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Municipal services are rarely evaluated systematically for their environmental impacts. This study introduces an
innovative life-cycle-based methodology for calculating emission factors for 21 municipal services, thereby
filling a critical gap in public-sector impact assessment.

Services are classified into administrative office services (e.g., identity card issuance, residence changes,
marriage licenses) and macro-services (e.g., school canteen management, green maintenance, bulky waste
collection). While administrative office services are often considered intangible and underestimated in envi-
ronmental terms, both types require significant resources and generate measurable impacts.

The methodology quantifies Carbon Footprints (CFs) of municipal services, producing emission factors per
functional unit. Unlike previous fragmented assessments focused on specific sectors or public activities, this study
applies a unified, systems-based framework. The results are consolidated into a structured database made of
standardized emission factors (EFs), which serve as proxies when site-specific data are unavailable and facilitate
replication across different institutions and geographic contexts. Applied in the Municipality of Grosseto (Italy),
results show that macro-services account for 78.55 % of total emissions (particularly from school canteens and
green maintenance), while site inspections and document processing are the most impactful administrative

functions.

The approach helps local authorities identify emission hotspots and align services with strategic planning tools
such as Sustainable Energy and Climate Action Plans (SECAPs).

By providing a flexible and transferable evaluation framework, this study advances environmental accounting
practices in the public sector and supports evidence-based climate strategies with broader policy relevance.

1. Introduction

The Paris Climate Agreement (COP21) entered into force on
November 4, 2016, after 55 countries representing at least 55 % of
global emissions ratified it (UNFCCC, 2016). Its primary goal is to limit
global temperature rise this century to well below 2 °C above pre-
industrial levels, preferably to 1.5 °C. Signatory countries are required
to periodically report greenhouse gas (GHG) emissions inventories using
Intergovernmental Panel on Climate Change (IPCC)-standardized
methodologies, which are essential for monitoring progress and evalu-
ating mitigation strategies. The European Union initially committed to
reducing emissions by at least 40 % below 1990 levels by 2030, later
raising the target to 55 % and achieving climate neutrality by 2050, as
outlined in the European Green Deal.
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Sub-national and local initiatives provide crucial bottom-up contri-
butions to these targets. For instance, the Covenant of Mayors, a Euro-
pean voluntary movement established in 2008 and expanded globally in
2017, supports municipalities in implementing climate and energy
policies and setting ambitious local objectives (Covenant of Mayors,
2019; Bertoldi et al., 2018). In this context, public administrations
(municipalities, provinces, or regions) are encouraged to assess the
Carbon Footprint (CF) of their activities and services, integrating emis-
sions data into mitigation and territorial management plans. Although
CF assessment is often implemented in the private sector to improve
efficiency and environmental performance (Bocken et al., 2014; Cioca
et al., 2019; Cullberg and Zimmermann, 2022), similar approaches can
provide valuable insights for public administrations (Ball et al., 2009).

A key reference for estimating Carbon Footprints (CF) is the GHG
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Protocol, developed by the World Resources Institute and the World
Business Council for Sustainable Development. It provides standardized
methods to identify, quantify, and report GHG emissions across orga-
nizational boundaries, covering both operational and supply-chain
emissions (World Resources Institute, 2004). The Protocol supports
life cycle-based and attributional approaches aligned with international
standards, such as the International Organization for Standardization
(ISO) standards for Life Cycle Assessment (LCA), and serves as a widely
recognized benchmark for organizational carbon accounting (Garcia
and Freire, 2014; Hickmann, 2017; Prasad and Deswal, 2024).

Some studies emphasize the importance of local governments
“leading by example” and exploring the environmental, economic, and
social dimensions of sustainability (Larsen and Hertwich, 2010; Ball
et al., 2009; Kasperzak et al., 2023). Nevertheless, research on GHG
emissions in public institutions that takes a full life-cycle perspective
remains limited. Indirect emissions, arising from activities not directly
controlled by the public agency, often constitute a significant share and
are challenging to quantify due to complex upstream and downstream
supply chains (das Virgens et al., 2020; Saetang et al., 2024).

To address these challenges, separate life cycle evaluations of indi-
vidual products and services can provide a more accurate understanding
of a public agency’s carbon impact (World Resources Institute, 2004).
Each assessment should examine the production, distribution, use, and
end-of-life stages. Aggregating these results provides a comprehensive
view of overall activities and supports more effective mitigation stra-
tegies. By systematically measuring and reporting emissions, public
administrations contribute to global climate governance and support
cross-sector collaboration (Ball et al., 2009; Bacas and Dylla, 2024).

Green public procurement policies further support this approach.
These initiatives require life cycle-based reporting, often through
Environmental Product Declarations, covering the “cradle to gate” stage
(from raw material extraction to distribution, excluding use and
disposal). Consistent with ISO standards and the GHG Protocol, they
promote low-emission vehicles, recycled materials, and energy-efficient
solutions for public buildings, thereby reducing environmental impacts
and supporting sustainability and emission-reduction goals (Bacas and
Dylla, 2024; Garcia and Freire, 2014).

Building on previous initiatives, studies on GHG emissions in the
public sector have primarily adopted two approaches: territorial (macro-
level) assessments and service-specific analyses. Territorial assessments
estimate the carbon footprint of cities, provinces, or regions, often
following IPCC guidelines and, in recent studies, integrating Geographic
Information Systems (GIS) for spatial mapping (Bastianoni et al., 2014;
Marchi et al., 2023; De Toro and Mautone, 2025). These approaches
provide a broad overview but typically aggregate data across sectors,
limiting the identification of emissions from individual services.

Service-level studies, in contrast, focus on specific public services
such as school catering, public procurement, healthcare, or municipal
Information Technology (IT) systems. These studies typically use
frameworks like ISO 14067 or the GHG Protocol (Cerutti et al., 2016;
Nansai et al., 2020; Turek et al., 2021). While these analyses capture
operational details and key emission sources, they generally cover only a
few services, limiting cross-municipality comparability.

Consequently, a clear methodological gap emerges: no study has yet
integrated a wide range of municipal services into a unified, bottom-up
framework with standardized emission factors (EFs). Addressing this
gap is essential for reproducible analyses, comparative evaluations, and
strategic planning by local authorities.

To better contextualize this methodological gap, the existing litera-
ture on GHG assessments in the public sector was reviewed, dis-
tinguishing between territorial-scale inventories and service-specific
analyses. As summarized in Table 1, these studies employ diverse
methodological frameworks, ranging from IPCC-based territorial in-
ventories to Life Cycle Assessment (LCA) and input-output models, and
address different service domains, including waste management, IT, and
healthcare.
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This comparative overview highlights the heterogeneity of ap-
proaches, scopes, and data systems used in previous research, illus-
trating both the richness of existing studies and the absence of a
comprehensive, standardized framework that can integrate multiple
municipal services under a single methodological structure.

