of Bagno a 
Ripoli (Metropolitan City of Florence); 2.4) The applica-
tion of Life Cycle Assessment (LCA) to evaluate the out-
comes of the experiment.

2.1 Energy: production, efficiency, and savings 

Addressing the energy performance of an urban sys-
tem begins with understanding the amount of energy 
required to maintain its basic functions (Kennedy et al., 
2011; Castán Broto et al., 2012). In line with current best 
practices in territorial planning and design, assessing the 
energy production potential from renewable sources is 
essential. At the same time, it is crucial to reduce energy 
consumption, particularly in infrastructure and service 
operations, transport, public lighting, and building man-
agement (ARSIA, 2009).

This approach seeks to diminish urban reliance on 
extensive, frequently remote energy infrastructures and 
fossil fuels linked to considerable market volatility and 

energy insecurity (Gross and Mautz, 2015). These fac-
tors exemplify the fundamental challenges of advancing 
energy conservation and using renewable energy sources 
efficiently. Originating from natural resources that are 
either inexhaustible or capable of regeneration within a 
human timescale, renewable sources afford significant 
advantages for environmental protection and public 
health and serve as a plausible alternative to fossil-based 
electricity generation.

Nevertheless, the emergence of new design mod-
els for local energy systems, such as energy communi-
ties, has largely been driven by the dynamics introduced 
by renewable energy sources (RES). This shift is often 
associated with large-scale installations that are dispro-
portionate to the territorial context. These systems have 
been incentivised by policy frameworks and strategically 
leveraged by industry operators seeking to reduce costs 
and maximise the efficiency of individual energy sources 
(Mushafiq et al., 2023). 

Thus, the most common strategy for reducing costs 
has been the development of large-scale facilities, such as 
ground-mounted photovoltaic systems comprising hun-
dreds or even thousands of panels, geothermal plants, 
and large wind farms (Gross and Mautz, 2015). 

Recently, growing concerns about the impacts of 
large-scale energy infrastructures have opened new ave-
nues for rethinking energy production and consump-
tion. This shift has encouraged the emergence of a cul-
tural approach that links renewable energy generation 
to localized energy configurations (Conde and Takano-
Rojas, 2025). 

This necessitates exploring innovative approaches to 
execute interventions aimed at energy conservation and 
energy efficiency that, although functioning distinctly, 
aspire to attain comparable and synergistic outcomes. 
Among these, the focal point of this article is urban 
metabolism. 

Before turning to the literature review on urban 
metabolism, it is important to distinguish between the two 
concepts established at the normative level by European 
Directive 2012/27/EU, which defines them as follows: 
i)	 “energy savings, amount of energy saved, deter-

mined by measuring and/or estimating consumption 
before and after implementation of an energy effi-
ciency improvement measure, while ensuring nor-
malization of external conditions affecting energy 
consumption”.

ii)	 “energy efficiency, the ratio of output in terms of 
performance, services, goods, or energy to the input 
of energy”.
Common energy-saving measures include reduc-

ing energy needs by adopting “virtuous” behaviors such 
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as limiting heating and lighting usage, using household 
appliances efficiently, and regulating winter heating and 
summer air conditioning temperatures.

On the other hand, a system’s energy efficiency rep-
resents its ability to optimize energy utilization to meet a 
given demand. 

Enhanced efficiency enables the same result to be 
achieved with reduced energy consumption. In contrast 
to savings, energy efficiency is quantifiable, typically 
expressed as a percentage or through a building’s energy 
class rating. This rating provides insights into construc-
tion quality, particularly insulation and technological 
systems, and, more importantly, helps identify the most 
effective interventions to enhance overall performance 
(Sorgenia, 2022). 

2.2 Urban metabolism

Comparing the city to a living organism has been 
a significant aspect of urban studies and technology for 
many years. The term “metabolism” defines the set of 
chemical reactions occurring within each cell of a liv-
ing organism, providing energy for life processes and 
synthesizing new organic material. Living organisms 
transform what they extract from their environment into 
energy into energy for activities such as development, 
movement, and reproduction (Wolman, 1965).

This is precisely why the need arises to understand 
the workings of processes within urban systems; that 
is, how the city utilizes energy and matter to support its 
inhabitants.

In analogy to biological metabolism, it is possible to 
construct a model that facilitates descriptions and anal-
yses of the incoming and outgoing (input and output) 
exchanges of flows, materials, and energy related to cit-
ies and the territories they occupy, studying the interac-
tions between urban infrastructure and services, as well 
as those between natural systems and the human species 
(Wolman, 1965).

This methodology was first systematized by Abel 
Wolman in 1965 to analyze the direction of energy, 
water, nutrient, material, and waste flows in an urban 
system, quantifying the inputs, outputs, and stored com-
ponents within the system. This methodology assesses 
the stability and impact of a production system to deter-
mine its overall resilience and sustainability. 

Wolman conducted his research using a hypotheti-
cal city of one million residents, focusing on quantifying 
resource inputs and waste outputs. He described “urban 
metabolism” as encompassing all materials and resourc-
es required to support a city’s residents at home, at work, 
and during leisure activities.

Since Wolman’s work, research on urban metabo-
lism has intensified, and some cities have adopted this 
approach to study their resource flows to improve effi-
ciency, sustainability, and resilience.

Recently, researchers at the University of Toronto 
conducted a comparative study on urban metabolism 
across eight metropolitan regions. This study identi-
fied various processes that present a significant threat 
to urban sustainability, including the formation of heat 
islands, alterations in groundwater levels, the accumula-
tion of nutrients such as phosphorus and nitrogen, the 
production of toxic materials, and the depletion of local 
raw materials (Kennedy et al., 2011).

This research redefines urban metabolism as the 
sum total of technical and socioeconomic processes 
occurring in cities, reflecting growth, energy production, 
and waste disposal (Kennedy et al., 2011). This approach 
provides a useful interpretive key for understanding the 
city’s complex dynamics and redesigning it sustainably.

Over the years, the urban metabolic approach has 
evolved from a purely spatial monitoring tool focused on 
studying urban energy and material flows into a sophis-
ticated method that uses monitoring data to develop 
small-scale design models centered on circularity, mate-
rial reuse, and environmental sustainability.

Today, contemporary urban planning fully embraces 
the idea of urban and spatial metabolism (e.g., Kennedy 
et al., 2011; Van Bueren et al., 2012; Ibañez and Katsikis, 
2014; Sijmons et al., 2014). Urban planners and decision-
makers currently apply the urban metabolism model 
across four main practical domains:
i)	 Sustainability reporting: this model facilitates the 

reporting, analysis, and comparison of impacts, 
resource reserves, and sustainability levels in cities glob-
ally, presenting data in a manner that is accessible to 
decision-makers and allows for comparisons over time;

ii)	 Greenhouse gas accounting: this model quantifies 
greenhouse gas emissions in urban areas, reflecting 
resource consumption and waste. By utilizing rel-
evant indicators, such as the previously mentioned 
carbon footprint, it is feasible to pinpoint emissions 
surpassing expected limits and formulate suitable 
action plans for their reduction;

iii)	 Analysis of strategies: urban metabolism has cre-
ated mathematical models to measure and forecast 
the amounts of pollutants and nutrients in the urban 
environment. Utilizing these simulations allows for 
the identification of effective pollution prevention 
strategies and the assessment of their efficacy;

iv)	 Sustainable urban planning: utilizing the previously 
mentioned applications, the urban metabolism mod-
el serves as a design tool for creating and executing 
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more sustainable urban infrastructure and services. 
By monitoring the flow of energy, materials, and 
waste within the system and combining this infor-
mation with social, health, and economic indicators, 
it becomes possible to devise strategies for urban 
regeneration. This is achieved by establishing a cir-
cular metabolism where resources are reclaimed and 
waste is reduced (Kennedy et al., 2011; Paoli and 
PirlPirlone, 2024; Pluchino, 2019).
Considering the previously mentioned applications, 

we aim to propose a methodological framework for 
designing a local metabolic energy system to be integrat-
ed with the energy community tool.

2.3 Methodological approach for designing a local meta-
bolic energy system

The proposed method for building a local metabolic 
energy system is based on forming an energy communi-
ty that can arise from the collaborative dynamics among 
users within a given local system. Each energy commu-
nity has specific characteristics, but all share the same 
goal: to self-produce and provide affordable renewable 
energy to its members.

The fundamental principles of this approach lie in 
the decentralisation and localisation of energy produc-
tion. This is made possible through the active involve-
ment of citizens, businesses, corporations, and other 
regional stakeholders, who collectively participate in 
the production, consumption, and exchange of energy 
(Guetlein and Schleich, 2023).

Indeed, as shown in the literature, citizen participa-
tion influences the success of local energy communities, 
where cooperative management is a crucial element for 
energy efficiency and sustainability (Neves et al., 2024). 
This approach suggests that energy-efficient systems 
should be designed based on community acceptance, tai-
lored to local energy resources, and proportionate to the 
landscape and territorial context. The goal is to prevent 
large-scale projects that may have considerable impacts, 
as the community must accept and manage the metabol-
ic cycle of production, consumption, and waste.

Based on the above, the path of an energy-metabolic 
project arises through the construction of a structured 
analytical framework, primarily focused on exploring 
potential local energy as it relates to heritage, environ-
ment, and landscape, articulated in:
–	 General framing of the area;
–	 Development of a state of affairs of renewable energy 

sources;
–	 Analysis of existing landscape and urban planning 

constraints;

–	 Definition of potential renewable energies that can 
be installed;

–	 Analysis of spatial and architectural heritage;
–	 Definition of local energy-metabolic potentials and 

options.
Once the analysis framework is finalized, we need 

to evaluate viable energy-metabolic options using assess-
ment tools and indicators that inform design choices and 
actions. In this context, we propose utilizing LCA.

Based on the local energy demand framework and 
the area’s potential, we evaluate alternative energy pro-
duction and efficiency systems to optimize territorial 
energy resources and formulate a project hypothesis.

2.4 Life Cycle Assessment

Life Cycle Assessment (LCA) is a method for assess-
ing and quantifying energy and environmental loads, 
as well as the potential impacts associated with a prod-
uct, process, or activity throughout its life cycle, from 
raw material acquisition to end of life (“cradle to grave”) 
(ISO, 2006). The relevance of this technique primarily 
lies in its innovative approach to evaluating all stages of 
a production process as related and dependent.

Among the tools that have emerged for industrial 
systems analysis, LCA has assumed a prominent role and 
is expanding rapidly both nationally and internationally.

Internationally, the LCA methodology is governed 
by the ISO 14040 series of standards, under which a 
life cycle assessment study involves defining the objec-
tive and scope of the analysis (ISO 14040), compiling 
an inventory of the inputs and outputs of a given sys-
tem (ISO 14041), assessing the potential environmental 
impact related to those inputs and outputs (ISO 14042), 
and finally interpreting the results (ISO 14043).

At the European level, the strategic importance of 
adopting LCA methodology as a fundamental and sci-
entifically appropriate tool for identifying significant 
environmental aspects is clearly expressed in Green 
Paper COM(2001) 68 final and COM(2003) 302 final 
on Integrated Product Policy. It is also suggested, if only 
indirectly, in the European Regulations: EMAS (Reg. 
1221/2009) and Ecolabel (Reg. 66/2010).

LCA, for that matter, is a key support for developing 
environmental labelling schemes: in defining the envi-
ronmental reference criteria for a given product group 
(type I eco-labels: Ecolabel), or as the primary tool for 
obtaining an Environmental Product Declaration: EPD 
(type III eco-label).

Its applications are potentially limitless: product and 
process development; environmental marketing; strate-
gic planning; and public policy implementation.
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However, detailed LCA studies can be costly and 
complex, requiring extensive environmental data and 
knowledge of methods and tools. Therefore, “simplified 
LCA” tools are being developed for quick life cycle veri-
fication of products, accessible even to those lacking the 
necessary skills and resources for full study.

Additionally, reliable data is crucial for the success 
of an LCA study. Efforts in the international and Euro-
pean arena aim to enhance access, availability, and open 
exchange of LCA data via public, protected, compatible, 
transparent, and accredited databases.

Simplified LCA builds on the traditional detailed LCA 
framework by evaluating the life cycle impacts of a product 
while also streamlining the analysis of those impacts.

For example, in contrast to a full LCA, the simpli-
fied version might utilize more secondary data (sourced 
from international databases) while reducing the num-
ber of primary data points (gathered directly from the 
farm). It might consider simplifying or omitting the 
analysis for certain product life stages.