To address this gap, the present study develops a comprehensive
LCA-based methodology (ISO 14040 and ISO 14044) to quantify both
direct and indirect emissions associated with municipal services and to
provide standardized emission factors (EFs) for comparative and stra-
tegic applications. The methodology was applied to 21 services, grouped
into administrative office functions (e.g., identity card issuance, resi-
dence changes, marriage licenses) and macro-services (e.g., school
canteen management, green space maintenance, bulky waste collec-
tion), reflecting the diversity and operational complexity of municipal
activities. Using a bottom-up, service-specific approach, the study covers
the entire LCA process (from activity identification to inventory
compilation) and enables impact attribution through a standardized
database of energy and material consumption.

The resulting Emission Factors, expressed as Carbon Footprints (CFs)
per functional unit, provide a structured, reproducible framework for
assessing environmental impacts and serve as practical proxies for
estimating emissions in data-scarce contexts. While this study demon-
strates the methodological applicability of the framework within a
specific municipal context in Italy, the approach is inherently adaptable
to other local authorities and accommodates diverse environmental,
institutional, and territorial conditions. This flexibility enhances its
potential for comparative analyses and informed decision-making in
municipal sustainability planning.

Overall, the study provides a replicable and policy-relevant tool that
enables public administrations to systematically assess and mitigate
service-related emissions. Integrating these results into sustainability
strategies can support data-driven mitigation actions, improve opera-
tional efficiency, and contribute to broader climate objectives, such as
those outlined in the Sustainable Energy and Climate Action Plan
(SECAP). In doing so, the research bridges a key methodological gap in
standardized service-level emission accounting and provides a founda-
tion for future applications in diverse municipal contexts.

2. Materials and methods
2.1. Description of the analyzed municipal administration

The Municipality of Grosseto (Tuscany, Central Italy) has been
chosen as a demonstrative case for this investigation due to its long-
standing interest in monitoring GHG emissions at both territorial and
operational levels, which has allowed the collection and production of
detailed statistical information (Marchi et al., 2023; Sporchia et al.,
2024).

Grosseto, with 81,503 residents (ISTAT, 2022), serves as the capital
of the homonymous province and is administratively part of the Tuscany
Region. Covering a total area of 474 km?, the territory includes 57.4 %
agricultural land, 19.8 % forest, and 7.8 % woody crops (e.g., olives,
vineyards, fruit), while urban settlements account for only 9.5 % of the
territory (Comune di Grosseto, 2017). The population density is 173
inhabitants per km?.

At the urban level, the municipal administration manages 90 public
offices and 80 buildings designated for schools and research labora-
tories. The local economy is primarily driven by agriculture and farms
(including cereals, sunflowers, vegetables, olives, grapes, and Mar-
emmana beef production) and by tourism along the coast, with a smaller
manufacturing and service sector complementing these activities
(Marchi et al., 2023; Sporchia et al., 2023).

The Municipality has committed to climate action by signing the
Covenant of Mayors and developing its Sustainable Energy and Climate
Action Plan (SECAP) (Marchi et al., 2024). As part of this strategy,
Grosseto has focused on assessing GHG emissions from administrative
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Table 1
Overview of various approaches for territorial GHG accounting and public services evaluation.

Case Study

Reference

Scope of Study

Methodology

Key Findings

Study Focus

Municipal Solid Waste
(MSW) management in
Germany and the UK

Conservation and
maintenance service,
and green public
procurement

School Catering Service,
City of Turin (Italy)

Collective meals market

Japanese Health Care
Services

Western Australia’s
Public Health System

Prosecution Service of
the State of Bahia
(Brazil)

Use cloud-based
Information
Technology (IT)
services (instead of
local servers)

Utility services sector
(electricity, gas, water,
waste) — Australia

City of Tromsg (Norway)

Municipality of Kavala,
Municipality of
Alexandroupoli,
Municipality of Drama
(Greece)

City of Foggia, (Southern
Italy)

Province of Siena,
(Central Italy)

Municipality of Grosseto
(Central Italy)

Various Italian territories
(Parma, Siena, and
Grosseto)

Municipality of
Sant’ Anastasia
(Southern Italy)

Australian Capital
Territory, Australia

Municipal and postcode-
level carbon footprints
in Sweden

Miihle et al.
(2010)

Alvarez and
Rubio (2015)

Cerutti et al.
(2016)

Guimaraes et al.
(2024)

Nansai et al.
(2020)

Irwin et al. (2024)

das Virgens et al.
(2020)

Turek et al.
(2021)

Kazemian et al.
(2025)

Larsen and
Hertwich (2010)

Angelakoglou
et al. (2015)

Lombardi et al.
(2018)

Bastianoni et al.
(2014); Marchi
et al. (2018)

Marchi et al.
(2023)

Sporchia et al.
(2024)

De Toro and
Mautone (2025)

Goodwin et al.
(2023)

Dawkins et al.
(2024)

Carbon emissions from
MWS management
systems

CF of a third-party
maintenance service

CF of food waste
management in the
school catering service

Impact of food services
on carbon and water
footprints

Carbon footprint of
healthcare expenditures,
including fixed capital

CF of health care delivery

CF of a Brazilian public
agency

Reduce the CF of the
city’s IT infrastructure

CF of Australia’s utility
services sector
(2013-2017)

Municipal CF assessment,
with a focus on the
provision of services by
local governments

Municipal CF assessment

Measure GHG emissions
to propose an action plan

GHG inventory at the
sub-national scale and
propose GHG emission
reduction policies

Spatial GHG inventories

GHG inventory at the
sub-national scale

CF of municipal activities
at the local level

Total CF of the Australian
Capital Territory and
pathways to align with
the 1.5 °C target

CF of household
consumption of goods
and services at the
municipal and postcode
level; policy applications

Comparative analysis based on
carbon equivalent emissions

CF calculated using the
Compound Method Based on
Financial Accounts (MC3)

Carbon Footprint Analysis
(LCA-based)

Literature review conducted on
specific electronic databases (i.
e., PubMed, Web of Science, and
Scopus)

Input-Output Analysis (I0A)

Environmentally-Extended
Multi-Region Input-Output
Analysis (EE-MRIO) using
National accounts and
expenditure data (2019-20)

BookFeel tool based on the
Compound Method based on
Financial Accounts (MC3)

Survey of city offices and
analysis of IT infrastructure
energy use

Multi-regional input-output
analysis and IELab framework

EEIOA (Environmentally
Extended Input-Output
Analysis)

Standard emission factors
(IPCC) and LCA ReCiPe method

Urban Carbon Footprint (UCF)
and Relative Carbon Footprint
(RCF) are used to quantify
urban emissions

IPCC Guidelines and ISO 14064-
1

IPCC Guidelines integrated with
Geographic Information
Systems (GIS) maps

IPCC Guidelines

IPCC GHG Inventory Software
and GIS analysis

Global Multi-Region Input-
Output (MRIO) analysis
integrating local-to-
international supply chains

Downscaling national CF data to
the local scale using
expenditure, energy use, and
emissions data

Differences in emissions due to
waste management strategies

Monitoring CF in public
procurement to drive
sustainability and eco-innovation

Relevant assessment for eco-
design and product certification

Animal-based products contribute
to carbon and water footprints,
with mitigation strategies
focusing on diet changes, menu
adjustments, and increased
awareness