Life Cycle Assessment (LCA) is a standardized 
methodology for evaluating the environmental impacts 
of a product, process, or service throughout its life cycle. 
Its mathematical formalization is based on mass, energy, 
and emission balance models, following a set of funda-
mental equations.

Mathematical formalization of LCA

As previously outlined, Life Cycle Assessment (LCA) 
involves four stages: i) defining objectives and scope; ii) 
conducting inventory analysis; iii) assessing impacts; 
and iv) interpreting results (Figure 1) (ISO, 2006). These 
stages are executed using mathematical equations that 
detail the material and energy flow within the system 
being analyzed, along with its environmental impact.

The very first stage involves defining the purpose 
and boundaries of the study, followed by identifying the 
product system and its intended function, as well as the 
environmental impacts and other factors to be evaluated 
(Baumann and Tillman, 2004). 

In the inventory phase (LCI), inputs and outputs are 
quantified for each stage of the life cycle, starting from 
the extraction of raw materials to the end of life. This 
stage can be formally represented through the equation: 

� (1)

where:
Ij= output flux j (usually CO2 emitted);
Sij= emission coefficient, resource consumption of pro-
cess unit i;

fi= process flow for activity i.
Inventory is typically represented in matrix form; 

thus, a model is established that can analyze flows and 
express them succinctly. The matrix is defined by the fol-
lowing relationship (fundamental equation):

I=S•f� (2)

in which:
I= vector of emission/output flows (e.g., CO2; SO2; NO2); 
S= technology matrix of emission coefficients;
f= vector of process flows.

At the end of the inventory stage, the environmental 
impacts associated with each category (LCIA) are char-
acterized. During this stage, each elementary flow calcu-
lated previously is multiplied by a characterization factor 
(CF), which is defined using matrix notation as follows:

E=C I� (3)

in which:
E= vector of environmental impacts for each category k 
(e.g., global warming)
C= matrix of characterization factors (conversion of j 
flows to k impact units)
I= vector of emission flows resulting from the LCI

Finally, to relate the different impacts obtained, the 
following are applied: i) normalization; ii) weighting.

Normalization is represented by the formula:

Figure 1. LCA phases, extracted from EN ISO 14040:2006 stand-
ard.
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� (4)

where:
= normalized value of k

= reference value 
= environmental impact by category k

In the end, the weighting process assigns relative 
weight,  , to the different impacts. This leads to an 
overall total impact value represented by the following 
formula:

� (5)

where:
T= total environmental impact value

= weight assigned

3. METHODOLOGICAL PROPOSAL: THE CASE STUDY 
EXPERIMENT, A METABOLIC PROJECT FOR THE 
MONDEGGI ESTATE IN THE MUNICIPALITY OF 

BAGNO A RIPOLI 

3.1 Spatial framework

The model proposed by this research was tested 
within the Mondeggi Estate, located southeast of Bagno 
a Ripoli in the Metropolitan City of Florence. The site 
lies south of the Antella hamlet, along the provincial 
road connecting Grassina to Figline Valdarno.

Situated approximately 8 km from Florence and just 
a few kilometers from the Firenze Sud highway exit, the 
estate is embedded in the hilly landscape of Bagno a 
Ripoli, an area that combines agricultural predominance 
– primarily olive cultivation – with a historical layering 
of rural and urban settlements of significant cultural 
and architectural value.

This area forms part of the so-called “Florentine land-
scape,” characterized by a dense infrastructural network 
of minor roads and a rich architectural heritage, includ-
ing villas, religious buildings, and tabernacles. Despite its 
historic rural identity, the area has undergone progressive 
transformations, revealing clear signs of broader “urbani-
zation of the countryside”. In particular, the valley floor of 
the Ema stream has experienced major landscape changes 
due to the development of the Scolivigne artisan district, 
which has significantly altered its rural character.

While the anthropogenic presence is long-estab-
lished, recent decades have seen an intensification of res-
idential construction with distinctly urban traits – such 

as the subdivision and renovation of former farm prop-
erties, the emergence of newly built villas, and the intro-
duction of non-native vegetation in green spaces (Mag-
naghi et al., 2013; Bolognesi, 2018).

The goal of establishing a metabolic and circular 
energy system in the Mondeggi area begins with identi-
fying a clearly defined territorial unit. This unit encom-
passes the estate itself and the surrounding zones of 
energy relevance, representing a potential energy com-
munity.

The study covers 340 hectares, comprising 170 hec-
tares of the estate and an additional 170 hectares near-
by. Over half of this area is agricultural land, featuring 
classic Tuscan crops such as vineyards, olive groves, 
orchards, and arable fields.

Another important portion of the area is occu-
pied by deciduous and coniferous forests, which greatly 
enhance the area’s natural beauty. 

Thirteen percent of the area is sealed: within the 
estate, we find the villas and farm buildings; to the 
north is the Lapeggi villa farm complex, to the southwest 
is the Scolivigne industrial area, and to the south is the 
Capannuccia residential complex. 

The presence of the Ema stream is important, as 
it naturally marks the border with the municipality of 
Impruneta. 

The built-up areas in the region can be classified as 
farm-historical (43 percent), industrial-commercial (40 
percent), and residential (17 percent).

3.2 The development of a metabolic energy scenario

3.2.1 Analysis of the research scope

The goal of designing a metabolic and circular ener-
gy system on Mondeggi’s territory starts with defining 
a specific area that extends beyond the current bound-
ary of the Estate, including regions of significant energy 
interest (Figure 2).

Establishing a status quo on current renewable 
energy production in the study area defines the project’s 
starting point.

The Gestore Servizi Energetici (GSE), through the 
photovoltaic and solar plant census portal Atlasole, iden-
tifies six photovoltaic plants in the area capable of pro-
ducing approximately 22 kW of power.

The limited presence of plants represents one of the 
area’s weaknesses. It defines a key objective of the pro-
ject: to establish a circular metabolic energy system, spe-
cifically to enhance the installation of renewable energy 
production plants through careful and precautionary 
operations that we will explore as the study progresses.
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The development of a summary analysis of the vari-
ous constraints on the study area is most important for 
landscape and environmental values (Figure 3).

In line with national and regional legislation and the 
guidelines outlined in the regional spatial plan regard-
ing the landscape plan (PIT-PPR), the areas under con-
straints have been identified using geographical data 
from the Tuscany Region’s geo-portal.

After an initial analysis of the current state’s territo-
rial and constraining framework, the research continues 
by addressing the project approach and constructing a 
series of specific analyses that will define the area’s ener-
gy potential.

3.2.2 Study of energy potential

The study and research regarding the Mondeg-
gi area’s wind energy potential rely on sources from 
the LaMMA Consortium’s “WindGis” portals and the 
Gestore Servizi Energetici (GSE) “atlaeolico”.

The average annual wind speed, a simple yet indis-
pensable datum, was chosen as the indicator to define 
the area’s wind potential.

The average annual wind speed is crucial for defin-
ing the potential energy producibility of a site, as it is 

proportional to the cube of the wind speed. Therefore, 
the average value of that speed allows for a rough esti-
mate. However, arriving at an accurate value for pro-
ducibility also requires considering the distribution 
of wind speeds, since winds of above-average speed 
contribute much more to producibility than those of 
below-average speed, as well as turbulence, which refers 
to rapid variations in wind speed. These variations can 
alter the normal flow of the wind, diminishing energy 
and significantly decreasing productivity. Average wind 
speed is typically calculated over a 12-month period 
to account for slow seasonal fluctuations. In fact, the 
average wind speed measured in any single year devi-
ates from the average wind speed over 20 years by only 
about 5 percent. 

Let us assume that electricity generated by wind 
power is produced where there is an average wind speed 
above 5 m/s and where a wind turbine can operate for 
more than 1,500 hours per year. As a rough estimate, 
with a properly installed micro-wind power plant at a 
site with an average annual wind speed between 5 and 
6 m/s, between 1,000 and 1,800 kWh per year can be 
generated for each kW of rated turbine power. Thus, for 
a plant of only 5 kW, this means a minimum of 5,000 
kWh per year (5 kW x 1,000 kWh) and a maximum of 
9,000 kWh. By feeding the energy produced into the 

Figure 2. Territorial analysis of the research area.
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grid, thanks to the government incentive of €0.30/kWh 
given by the “All-inclusive Tariff”, this results in an 
annual income of a minimum of (0.30 x 5,000 =) €1,500 
and a maximum of €2,700. If the micro-wind power 
plant is larger, for example, based on a 20 kW turbine, 
the minimum annual production can be estimated at 
20,000 kWh and the maximum at 36,000 kWh, values 
that correspond in practice to an annual revenue of 
between € 6,000 and € 11,000.

In conclusion, Mondeggi Estate’s low wind speed, 
under 5 m/s, which is below the minimum requirement 
for installing a micro-wind power plant, eliminates 
wind power as a feasible technology for the energy pro-
ject (Figure 4a).

The presence of forests in the study area allows for 
sustainable estimation of biomass withdrawal for fuel in 
electricity and heat production.

The analysis started by evaluating factors including 
forest type, constraints assessment, morphogenetic anal-
ysis of the region, and forest accessibility review.

Considering the favorable outcome of the analysis 
and the fact that we are situated in a well-accessible hilly 
region where the majority of the forested areas are not 
subject to significant constraints, the study concentrated 
on estimating the biomass that could potentially be har-
vested in the area (Figure 4b).

The sustainable drawdown calculation was pro-
cessed using GIS software in accordance with methods 
defined in the Tuscany Region. 

The calculation starts by employing the Corine 
Land Cover codes for forest areas, each linked to specific 
accretion rates by species (m3/ha). These rates are then 
multiplied by the area in hectares of each forest polygon 
to determine the annual increment (m3/year). This figure 
is subsequently multiplied by the density associated with 
each species (kg/m3) to compute the total increment 
weight. From this, we extract the percentage of residual 
biomass, yielding the potentially harvestable biomass (t/
ha) available for energy production as fuel.

The substantial energy potential of the subsoil, char-
acterized by its inexhaustibility and complete renewabil-
ity, can be harnessed to cool buildings.

Starting at a depth of 10 meters, the ground temper-
ature remains nearly constant throughout the year, unaf-
fected by thermal exchanges with the surface or daily 
and seasonal temperature variations.

At a depth of 10 meters, the average geothermal gra-
dient increases by approximately 3°C for every addition-
al 100 meters. Between depths of 100 and 150 meters, 
ground temperatures generally range from 13°C to 17°C. 
Utilizing low-enthalpy geothermal systems makes it fea-
sible to transfer heat between the subsurface and indoor 

Figure 3. Constraint analysis.
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environments that necessitate heating or cooling, there-
by assisting in the maintenance of stable indoor temper-
atures throughout the year.

The systems that move heat between the under-
ground and living spaces utilize a liquid circulating 
through geothermal probes, a heat pump, and a “low 
temperature” heat distribution system (such as under-
floor heating, radiant panels, and vents) as the medium.

In the Mondeggi energy system project, we identified 
the optimal locations for geothermal plant installations 
based primarily on the thermal conductivity of the under-
lying rocks (Figure 4c). Areas with higher heat transfer 
capacity indicate greater plant efficiency (geothermal 
yield) and allow for a rough estimation of the heat that 
can be extracted from each meter of buried probe.

However, the application of low-enthalpy geothermal 
technology depends on several variables that influence 
its deployment:
–	 Particularly in vertically developed systems (probes 

that penetrate deep into the subsurface rather than 
expanding horizontally), drilling into the ground 
may intercept the water table and contaminate it 
with pollutants

–	 Excavation runs the risk of connecting surface aqui-
fers with deep aquifers, increasing the danger of 
contaminating the latter

–	 Slope dynamics should be considered because land-
slide movements could damage the plant.
Consequently, to determine the feasibility of con-

structing a plant, it is imperative to conduct comprehen-
sive investigations to ascertain the soil stratigraphy and 
aquifer trends in a timely manner.

The subsurface’s geological and hydrogeological 
parameters determine the geothermal system’s efficien-
cy. For this reason, it is difficult to calculate the exact 
amount of energy that can be obtained from low-enthal-
py geothermal technology: the potential energy yield of 
this type of solution is infinite, since the Earth consti-
tutes an inexhaustible reservoir of energy that is always 
available and could theoretically meet the air condition-
ing needs of any building (Bernetti et al., 2009).

3.2.3 Examination of territorial resources

Spatial heritage analysis gathers, outlines, and illus-
trates the existing spatial assets constituting the terri-
tory’s identity.