Assessment of GHG emissions
from healthcare services and
major contributors

Identifies main emission sources
in public health services and
highlights the need to integrate CF
assessment into healthcare
planning and policy

Estimates the CF of the public
agency, identifies main emission
sources, and potential mitigation
strategies

Highlights potential GHG
reduction through cloud
computing adoption

Identify the main contributors to

GHG emissions and sectoral

trends

e Geographical approach for
indirect emissions;

e Analysis of non-material flows;

e Assessment of a broad range of
assets

Quantification of GHG emissions
from energy and fuel consumption
at the municipal level. Useful
method in data-limited cases

e Direct emissions focus;
e IPCC methodology adapted to
sub-national scale;
e GHG inventory conformed to
the ISO 14064 standard
GHG emissions are translated into
5 GIS-based maps, aiding
environmental policies and
monitoring efficacy
Analyze the pandemic’s impact on
GHG emissions and identify
potential policy opportunities.
Provides a methodology for
territorial emission assessment
and integration with urban
planning
Identifies major emission sources
and supply chains at the city scale
and models reduction scenarios
consistent with 1.5 °C targets
Identifies major contributing
consumption categories;
highlights use of CF data for
policymaking, awareness, and
local policy interventions

1 public service

1 public procurement

1 public service

1 public service

9 public healthcare
services

1 public healthcare
system

1 public agency

IT public services

1 public service

Territorial system, with
aggregated public and
private activities, without
distinguishing individual
services
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services through Carbon Footprint analyses. This represents a first step
toward broader mitigation measures and the municipality’s long-term
goal of achieving carbon neutrality. The Municipality’s governance
structure, as the provincial capital, allows it to implement local policies
independently while coordinating with the broader Tuscany Region,
providing a representative context for applying and testing the proposed
methodology.

2.2. Methodology and service categorization

The products and services examined in this assessment have been
divided into two groups (Fig. 1):

The 21 municipal services were selected in collaboration with
municipal technical staff, considering their frequency of execution, data
availability, and direct relevance to the public. These services include
both administrative activities directly delivered to citizens (e.g., issu-
ance of certificates and identity cards) and operational services with
higher resource intensity and environmental relevance (e.g., waste
management, public green area maintenance, and school canteens).
From a life cycle perspective, these categories were prioritized because
they represent the main sources of emissions and energy consumption
within municipal operations, thus providing meaningful opportunities
for targeted mitigation measures.

Life Cycle Assessment (LCA) is a methodology used to evaluate the
environmental impacts of all stages of a product, process, or service life
cycle, including raw material extraction, production, distribution, use,
and disposal. In this study, an LCA compliant with ISO 14040 (2006) and
ISO 14044, 2022 standards was conducted to estimate both direct and
indirect GHG emissions.

It is important to recognize that applying the traditional LCA
framework—originally developed for tangible products with clear life
cycles—to service-oriented municipal systems requires a conceptual
adjustment. This involves reinterpreting the product-oriented LCA
concept and carefully considering system boundaries and
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methodological assumptions.

Services, being largely intangible and process-driven, often lack
distinct, clearly separable life cycle phases, unlike products. Therefore,
system boundaries primarily focus on the direct resource use and all
inputs that have a significant and recurring impact on the total annual
flows involved in service provision. This practical approach balances
scientific rigor with available data, ensuring transparency and repeat-
ability, while recognizing the unique nature of applying LCA to services.
This study, therefore, represents an initial step toward conceptualizing
and standardizing the application of LCA methods to public services.
The Carbon Footprint of a service outlines four iterative steps, using an
LCA approach:

1) System Description: The process begins by defining the scope, which
includes specifying spatial and temporal boundaries, the Functional
Unit (FU), data quality requirements, assumptions, and allocation
procedures. The FU acts as the reference point for data collection and
emissions calculations. The FU serves as the reference object to
which all input and output data are normalized, ensuring meaningful
comparisons across different services. Different FUs were defined for
each service type based on their characteristics. For administrative
office services, the FU is defined as a single document — that is, one
physical record such as a printed report, certificate, or official form,
since municipal employees perform these services using similar
procedures. For macro-services, the FUs vary due to the diverse na-
ture of the services (e.g., kg COzeq per meal served, kg COzeq per
area maintained), as shown in Table 2.

Regarding system boundaries, administrative office services are
analyzed using a “from cradle to gate” approach, focusing on the re-
sources and processes up to service delivery. These services are pri-
marily process-based, ending once the service is provided, with
negligible downstream processes or physical outputs. Similarly,
“Roadside mowing”, “Management of ornamental tanks”, and “Arboreal

1) ADMINISTRATIVE OFFICE SERVICES

Change of residence

Issue of marriage licenses
Production of waste tax bills
Concessions of driveways

1) Standard
2) Short-term
» Traffic tickets:
1) Assessment notice
2) Direct assessment
3) Speed car control (Autovelox)
4) Extra code

Issue of Electronic Identity (El) Cards

Contributions for apartment rents
Notification of legal documents
Issue of access permits to limited traffic area:

* |ssue of urban planning certificates

2) MACRO-SERVICES

School canteens management
Bulky waste collection

Street sweeping

Public green maintenance:
1)Green areas management
2)Roadside mowing

3)Ornamental tank cleaning

4) Arboreal endo/exotherapy

Fig. 1. Analyzed Services: 1) Administrative office services; 2) Macro-services.
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Table 2
Functional units and system boundaries.
Service Functional System Description
Unit (FU) boundaries
Emissions associated with
Administrative single From cradle energy and material use in
office services document to gate municipal offices, document

processing, and transport
Macro-services
Emissions associated with
energy and material use in
offices;
Emissions from food
production, cooking,
distribution, consumption,
and waste disposal
Emissions associated with
energy and material use in
offices;
Emissions from
maintenance activities
(mowing, irrigation, waste
management, etc.), use of
work tools, material
production, transport, and
waste disposal
Emissions associated with
energy and material use in
offices;
Emissions from vehicle fuel
consumption for mowing,
energy use for equipment
Emissions associated with
energy and material use in
offices;
Emissions from water
pumping, treatment, and
maintenance;
Emissions from vehicle fuel
consumption for the
management
Emissions associated with
energy and material use in
offices;

From cradle
to grave

School canteen
management

meal served

From cradle
to grave

Green areas 9
management

From cradle

Roadside mowing km
to gate

Management of
ornamental
tanks

From cradle
to gate

m® water

Emissions from material
consumption for the plant
treatment;

Emissions from vehicle fuel
consumption for the
therapy

Emissions associated with
energy and material use in
offices;

Emissions from waste
collection, transport, and
disposal processes
Emissions associated with
energy and material use in
offices;

Emissions from sweeping
operations, fuel
consumption of vehicles,
and waste disposal

From cradle
to gate

Arboreal endo/

exotherapy single plant

From cradle
to grave

Bulky waste
collection

kg waste
collected

From cradle

Street sweeping to grave

kg swept

endo/exotherapy” are assessed with the same boundary, as their post-
service impacts are minimal. For instance, grass clippings are typically
left on-site; ornamental tank maintenance generates only small amounts
of waste; and tree treatments produce limited residues. Even occasional
use of chemicals, such as pesticides or phytosanitary products, results in
minimal waste, such as empty plastic containers, which only occur a few
times per year. Extending the analysis to post-service phases would
therefore add little to the accuracy of the assessment while introducing
additional uncertainty.