Territorial heritage refers to the enduring structures 
created by the co-evolution of the natural environment 
and human settlements, the value of which is acknowl-
edged for present and future generations. Recognizing 

Figure 4. From left to right: (a) Wind potential; (b) Biomass potential; (c) Geothermal potential. 
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this value necessitates ensuring the existence of territo-
rial heritage as a resource for community wealth produc-
tion (Battisti and Pisano, 2022; Tuscany Region, 2015).

The constituent elements of the territorial herit-
age, their interrelationships, and their perception by the 
populations express the landscape identity of Tuscany 
(Article 3 L.R. 65/2014). Therefore, the Region promotes 
and guarantees the reproduction of territorial heritage as 
a common asset that constitutes the regional collective 
identity and serves as a resource for producing wealth 
for the community.

The mapping of territorial heritage follows the 
guidelines defined by the Territorial Address Plan (PIT) 
and the Landscape Plan (PPR) of the Tuscany Region.

The Estate’s significant historical importance, which 
still allows us to observe the foundational structure of 
the Tuscan villa farm, makes Mondeggi one of the most 
valuable areas in the Metropolitan City.

The study area exhibits significant heritage elements, 
including the villa farm’s foundational structure, the 
agricultural land’s layout, and the presence of linear fea-
tures such as dry-stone walls, irrigation canals, hedges, 
and rows that preserve the character of the Tuscan land-
scape (Figure 5).

The patrimonial analysis is crucial for defining pro-
ject ideas by evaluating the area’s long-term structure 

and outlining innovative actions, such as creating an 
energy cycle with renewable sources while respecting 
the area’s historical character (Gross, 2007). The choice 
of processes to enhance the energy independence of the 
area relies heavily on compliance with the heritage cri-
teria defined by the area’s urban and landscape planning 
instruments.

Therefore, the next step involves identifying the 
potential energy resources that can be used in compli-
ance with the landscape, territorial, and environmental 
protection criteria.

3.3 The project

3.3.1 Energy potential and energy requirements

The choice of potential energy resources in the area 
arises from the analytical framework that has enabled 
us to identify, as noted above, through detailed studies, 
the most suitable options that respect the landscape and 
environment of the study area.

The spatial elements that could be exploited are 
(Figure 6):
–	 Residential buildings: roofs of civil buildings not 

subject to constraints can be used as support for 
photovoltaic panels.

Figure 5. Analysis of territorial resources.
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–	 Industrial and commercial buildings: industrial and 
commercial areas are the most suitable locations for 
installing various types of photovoltaic systems.

–	 Forested areas: unrestricted forested regions can 
support sustainable biomass harvesting for renew-
able energy fuel production.

–	 Tree crops such as vines, olive trees, orchards, and 
various crop areas can provide biomass from their 
pruning and waste for alternative energy production.
Estimating the energy needs of the study area is a 

key step in developing a metabolic energy project.
The final calculation determines the energy that 

will be generated by the facilities proposed in the pro-
ject to enhance the area’s energy self-sufficiency (Fig-
ure 7).

The process begins by calculating the population 
of the study area. For the Mondeggi Estate, the popula-
tion figures stem from the project “Mondeggi: social, 
cultural and agricultural regeneration for a sustainable 
metropolitan city”, which projects the potential residents 
that could occupy the site following redevelopment, as 
Mondeggi currently lacks officially counted inhabitants. 
In contrast, population data for other areas within the 
larger region were gathered from the 2022 ISTAT census, 
based on the 2021 findings. The total estimated popula-
tion is 660 inhabitants.

The estimation utilizes various energy coefficients, 
allowing for the assessment of the energy needs in the 
study area.

3.3.2 A local metabolic energy mix

The territorial analysis of Mondeggi Estate enabled 
us to understand the project area in detail and define the 
design actions.

Focusing on local energy needs, efforts were made to 
create various elements that enhance energy self-sufficien-
cy and develop a circular metabolic energy system. Each 
element functions as a circular unit, generating energy or 
heat from various renewable energy sources (Figure 8).

The graphical synthesis utilising an ideogram will be 
correlated with an estimation of energy production that 
will be compared against the potential requirements of 
the area. Moreover, the proposals, even when represented 
individually, will possess the capacity to coexist within 
the territorial framework, thereby establishing a complex 
structure that can adequately address the energy demands 
of the inhabitants to the greatest extent possible.

The self-generation of renewable energy must also 
be supported by energy-saving actions and efficiency 
practices that can reduce current demand.

Figure 6. Energy potential.
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The first metabolic energy cycle was developed 
based on using the most renewable and sustainable 
energy source in existence: the sun. Photovoltaic systems 
represent one of the most widely used technologies for 
renewable energy production in the world, partly due to 
their easy structural installation.

The study assessed three options for the placement 
of photovoltaic systems in the designated area, selected 
primarily in accordance with the principles of sustain-
ability while mitigating the increased land consump-
tion associated with ground installations. These options 
include the installation of panels on residential, indus-
trial, and commercial rooftops and the establishment of 
freestanding structures on impermeable surfaces, such as 
asphalt parking lots.

Placement choices were made considering various 
constraints, as shown in the appropriate table of the cog-
nitive framework. The Mondeggi Estate features historic 
buildings where the installation of photovoltaic systems 
on roofs is restricted, except for a new shed designated 
for agricultural activities at the Cuculia farm.

Outside the boundary of the Estate, we find the 
placement of the facilities:
–	 in the Scolivigne artisanal area, with systems installed 

on roofs and in waterproofed parking lots using pho-
tovoltaic canopies

–	 in the Capannuccia building complex, located on 
commercial and residential roofs

–	 in the new parking lot located southwest of the Sco-
livigne area that supports the Estate, planned in the 
redevelopment project, which will feature photovol-
taic carport shelters.
The calculation of the potential energy yield was 

performed using the formula:

Productivity = solar rad. (kWh/m²) * 
 useful sup. (m²) * max. efficiency� (6)

where:
Municipal solar radiation in Bagno a Ripoli: 1,453 kWh/
m2 annually;
Useful panel area: varies depending on the type of roof-
ing (36% for flat roofs, 60% for pitched roofs);
Maximum photovoltaic panel efficiency: 0.2.

The calculations indicate that the photovoltaic pro-
ject has a total potential production of approximately 7.3 
GWh per year. 

Given the estimated energy demand of around 9.7 
GWh/year, the project’s implementation results in an 
energy deficit of 25 percent, or 2.4 GWh/year.

The second component defines a metabolic cycle for 
heat and hot water production. As analysed within the 
cognitive framework, the area includes several forested 
regions from which sustainable biomass withdrawals can 
be utilised as fuel.

Figure 7. Energy requirements.
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This can be supplemented by establishing a collec-
tion loop for all woody agricultural waste from activities 
in the area. The supply chain was developed by designing 
a biomass and waste collection centre that subsequently 
converts all the collected material into wood chips, pro-
viding local residents with fuel for their domestic boilers. 
The calorific value of wood chips, 2.7 MWh/t, multiplied 
by the tons of wood chips produced from collecting local 
biomass and wood waste, makes it possible to produce 
147,600 m3/year of energy, corresponding to about 1.48 
GWh/year. Given the estimated energy demand in the 
area of 435,600 m3/year, the result of implementation is 
an energy deficit of 66 percent or 288,000 m3/year.

The third study examines possible sites for the 
installation of low-enthalpy geothermal systems.

Extensive public facilities, like school buildings, 
recreation centers, and community spaces, often have 
a high energy demand, particularly for air condition-
ing. This demand can be addressed by installing a low-
enthalpy geothermal system.

The geothermal study identifies initial potential 
installation sites based on a comprehensive geothermal 
analysis within the analytical framework, alongside a 
search for strategic spatial locations. However, determin-
ing the appropriateness of constructing a plant necessi-
tates precise investigations to understand the soil stratig-
raphy and aquifer trends in detail.

The selected points represent the primary and most 
energy-intensive public activities, both current and 
planned:
1.	 Villa di Mondeggi: the planned redevelopment will 

convert the historic villa into the estate’s primary 
attraction. This approximately 3,000 m2 structure 
will feature a potential low-enthalpy geothermal sys-
tem, allowing for year-round air conditioning.

2.	 Capannuccia Preschool ‘Catia Franci’: Situated in 
the Capannuccia area, this building along Tizzano 
road, south of Mondeggi, spans approximately 500 
m² and could implement a low-enthalpy geothermal 
system.

3.	 AIABA ONLUS Headquarters ‘Aldo’s House’: One 
of the headquarters of the Italian Association for the 
Assistance of Autistic Children (AIABA) established 
in Florence in 1970, the facility is a historic coun-
try villa of about 600 m2 that has been redeveloped 
to accommodate the independent living project for 
adults diagnosed with autism. It represents the last 
potential point of installation for a low-enthalpy 
geothermal system. By utilising a low-enthalpy geo-
thermal system, the considerable initial installation 
cost, once amortised, will result in a considerable 
reduction or elimination of home heating expenses. 

An estimate was made of the economic savings 
resulting from switching the heating system of the 
selected structures in the project from a gas boiler to 
a low-enthalpy geothermal system. It is estimated that 
the average gas consumption per square meter per year 
for heating a building with average insulation, without 
thermostats to regulate the temperature in individual 
rooms, and with a boiler less than 10 years old is 9 Sm3/
m2/year. Knowing that the total area of buildings slated 
for installing a low-enthalpy geothermal system is 4,100 
m2, the total gas requirement for heating is about 36,900 
Sm3/year. Given that, as of November 2022 the cost of 
methane gas established by ARERA for those with a con-
tract under the protection regime is € 1.05/Sm3, the total 
cost of the requirement is about € 38,700, which can be 
entirely saved with a low-enthalpy geothermal plant.

The installation of renewable energy production sys-
tems must be supported by energy efficiency works and 
cost-saving practices.

Energy efficiency is represented by the value of a 
building’s energy class, which indicates how the build-
ing has been constructed concerning insulation, techno-
logical systems, and, most importantly, the interventions 
needed to optimise the building’s energy performance. 
The fundamental goal of energy efficiency is not to give 
up consumption but to consume more effectively and 
experience positive effects on the amount of energy used. 
According to the depiction, improving efficiency helps 
transition a building from a lower to a higher class, sig-
nificantly reducing energy consumption.

Through a broad analysis, which involved observing 
the buildings in the study area and calculating inverse-
ly from the residential areas, it was estimated that the 
energy classes present in the study area are class F and 
class E. These classes are very energy-intensive and con-
sequently inefficient.

The scenario envisions enhancements in efficiency 
for all residential structures within the region by upgrad-
ing them to energy class A, which facilitates a reduction 
of approximately 50 percent in total energy demand.

3.3.3 Metabolic energy indicators

A final metabolic energy scenario was developed 
through an evaluation process that utilised several indi-
cators, enabling the definition and summary of the envi-
ronmental and economic impacts of the design choices 
(Figure 9) (Battisti, 2022). The development of a territo-
rial energy mix, composed of various production compo-
nents that enhance the area’s potential, requires signifi-
cant investment, which must be evaluated to identify the 
best opportunities and the feasibility of implementation.
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In addition, installing renewable energy systems for 
self-consumption can reduce annual energy costs to zero 
in cases of complete self-sufficiency. The design of an 
energy metabolic system based on local renewable energy 
production enables substantial reductions in energy costs.

A key metric for the project is the payback period, 
a commonly used method for determining the time 
required to recover the invested capital in purchasing 
an input through the net cash flows it generates. Among 
alternative investments, the one with a shorter “payback 
period” will be chosen, as from that point onward, the 
capital asset will contribute to gross profits.

Finally, avoided CO2 emissions serve as an indica-
tor of environmental benefits, calculated by multiplying 
the electricity output from each renewable source by the 
average specific CO2 emissions derived from fossil ther-
moelectric generation that would otherwise be neces-
sary. The environmental benefits of adopting renewable 
systems are proportional to the amount of energy pro-
duced, assuming it replaces energy supplied by conven-
tional sources.

3.4 The metabolic energy scenario

The final stage of the research involved creating a 
summary paper that visually encapsulates the journey 

undertaken (Figure 10). The analysis of metabolism and 
the study of energy systems were effectively directed 
toward developing an energy project within a specified 
spatial region, which was examined, designed, and eval-
uated according to the principles and models of urban 
metabolism. The concluding scenario emerges from for-
mulating a local energy mix that considers the identi-
fied energy potential within the analytical framework 
and aims to enhance it by advancing sustainable energy 
recovery and production cycles.

The project was created with essential objectives 
and concerns in mind, such as respecting the environ-
ment and landscape, minimizing land consumption, 
choosing sustainable energy options, and sizing renew-
able production facilities appropriately. Project develop-
ment starts by estimating the area’s energy needs using 
per capita consumption coefficients based on the current 
and future population.