In contrast, services such as “School canteen management”, “Green
areas management”, “Bulky waste collection”, and “Street sweeping”
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were analyzed using a “from cradle to grave” approach. These activities
involve substantial material and energy flows, including waste genera-
tion and disposal, which contribute significantly to their total environ-
mental impact. Availability of disposal-phase data from the local waste
management company enabled a complete assessment of end-of-life
impacts, supporting a more comprehensive carbon footprint estima-
tion (Fig. 2).

At the beginning of their life cycles, all services undergo similar
cradle processes, including raw material extraction, component
manufacturing, energy production, and transportation. According to the
International Reference Life Cycle Data System (ILCD) handbook (JRC,
2010) and ISO 14044, 2022 principles, all processes that may contribute
quantitatively to the system should be included unless considered
negligible. Durable capital goods (e.g., machinery, vehicles, office
equipment), although theoretically part of the cradle stage, were
excluded from the analysis. Their environmental burden is distributed
over long service lifetimes (typically 7-20 years), resulting in an annual
contribution far below the standard cut-off threshold (e.g., 5 % of total
impacts) (JRC, 2010; Bjgrn and Hauschild, 2015). Therefore, only inputs
that occur as recurring annual flows and are clearly environmentally
relevant for the provision of each service were included.

Overall, the choice between ‘cradle to gate’ and ‘cradle to grave’
boundaries depended not only on data availability but also on the
operational characteristics and potential environmental impact of each
service. Services with ongoing material outputs or waste streams were
assessed using a full life cycle (“cradle to grave”) perspective, covering
production, use, maintenance, and disposal stages. In contrast, services
ending with delivery and producing negligible residues were assessed
from raw material extraction, production processes, and transportation,
namely up to the gate (“cradle to gate™), excluding the use and end-of-
life phases. Durable capital goods, such as machinery and vehicles,
were not included in the assessment due to their long service life and
negligible annual contribution to environmental impacts.

2) Data Collection and Processing: This phase involves collecting and
processing data on raw materials, energy consumption, trans-
portation, and waste disposal per FU. Normalizing inventory data
ensures consistency, accurate emissions calculations, and enables
comparisons. All data were collected from the specific municipal
administrative offices and verified and validated by internal experts,
including sector managers and technical staff. Data were compared
across different administrative sectors to ensure internal consistency
and cross-checked against official municipal records and the
municipality’s annual financial statements to ensure accuracy and
reliability.

Carbon Footprint Accounting: GHG emissions, both direct and indirect,
are quantified.

Direct emissions (Scope 1) include fuels burned on-site by the
Administrative body, such as for heating or operation of municipal
facilities, as well as fuel consumption by municipal vehicles (see Note
S.3 in the Supplementary Material). These emissions are calculated
based on standard emissions factors outlined in the IPCC Guidelines
(IPCC, 2006, 2019). Additionally, for the macro-services category,
the IPCC Waste Model was used to estimate direct methane (CHy)
emissions from landfill disposal, utilizing data provided directly by
the local operator responsible for waste treatment. In contrast, in-
direct emissions result from activities that are influenced but not
directly controlled by the organization. This category includes
emissions related to the production, transportation, and disposal of
purchased goods and services.

Indirect emissions (Scope 2 and 3; see Note S.3 in the Supple-
mentary Material), including purchased electricity and other up-
stream and downstream activities, were quantified using
standardized data from international databases, such as Ecoinvent
3.6 (Ecoinvent, 2020). Estimates based on secondary databases carry
inherent uncertainties, as they may not perfectly reflect local

3

-
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UPSTREAM

material acquisition &
pre-processing

SERVICE
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Administrative Office services

Macro-services: Roadside mowing, Management of
ornamental tanks, Arboreal Endo/Exotherapy

Other Macro-services

Fig. 2. Flow chart of administrative service.

conditions. To reduce complexity and focus on significant contribu-
tors, a 5 % cut-off was applied, in line with current LCA practices
(Beemsterboer et al., 2020; Tsalidis et al., 2024; Balcioglu et al.,
2025). Inputs below this threshold were excluded to maintain
methodological consistency across services. Therefore, minor inputs
such as staff commuting, other mobility activities not directly related
to service provision, and the production and maintenance of durable
equipment (e.g., vehicles, office machinery, grass mowers, and IT
tools) were excluded from the analysis due to their limited annual
environmental impact and the inconsistent availability of dis-
aggregated data (Guinée, 2002; JRC, 2010; Zampori et al., 2016).

Despite these simplifications, the methodology provides a reliable
approximation of the total CF, maintaining consistency and repli-
cability across municipal services.

All emissions of carbon dioxide (CO5), methane (CH4), and nitrous
oxide (N20), which are the primary greenhouse gases regulated by
the Kyoto Protocol, were accounted for and then converted into tons
of CO4 equivalent (t COzeq) by applying the Global Warming Po-
tential over 100 years (GWP;¢p) as proposed by the IPCC (2013). All
data were processed using the LCA software SimaPro 9.1.1, and the
characterization method chosen for the analysis was the IPCC 2013
GWP 100a V1.03.

The methodology involved creating a detailed inventory of energy
and material inputs needed along the supply and value chains, fol-
lowed by calculating the emissions released into the atmosphere (ISO
14040, 2006; ISO 14044, 2022; ISO 14064, 2019).

The Carbon Footprint per Functional Unit (CF per FU) of each
analyzed service is defined as a life cycle-based emission factor that
quantifies the total GHG emissions associated with its provision. This
metric integrates both direct and indirect environmental impacts,
providing a comprehensive assessment of the emissions embedded in
municipal operations throughout their lifecycles. By adopting this
approach, the study offers a robust tool for evaluating the climate
impact of public services, which can inform subsequent mitigation
strategies and data-driven decision-making.

4) Evaluation and interpretation: This phase provides insights into the
stages of a product or service’s life cycle that contribute most to GHG
emissions. These results are essential for guiding policies toward
more sustainable solutions, such as adopting low-emission technol-
ogies and optimizing processes. Comparing with other cases helps
identify the best practices and effective solutions, thereby improving
efficiency and reducing the overall environmental impact.

2.3. Life cycle inventory

The Life Cycle Inventory (LCI) was developed according to LCA
methodology established by the international ISO 14040 (2006) and ISO
14044, 2022 standards. A primary challenge at the outset was compiling

a comprehensive quantitative dataset for all analyzed municipal ser-
vices. To facilitate data collection, tailored tables and simplified ques-
tionnaires were prepared and sent to the relevant offices and
departments within the Municipal Administration.

Section S.1 in the Supplementary Material includes examples of the
questionnaires used for data collection for each service, specifying the
type of information requested and the corresponding units.