The study area is a linear metabolic system capa-
ble of consuming 14.2 GWh/year of energy produced 
entirely by large national plants, necessitating an annual 
expenditure of approximately 5 million euros. Further-
more, if this energy is generated solely from convention-
al sources, it will produce 9.3 million kilograms of gase-
ous emissions.

The territorial analytical framework defined the 
area’s energy potential based on regional environmental 

Figure 8. Local energy mix.



103Metabolic approach and Life Cycle Assessment in building an energy community

standards, leading to three initiatives: installing photo-
voltaic systems, recovering agricultural and forestry bio-
mass for energy through domestic boilers, and proposing 
three low-enthalpy geothermal plants for energy-inten-
sive activities.

The energy mix results from the simultaneous pres-
ence of these three energy production components in 
the area. This setup aims to harness the region’s energy 
potential and could ideally generate up to 9.2 GWh/year. 

The photovoltaic system represents the most produc-
tive component of the project, given the greater possibil-
ity of installation. It entails an estimated intervention of 
about 7.9 million euros, which would enable the instal-
lation of photovoltaic systems on any roof not subject to 
landscape or architectural constraints, as well as photo-
voltaic canopies on sealed soil. This setup could poten-
tially produce a total of 7.3 GWh/year of electricity. 

This intervention would lower current energy costs 
by 2.5 million euros, amortising the initial investment 
in approximately 3 years. Additionally, from an environ-
mental perspective, the intervention would also have very 
positive effects, avoiding the emission of 4.75 million kil-
ograms of carbon dioxide into the atmosphere due to the 
switch from conventional to alternative sources. 

The region’s extensive agricultural and forested 
areas generate approximately 550 tons of wood waste 
annually. Utilising this waste as fuel for domestic bio-

mass boilers could produce 1.5 GWh of energy per year, 
potentially saving €520,000 in energy costs and prevent-
ing 590,000 kg of carbon dioxide emissions annually. 

The energy mix is complemented by the planned 
installation of three low-enthalpy geothermal plants, 
which will be located in the three most energy-intensive 
public buildings. The estimated investment is around 
€340,000 and is expected to yield 0.4 GWh/year of clean 
energy, reducing energy costs by €140,000 and allowing 
for the initial investment to pay off in approximately 2.5 
years, while also helping to decrease annual emissions by 
about 250,000 kg.  Enhancing territorial energy poten-
tial as much as possible, while respecting landscape and 
sustainability canons, produced 9.2 GWh/year of energy 
compared to the 14.2 GWh potentially required by the 
territory, meeting about 65 percent of energy demand.

Nonetheless, as the article consistently emphasises, 
the advancement of a metabolic energy initiative cannot 
solely be confined to production; it must also be comple-
mented by measures aimed at enhancing efficiency and 
implementing conservation actions. 

As illustrated in the scenario, energy efficiency is 
integrated into the metabolic energy project, delin-
eating the most utilised methodologies for a substantial 
advancement toward a significantly higher energy clas-
sification that would dramatically reduce a building’s 
energy consumption. Ultimately, structural and opera-

Figure 9. Metabolic energy indicators.
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tional modifications must be complemented by effective 
energy-saving practices. It is important to note that ener-
gy saving does not invariably result in enhanced efficien-
cy; rather, it signifies a reduction in demand through the 
adoption of lifestyles and consumption patterns rooted 
in a more responsible utilisation of energy. Consequent-
ly, the objective of energy conservation is to minimise 
consumption. 

Thanks to the energy efficiency initiatives and com-
mendable savings practices mentioned earlier, the area 
must recover around 5 GWh/year of energy. This will 
help ensure it does not have to rely on the national elec-
tricity system and can achieve complete energy self-suf-
ficiency. The goal is to meet all energy needs and reduce 
greenhouse gas emissions by utilising renewable energy 
produced locally from small plants, which align with land-
scape regulations, rather than constructing large facilities.

The metabolic energy project was developed around 
three pillars of sustainability, focusing on fostering posi-
tive environmental, social, and economic outcomes. The 
evaluation process highlighted a noticeable reduction in 
costs attributed to the transition to alternative energy 
sources, which significantly enhanced economic sustain-
ability. Additionally, the production of alternative energy 
has led to a considerable drop in carbon dioxide emis-
sions, aiding in climate change mitigation and address-

ing the global temperature rise as identified in both 
national and international regulations.

In conclusion, creating an energy community fos-
ters community support, integrating into a broader com-
munity-building effort that encourages citizens to col-
laborate more and heightens their engagement in social 
activities.

4. EXPERIMENTATION AND RESULTS 

4.1 Life Cycle Inventory (input data)

The simplified Life Cycle Assessment (LCA) calcu-
lation was conducted utilising the professional software 
One Click LCA Planetary, which possesses the capability 
to analyse the environmental impacts associated with a 
building system. This assessment evaluates five stages of 
the life cycle, commencing with the extraction of mate-
rials (A1), followed by transportation to the production 
site (A2), culminating at the end of the production pro-
cess at the factory (A3), thereafter transporting to the 
construction site (A4), and concluding with the installa-
tion at the construction site (A5).

The initial section requests project input data, spe-
cifically highlighting three evident sections: i) Building 

Figure 10. Summary diagram. 
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materials; ii) Construction site operations; iii) Area of 
construction. 

As outlined in Section 2.4, a crucial aspect of the 
LCA involves creating an inventory of the materials uti-
lised in the project (LCI). The initial section, “Building 
materials”, presents the materials by functional groups: 
i) Foundations and substructures; ii) Vertical structures 
and facades; iii) Horizontal structures, including floors 
and roofs; and iv) Other structures and materials. 

The details include the average AITEC 2022 cement 
present in all primary structures (pillars and floors), clay 
bricks (Clay Brick) utilised for vertical structures and 
interior walls, and solid wood panels (493 kg/m3) applied 
in fixtures and finishes. Each material specifies the follow-
ing: quantity, unit of measure, average transport distance 
(km), transport type, and percentage of material lost or 
discarded (%). The input data is displayed in Figure 11.

The “Construction site operations” section outlines 
the various activities at construction sites, specifically 
focusing on the quantitative aspects of resource con-
sumption related to construction activities, including 
electricity, fuel, biogas, and construction waste. For sim-
plification, data on water usage or auxiliary materials 
have been excluded from the model.