Data were selected based on their relevance to process flows, avail-
ability, and contribution to overall emissions. For administrative office
services, primary data were collected on fuel consumption for specific
activities (e.g., site inspections, material transportation), office supplies,
water use, and energy consumption (electricity and natural gas for
heating). For macro-services, additional specific data were gathered,
such as food quantities in school canteens or the volume of bulky waste
collected, along with process-specific information (e.g., substances used
in tree maintenance and disposal practices for residues and waste).

All data requests were officially endorsed by the municipality’s
board of directors and the university. For administrative office services,
data were directly provided by the person in charge of each service,
based on the office’s recorded consumption. Where primary data were
unavailable, accurate estimates were obtained in collaboration with
service managers.

Macro-services involved more complex arrangements. For the school
canteen, three companies were responsible for different service stages:
food selection and supply, energy consumption during canteen opera-
tions, distribution of disposable tableware, and disposal of leftover food
and materials. For green maintenance services, offices provided infor-
mation on energy and fuel consumption, while waste disposal com-
panies supplied data on plant residue management.

For street sweeping and bulky waste collection, data were collected
from two main managers, covering fuel consumption for collection and
transportation, office energy and material use, and emissions from waste
treatment at the landfill, managed by a specialized company.

This structured approach ensures that all relevant consumption data
are included, enabling an accurate assessment of GHG emissions for
each service while providing a clear and replicable methodology.

3. Results

Figure 3 presents the findings in absolute terms of total yearly
emissions for service provision, and Table 2 summarizes the Carbon
Footprint (CF) per Functional Unit (FU), which better represents the
scope, output, and impact of each service. Sections S.2 and S.3, provided
in the Supplementary Material, present the Life Cycle Inventory (LCI)
tables for each service analyzed and the corresponding Carbon Footprint
(CF) results. Specifically, Section S.2 reports activity data per functional
unit and direct emissions calculated using IPCC emission factors (2006,
2019), as well as the processes selected from the Ecoinvent 3.6 database
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Fig. 3. CF of the municipality of grosseto provided services on an annual basis.

for indirect emission calculations using SimaPro 9.1.1 software. Section
S.3 presents the CF results on an annual basis, except for the school
canteen service, which is calculated per meal.

Administrative office services produce 199.28 t CO:eq/year,
contributing 21.45 % of the total.

Macro-services generate 729.73 t COzeq/year, accounting for 78.55
% of emissions (Fig. 3).

Among the administrative office services, the greatest climate im-
pacts per FU (Table 3) are associated with the notification of legal
documents (3.94 kg COqeq per document), the change of residence
(3.27 kg CO9eq per document), and the concession of driveways (1.95 kg
COeq per document). In these cases, direct GHG emissions from fossil
fuel consumption for site inspections play a predominant role, ac-
counting for approximately 56 % of the emissions. The lowest impacts
per FU are observed for the issuance of access permits to limited traffic
areas (0.07 and 0.02 kg CO2eq per document for standard and short-
term permits, respectively). This is mainly attributed to the consump-
tion of printed paper for processing the permits, which contributes 76 %
of the impact.

The ranking changes when considering the total absolute emissions
of each service offered by the municipality on an annual basis. The CF of
administrative office services on an annual basis was calculated by
multiplying the amount of GHG emitted per document, as an emission
factor, by the number of documents issued by the office in one year. As
shown in Fig. 3 and Table S3 in the supplementary material, the
administrative office services with the largest impact are the issuance of
traffic tickets for car speeding control via “Autovelox” (56.31 t COzeq
per year), the notification of legal documents (35.69 t COseq), the
production of waste tax bills (32.97 t COzeq), and the change of resi-
dence (32.01 t CO2eq).

The primary driver for the highest CF of administrative services is the
use of fossil fuels for site inspections. For administrative office services
that do not require site inspections, electricity consumption, and office
supplies are the main contributors to the impact (Table 4a). However,
when fossil fuels are used for site inspections, they can double the

Table 3
Emission factors of the municipality services (CF per FU).
Municipality services CF per FU Unit
(kg COzeq/
FU)

Administrative office services
Issue Electronic Identity (EI) Cards 0.14
Issue of marriage licenses 0.50
Change of residence 3.27
Production of waste tax bills (TARI) 0.48
Concession of driveways 1.95
Contributions for apartment rents 0.37
Notification of legal documents 3.94
lelted. tr.afﬁf area “standard 0.07 kg COpeq/single

. pe;rmnssnon. document
Limited traffic area “short-term 0.02

permission”
Traffic ticket 1 (Assessment notice) 1.85
Traffic ticket 2 (Direct assessment) 1.57
Traffic ticket 3 (“Autovelox”, speed car

1.53

control)
Traffic ticket 4 (Extra code) 1.89
Issue of urban planning certificates 1.10
Macro-services
School canteens management 0.97 kg CO,eq/meal served
Green areas management 0.10 kg COzeq/m?
Roadsides mowing 6.72 kg COzeq/km
Management of ornamental tanks 0.41 kg COzeq/m®
Arboreal Endo/Exotherapy 18.63 kg COzeq/single plant
Bulky waste collection 0.01 kg CO2eq/kg collected
Street sweeping 0.03 kg CO,eq/kg swept

resulting CF value (Table 4b).

The detailed breakdown of inputs in Tables 4a and 4b provides a
clear view of all emission sources for each service. This level of detail can
serve as a proxy when specific data are missing, helping to identify key
emission drivers and support the design of targeted mitigation measures
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Table 4a
Administrative office services without site inspections (CF per FU).
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Input Scope  Issue of Electronic Issue of marriage Contributions for Limited traffic area Limited traffic area (short-
Identity (EI) Cards licenses apartment rents (standard permission) term permission)
kg COzeq/single document
Natural gas for office heating 1 1.00 x 1072 9.03 x 102 0.00 475 x 1073 0.49 x 107
(Direct emissions)
Electricity (Devices and 2 3.37 x 102 271 x 10} 2.58 x 1071 1.31 x 1072 2.49 x 1073
Lighting)
Water for offices 3 3.36 x 107° 2.69 x 107* 3.50 x 1073 4.53 x 107° 9.12 x 107°°
Office Supplies 3 9.05 x 1072 1.10 x 1071 1.09 x 107! 5.44 x 1072 1.36 x 1072
Natural gas for office heating 3 3.60 x 103 2.82 x 1072 0.00 1.20 x 1073 2.94 x 1074
(Indirect emissions)
Total 0.14 0.50 0.37 0.07 0.02
Table 4b
Administrative office services with site inspection (CF per FU).
Input Scope  Change of  Production of Concessions Notification of ~ Traffic ticket 1 Traffic ticket Traffic ticket 3  Traffic Issue of
residence waste tax bills  of driveways legal (Assessment 2 (Direct (Autovelox — ticket 4 urban
(TARID) documents notice) assessment) speed car (Extra planning
control) code) certificate
kg COzeq/single document
Natural gas for
office heating 1 3.01 x 480x10°  802x102  1.81 x 10~} 241 x10%  237x10° 351 x10°° 106 g02x102
(Direct 10 10
emissions)
Fossil fuel use
for site
inspections 1 1.51 2.48 x 107! 1.21 2.40 1.51 1.31 1.31 1.51 6.05 x 107!
(Direct
emissions)
Electricity
(Devices and 2 Sizsf 5.69 x 1072 1.57 x 107! 5.47 x 107! 6.12 x 10°* 6.21 x 1073 9.18 x 1073 zﬁ)o,; 1.66 x 107!
Lighting)
Water for 3 9-01 x 444 %10 525x10°*  118x 100  226x10°°  226x10°  339x10° 192X 545,10
offices 10 10
Office Supplies 3 Zi%(llx 1.11 x 107! 1.20 x 107! 9.55 x 1072 4,07 x 1072 5.44 x 1072 1.38 x 1072 4i104,zx 1.02 x 107!
Natural gas for
office heating 3 8.72 120x1072  234x102 570 x 102 7.33 x 1075 721 x107%  1.08 x 1073 330 540x107?
(Indirect 10 10
emissions)
Fossil fuel use
for site
inspections 3 2%7,5 5.09 x 1072 3.54 x 107! 6.54 x 107! 3.00 x 1071 1.95 x 1071 1.95 x 1071 23)7,5 1.20 x 107!
(Indirect
emissions)
Total 3.27 0.48 1.95 3.94 1.85 1.57 1.53 1.89 1.10
and informed policy decisions.
Scope analysis confirms these differences: direct fossil fuel emissions Talfle.S
. . . . . . Emission factor of School canteens management (CF per FU).
(Scope 1) dominate inspection-related services, contributing up to
80-86 % for traffic fines, 66 % for legal notifications and driveway Input Scope kg COzeq/meal
concessions, and 55 % for changes of residence. In contrast, for services served
conducted entirely within offices without on-site inspections, electricity Natural gas (Office heating and Cooking Food) — 1 1.61 x 10-2
(Scope 2) is the main contributor, reaching up to 70 % for apartment Direct emissions )
. . . . . . Electricity (Devices and Lighting) 2 1.42 x 10
rent contributions, while materials and supplies (Scope 3) dominate for ) . .

O ) K X X K Natural gas (Office heating and Cooking Food) — 3
limited traffic area permits, reaching up to 80 % (Figure S. 1 in the Indirect emissions 3 4.98 x 10
Supplementary Material). Water (Offices and Dishwasher) 3 3.06 x 107*

Tables 5-8 present the inputs and related emissions for macro- Office Supplies 3 1.32 % 10:?
services, referring to the FU for each one. Among the macro-services, Food . . 3 8.70 10
N . Washable supplies and Packaging 3 5.93 x 10
school canteen management and green areas maintenance exhibit the Waste disposal process 3 208 x 10-3
highest annual carbon footprint values. School canteens management Total 0.97

emits 0.97 kg COzeq per meal served (Table 5), corresponding to 401.12
t COzeq per year for the entire canteen service (Fig. 3 and Table S.3 in the
Supplementary Material). The input that contributed most to the CF was
the amount of food consumed, accounting for 90 % of the total, with
cheese (both fresh and aged) contributing 18 % and beef meat 12 % (see
Table S.2.15 and Table S.3.15 for details).

Green areas management is responsible for 0.10 kg COzeq/m?
(Table 6) and 240.25 t COzeq/year (Fig. 3 and Table S.3 in the supple-
mentary material). The most significant inputs are direct emissions from
fossil fuel consumption for equipment and transportation, accounting
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Table 6

Emission factor of green areas management (CF per FU).
Input Scope kg COeq/m?
Natural gas for office heating (Direct emissions) 1 5.50 x 107°
Equipment and machinery (Direct emissions) 1 7.44 x 1072
Electricity (Devices and Lighting) 2 1.16 x 107*
Natural gas for office heating (Indirect emissions) 3 1.71 x 107°
Water (Offices and Irrigation) 3 9.63 x 1074
Office Supplies 3 6.26 x 1077
Equipment and machinery (Indirect emissions) 3 1.10 x 1072
Disposal processes of green residues 3 1.35 x 1072
Total 0.10

Table 7
Emission factor of roadside mowing, management of ornamental tanks, and
arboreal endo/exotherapy (CF per FU).

Input Scope  Roadside Management of Arboreal
mowing ornamental tanks  Endo/
Exotherapy
kg COseq/ kg COseq/m* kg COzeq/
km water plant
Natural gas for
office heating 7.57 x 4 1
(Direct 1 10°2 9.73 x 10 1.67 x 10
emissions)
Vehicles and
machinery 1 5.77 572 x 102 9.81
(Direct
emissions)
Electricity (Devices 1.59 x 3 1
and Lighting) 2 1o 2.05 x 10 3.51 x 10
Natural gas for
office heating 2.35 x 4 DY
(Indirect 3 10-2 3.01 x 10 5.16 x 10
emissions)
Water for offices 3 5i207,4>< 6.79 x 10°° 1.16 x 1073
Office Supplies 3 8121,4)( 1.12 x 107> 1.92 x 1073
Vehicles and
machinery 6.89 x _3
(Indirect 3 101 8.87 x 10 1.52
emissions)
Chlorine to 4
disinfect water 3 / 3.56 > 10 /
Abamectin (Endo/
Exoteraphy) 3 / / 6.73
Water renewal in 1
the tanks 3 / 3.38 x 10 /
Total 6.72 0.41 18.63
Table 8
Emission factor of bulky waste collection and street sweeping (CF per FU).
Input Scope  Bulky waste Street
collection sweeping
kg COzeq/kg waste kg CO.eq/kg
collected swept
Natu.ral gas fer vofﬁce heating 1 219 x 104 219 x 10
(Direct emissions)
Emissions from sweeping/ 1 5.13 x 1073 1.32 x 102
collection (Direct emissions)
Electricity (Devices and Lighting) 2 573 x 107* 573 x 107*
Natura.l gas for. ofﬁce heating 3 4.86 x 10-5 4.86 x 10-5
(Indirect emissions)
Water for offices 3 2.08 x 107° 2.08 x 107¢
Office Supplies 3 7.83 x 1077 7.83 x 1077
Emissions from sweeping/ 3 7.32 x 104 1.89 x 102
collection (Indirect emissions)
Emissions from the disposal 3 488 x 102 1.90 x 10-2
process
Total 0.01 0.03
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for 74 %, and emissions from composting of green residues, contributing
13 %.

The macro-service with the lowest emissions is arboreal endo/exo-
therapy, with 18.63 kg COzeq per plant and 4.66 t COzeq per year
(Table 7; Fig. 3 and Table S.3 in the supplementary material), mainly
due to fossil fuel use for equipment and transportation (53 %) and the
application of Abamectin (36 %). Other green macro-services include
roadside mowing, a bimestrial street maintenance activity, and the
management of ornamental tanks, carried out two to three times per
year. Roadside mowing and tank management generate 6.72 kg CO2eq
per km and 0.41 kg COzeq per m® of water, respectively, primarily from
fossil fuel use in vehicles (Table 7).

Bulky waste collection and street sweeping have CFs of 0.012 kg
CO2eq per kg of collected waste and 0.035 kg COzeq per kg of swept
waste, respectively (Table 8), corresponding to 7.50 t COzeq/year and
61.75 t COzeq/year (Fig. 3 and Table S.3 in the supplementary). Both
services are managed by the same municipal office and share similar CF
components, mainly linked to travel, material handling, and landfill
disposal. Bulky waste collection is dominated by direct emissions from
collection, whereas street sweeping is mainly influenced by landfill
disposal due to the higher proportion of undifferentiated waste.