Finally, the “Area of construction” section compris-
es the site data; the software mandates the input of the 
gross internal building area, including any basements, 
and exclusive of parking or vehicle circulation areas. 
Consequently, the area is calculated to be 98,000 m2.

4.2 Emissions and environmental impact (output data)

Once the calculation is run correctly, the software 
returns a result of 19,054 tCO2e, broken down into the 
following phases: 
–	 Phases A1-A3: 17,997 tCO2e
–	 Phase A4: 119 tCO2e
–	 Phase A5: 938 tCO2e

It is also of interest to analyse the figure referred to 
as the “social cost of carbon”. Specifically, this figure rep-
resents the economic value of the damage attributable to 
those particular CO2 emissions, totalling € 952,713 (Fig-
ure 12).

Additionally, the project’s average carbon footprint 
is measured at 194 kgCO₂e/m² of gross usable area. The 
comparison below (Figure 13) with the “Carbon Heroes” 
benchmarks (classification A to G) shows that the pro-
ject’s carbon footprint places it in category B (188 to 255 
kgCO₂e/m²).

More specifically, the results suggest that phases 
A1-A3 have the highest emission contribution com-
pared to the total. Examining the emission contribution 
by material within these phases, it is clear that cement 
is the primary contributor to CO2 emissions, account-
ing for approximately 13,030 t CO₂e (72.4 percent of 
the cradle-to-gate A1-A3 impacts), followed by materi-
als such as bricks (4,337 t CO2e; 24.1 percent) and wood 
(630 t CO2e; 3.5 percent), which have significantly lower 

Figure 11. Material input data.
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impacts than that of cement but remain notable relative 
to their mass (Figure 14).

The analysis is also organised by functional catego-
ries. Horizontal structures – including floors, ceilings, 
and roofs – are identified as the most impactful catego-
ries due to their use of concrete, which is the largest con-
tributor to key CO₂ emissions. Although vertical struc-
tures also contribute to global warming, their impact is 
considerably lower than that of horizontal structures. 
These vertical categories primarily consist of bricks, a 
material that has a smaller carbon footprint compared to 
concrete. Figure 15 illustrates the impacts expressed in 
tCO2e for the functional groups across different phases 
(A1-A5) and the materials that compose them.

The categories related to transportation (light blue) 
and construction activity (orange) have relatively less 
impact than the production phases. Below are graphs 
summarising the distribution of CO2 emissions by stages 
and categories (Figure 16).

In the life-cycle phases, cement contributes 68.4 
percent to total emissions, while bricks represent 22.8 
percent, and wood has a 3.3 percent impact. Transpor-
tation (Phase A4) and site installation (Phase A5) have 
lower impacts, contributing 0.6 percent and 4.9 percent, 
respectively, of the total emissions.

Through the simplified LCA analysis conducted, it is 
possible to state that the Mondeggi project performs well 
compared to the average, placing in the B range accord-
ing to the Carbon Heroes Benchmarks. There may be 
room for improvement by adopting more sustainable 
materials and optimising the construction and transpor-
tation phases. The use of energy-intensive materials such 
as concrete should be reduced in favour of more sustain-
able and circular solutions.

5. DISCUSSIONS AND CONCLUSIONS

The Mondeggi project constitutes a pivotal compo-
nent of the Integrated Urban Plan Next regeneration: 
Florence 2026, appropriately funded by resources allo-
cated under Law 233/21. This initiative seeks to facili-
tate the comprehensive enhancement of extensively dete-
riorated urban territories, encompassing areas within 
the municipalities of the Metropolitan City of Florence, 
through systematic urban regeneration and economic 
revitalisation efforts.

Figure 13. Benchmarks Carbon Heroes.

Figure 12. Total emissions.

Figure 14. The most impactful materials.
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The objective of the project is to transform the 
Mondeggi Estate, situated amidst vineyards and olive 
groves at the confluence of the municipalities of Bagno a 
Ripoli, Impruneta, and Greve in Chianti, into a collabo-
rative, innovative platform that promotes social inclusion 
for all generations. The articulated aim is to enhance the 
social and economic prospects of the current and future 

residents of the entire metropolitan territory, ensuring 
comprehensive respect for the environmental ecosystem 
and natural resources, with a particular emphasis on the 
youth (Biggeri et al., 2023).

Such a project, undoubtedly characterised by sig-
nificant complexity and governed by a long-term strate-
gic vision, derives its strength from the organisation of 

Figure 15. GWP classification by functional groups.

Figure 16. Analysis of GWP emissions by categories.
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a multifaceted and transparent system (Guarini et al., 
2014; Guarini et al., 2017). This framework establishes 
a stable environment within which activities, functions, 
and programs can evolve over time, while also facilitat-
ing the expression of energy-environmental sustainabil-
ity in a metabolic context. 

Based on this framework, the research was conduct-
ed to delineate a sustainable model for implementation 
by specifying the conditions necessary to attain envi-
ronmental and energy sustainability within the antici-
pated and proposed complex systems of the estate. To 
adequately address the multifaceted requirements of the 
intricate, heterogeneous, and energy-intensive meta-pro-
ject, a meticulous analysis of all relevant elements was 
undertaken to convert them into design strategies.

The research findings illustrate the capacity to pro-
tect and preserve, over time, the natural and ecosystemic 
resources, while avoiding irreversible alterations. The 
relationship between the flows of resources (energy and 
water) that the Mondeggi Estate system absorbs and pro-
duces can be described as a zero balance. Upon the com-
pletion of eco-sustainable renovation and functionalisa-
tion interventions, the Mondeggi Estate will function as 
a complex organism, where the processes involved will 
include the absorption of energy, water, and raw materi-
als, which, once “metabolized”, will facilitate the opera-
tion of the Estate itself, particularly its agricultural com-
ponent and the buildings encompassed within it that are 
subject to restoration or refunctionalization, until they 
eventually become waste and refuse. This approach is, 
in summary, one that has been embraced by numerous 
European administrations in recent years, promoting 
research from a metabolic and ecosystem perspective 
in the development of urban plans and projects both at 
the national level (e.g., foresight Future of Cities Pro-
ject, UK; Government Office for Science, 2017) and at 
the local level (e.g., Genoa or Antwerp). Transitioning 
from linear production-consumption models to circular 
systems now appears to be imperative in order to miti-
gate the impacts of urban and peri-urban environments 
and achieve the environmental objectives outlined in the 
European agenda.
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