Field-intensive services like roadside mowing and green area main-
tenance are mainly driven by direct emissions (Scope 1: 74-87 %).
Material-intensive services such as school canteen management and
ornamental tank maintenance are dominated by purchased materials
emissions (Scope 3: 85-97 %). Other services (i.e., arboreal therapy,
bulky waste collection, and street sweeping) show a more balanced
contribution between direct and indirect emissions. Scope 2 emissions
remain marginal (<5 %) across all macro-services (Fig. S.2. in the
Supplementary Material).

To enable comparison with other municipalities or contexts, yearly
CF results were normalized per capita indicators (mg COzeq per inhab-
itant) (see Table S.3 and Fig. S.3 in the Supplementary Material). Among
macro-services, the highest impacts arise from school canteen manage-
ment (4913 mg COzeq per capita) and green area maintenance (2943 mg
CO2eq per capita), while street cleaning, bulky waste collection, and
ornamental tank maintenance show moderate contributions (57-756
mg COzeq per capita).

Within administrative services, the largest emissions are associated
with the notification of legal documents (437 mg COzeq per capita),
waste tax bill production (404 mg COzeq per capita), and speed control
through Autovelox devices (690 mg COzeq per capita). Conversely, ac-
tivities such as issuing electronic identity cards, marriage licenses, and
limited traffic area permits have minimal impacts (1-11 mg COzeq per
capita).

Overall, total municipal emissions amount to 11,379 mg COzeq per
capita, indicating that while most routine administrative activities have
negligible impacts, macro-services and a few specific administrative
processes dominate the municipality’s CF.

4. Discussion

Analyzing and comparing the results of this research allows the
identification of key emission hotspots and the exploration of potential
solutions to reduce their impacts. The study provides actionable rec-
ommendations to guide political decisions and inform strategies for
GHG reduction. These solutions should be systematically integrated into
the SECAP process and reporting, serving as concrete examples for
municipal implementation while engaging a broad range of stake-
holders, including citizens, companies, and public and private
organizations.

The significance of this research lies in its comprehensive, multi-
dimensional approach, which not only offers valuable insights for
municipal decision-making but also supports broader efforts to reduce
GHG emissions and promote urban sustainability. By providing specific
recommendations for municipal services, the study contributes to the



E. Nocentini et al.

development of tailored, effective, and actionable policies, helping
municipalities advance toward more sustainable and efficient practices.

4.1. Administrative office services

The analysis highlights that diesel use from the municipal fleet and
electricity consumption are the primary sources of GHG emissions in
administrative office services. These findings underscore the need for
targeted mitigation strategies to reduce emissions. Remarkably, a study
conducted in Thailand (Jutidamrongphan et al., 2018) found similar
trends, confirming the relevance of these emission sources in municipal
operations.

To effectively lower emissions associated with administrative office
services, a combination of optimized mobility, digital innovation, and
sustainable energy solutions can be adopted to reduce travel, improve
efficiency, and minimize the environmental impact of municipal
operations.

1. Optimizing Transport and Reducing Travel Needs— Implementing
smarter planning and sustainable mobility solutions can significantly
cut emissions from inspection-related travel:

e Define clear regulations and use georeferenced maps to eliminate
unnecessary trips (Marchi et al., 2023);

e Replace diesel vehicles with hybrid or electric alternatives to reduce
fuel consumption (Alanazi, 2023);

e Group inspections in nearby areas to minimize travel distances
(CLEANER Project EU, 2025).

2. Leveraging Digital Technologies for Smarter Inspections and Adminis-
tration- The adoption of digital tools and automation can minimize
the need for physical site visits, streamline operations, and reduce
resource consumption:

Use Internet of Things (IoT) devices for remote monitoring, reducing
the number of in-person inspections (Syed et al., 2021);

Apply artificial intelligence (AI) and machine learning (ML) to
optimize inspection routes and improve operational efficiency
(Zakaria et al., 2022);

Implement digital solutions for administrative processes to reduce
paperwork, improve service efficiency, and minimize environmental
impact, particularly by shifting from physical paperwork to digital
documentation (CLEANER Project EU, 2025).

Support local governments with digital platforms for data sharing
and environmental policy coordination, addressing regulatory frag-
mentation and enabling more consistent enforcement across city
hierarchies (Cai et al., 2025).

3. Integrating Renewable Energy and Sustainable Infrastructure— Support-
ing municipal operations with clean energy and strategic partner-
ships can further reduce their carbon footprint:

Power municipal offices with renewable energy sources to lower
electricity-related emissions (Gallardo-Saavedra et al., 2022; Hoang
et al., 2021);

Collaborate with technology providers to accelerate the adoption of
sustainable solutions for municipal services (Berniak-Wozny et al.,
2025)

Integrating renewable energy and transforming municipal opera-
tions not only decreases emissions directly but also creates broader
systemic benefits by influencing institutional energy use. Such insights
support holistic strategies combining clean energy and sectoral inno-
vation to maximize emission reductions in municipal contexts (Xiang
et al., 2024).

To assess the potential effectiveness of different mitigation
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strategies, a broad set of municipal services was analyzed, as summa-
rized in Table S.4 in the Supplementary Material. For each service, both
the baseline carbon footprint (CF per FU) and the CF after implementing
specific measures were calculated, providing a transparent estimate of
achievable reductions. Office-based services, conducted entirely within
municipal offices, were analyzed under three policies — recycled paper,
digitalization (no paper), and renewable electricity — since their
emissions primarily arise from paper use and office energy consumption.
Administrative services that involve on-site inspections were assessed
under two policies — fuel optimization (30 % reduction of fuel con-
sumption through route merging and distance minimization) and digi-
talization, as their emissions are largely driven by transport activities.
Combined scenarios were also modeled to evaluate the cumulative effect
of multiple mitigation measures. For office-based services, the combined
scenario integrates digitalization and renewable electricity, while for
administrative services involving on-site inspections, it combines fuel
optimization and digitalization.

For office-based services such as the issuance of electronic identity
cards, marriage licenses, or contributions for apartment rents, baseline
CF values range from 0.02 to 0.50 kg COzeq per FU. Recycled paper use
reduces emissions by 14-55 %, digitalization by 22-80 %, and renew-
able electricity by 11-58 %, while the combined scenario achieves re-
ductions between 57 % and 100 %, depending on the service.

For administrative services involving on-site inspections, including
change of residence, driveway concessions, notification of legal docu-
ments, or traffic ticket management, baseline CF values range from 1.10
to 3.94 kg COzeq per FU. Optimizing inspection routes (30 % less fuel)
leads to reductions of 14-26 %, while digitalization alone achieves 2-9
% reductions. The combined scenario, which integrates fuel optimiza-
tion and digitalization, results in overall emission reductions of 19-28 %
(see Table S.4 in the Supplementary Material).

While digitalization effectively reduces emissions and improves ef-
ficiency, it can also increase e-waste because of rapid device obsoles-
cence. This counteracting effect warrants further research (Dwivedi
et al., 2022; Bieser et al., 2023). Sustainable practices such as recycling,
reuse, and adoption of durable technologies are therefore essential to
maximize benefits while minimizing environmental impacts (Gaur et al.,
2024).

In addition to environmental considerations, the economic and po-
litical feasibility of digitalization should be considered. Evidence from
municipal case studies indicates that digital transformation can sub-
stantially reduce public service costs, with reported savings of up to
73.9 % per unit of service and positive returns on investment (Szedmak
et al., 2025). Moreover, strategic implementation of digital solutions
requires political commitment, governance structures that ensure
equitable access, and collaboration between government levels and
private partners to achieve both efficiency gains and broad societal
benefits (Belay et al., 2025).

Overall, these findings demonstrate the pivotal role of monitoring
and evaluating municipal services in supporting emissions reduction. By
integrating digitalization, smart planning, renewable energy, and
operational improvements, local governments can significantly lower
their CF while maintaining efficiency. The results provide practical
guidance for policymakers in designing effective, multi-action, data-
driven sustainability strategies.

4.2. Macro-services

Among macro-services, school canteens were identified as the en-
tities with the greatest environmental impact. While this study did not
explore the detailed impacts of specific dietary choices, adjustments in
food provision can significantly influence emissions. Switching to local
and environmentally responsible suppliers could substantially reduce
emissions associated with food processing and transportation, poten-
tially cutting impacts by around 50 %, while also promoting the use of
“km 0” products, benefiting small local businesses and strengthening the
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regional economy (Bruno et al., 2019; Abbate et al., 2023). Evidence
from Grosseto shows that targeted interventions in school canteens
could halve yearly emissions.

Reducing red meat consumption could further decrease emissions.
For example, according to Benvenuti et al. (2022), replacing red meat
with white meat and limiting its consumption to no more than twice per
week could lower the carbon footprint of school meals by about half.
Transitioning to predominantly plant-based menus could further reduce
emissions by up to 50 % (Mendoza, 2023; Tashina Petersson, 2021).
Incorporating dried fruits as snacks and offering fresh fruits at the end of
lunch provides a lower-CF, nutritionally richer alternative to traditional
sweets (Cerutti et al., 2018; Volanti et al., 2022; Guimaraes et al., 2024).

These strategies are consistent with findings from other public in-
stitutions (such as universities), where canteen services have similarly
been identified as areas with significant environmental impact (Benito-
Cobena et al., 2025). However, even when sustainability criteria are
included in procurement processes, environmental considerations often
receive less emphasis during contract awarding (Valls-Val et al., 2025),
highlighting the need to strengthen the integration of environmental
priorities in public food service procurement.

While the environmental benefits of these dietary adjustments are
clear, economic feasibility is also important. Shifting to local suppliers
and plant-based menus may slightly increase raw material costs; how-
ever, these costs can be partially offset by reductions in meat procure-
ment and transportation expenses (Roque et al., 2022). Studies on public
canteens have demonstrated that menu optimization for sustainability
can be implemented without substantially increasing overall operational
costs, particularly when planned strategically (Fitzsimmons and O’Hara,
2019). These considerations suggest that environmental and economic
objectives can be jointly pursued in school food services.

This study also underscores the potential of optimizing green space
maintenance as a strategy to reduce emissions. Upgrading municipal
vehicles to electric and hybrid models, including electric scooters, is a
key approach for cutting emissions from inspections related to green
space maintenance and overall transportation (Alanazi, 2023). This so-
lution not only reduces fuel consumption but also minimizes travel
distances (Romero et al., 2024). Studies indicate that the adoption of
electric vehicles could reduce emissions by up to 60 %, as outlined in the
European Union’s National Integrated Energy and Climate Plan (INECP,
2019). This approach is further supported by the CLEANER project
(2025), which reported significant reductions in GHG emissions from
municipal operations by using electric vehicles. These strategies align
with recent findings that highlight how the environmental benefits of
electric and hydrogen vehicles depend largely on the energy sources
used. Emission reductions vary by region, so policies should consider
local energy contexts and promote cleaner, more efficient distribution to
maximize the climate impact of low-emission transport (Liu et al.,
2025).

Considering these insights, integrating digital technologies for
enhanced green space management is also recommended. Digital tech-
nologies, such as real-time tree health monitoring and water optimiza-
tion (e.g., LIFE UrbanGreen project, 2023), can reduce CF and improve
the efficiency of green space management (Alojail and Khan, 2023).

Furthermore, replacing Abamectin with alternatives like Azadir-
achtin, which offers similar effectiveness but with a lower environ-
mental impact, could contribute to emission reductions (Amichot et al.,
2024; Aratjo et al., 2023). Azadirachtin, a natural substance derived
from the neem tree, provides a low-impact solution for its rapid degra-
dation by sunlight and low persistence in the environment, while
maintaining the same efficacy in treating pests and diseases (Kilani-
Morakchi et al., 2021). Choosing these products from companies with
green certifications would bring about further environmental benefits
(Pinto et al., 2025).

Addressing emissions related to macro-services such as bulky waste
collection and street sweeping, also presents opportunities for im-
provements. Increasing the availability of waste bins for sorted

11

Environmental Impact Assessment Review 118 (2026) 108294

collection across the city, while strategically optimizing their location,
would streamline street sweeping operations, making them faster, less
resource-intensive, and more cost-efficient, potentially reducing opera-
tional costs by around 10 % (Rossit and Nesmachnow, 2022; Saher et al.,
2023). Implementing smart bins equipped with IoT sensors could further
enhance efficiency by providing real-time data on bin fill levels,
enabling optimized collection routes, reducing unnecessary trips, and
ultimately lowering emissions (Ahmed et al., 2022). For bulky waste
collection, sorting different types of waste post-collection would enable
more targeted recycling and reuse efforts (Feil et al., 2017).

Additionally, as the waste sector influences overall emissions
(Marchi et al., 2017), implementing a tool to inventory and monitor the
composition of collected waste could provide valuable insights for
evaluating MSW plans and identifying areas for improvement, particu-
larly in reducing the quantity of waste directed to landfills (Agovino
etal., 2024; Lugo et al., 2020). This approach would align with the EU’s
“Zero Waste” goal by identifying inefficiencies and guiding more
effective waste management strategies toward a circular economy
(Sevigné Itoiz et al., 2013).

4.3. Key opportunities and limitations of the study

This study provides a simple, replicable method to quantify life
cycle-based emission factors (EFs) for municipal services, following
internationally recognized LCA standards (ISO 14040; ISO 14044;
Guinée, 2002). EF values are specific conversion factors for assessing the
environmental impact of municipal operations, as applied in previous
LCA studies (Simon et al., 2023; Nematollahi et al., 2024). Unlike studies
that rely on aggregated data, this methodology enables municipalities to
assess emissions from specific activities within each service, identify
high-impact hotspots, and facilitate targeted strategies to reduce GHG
emissions.

The methodology is scalable: although applied to the Municipality of
Grosseto, the emission factors can be used in other cities and regions.
This adaptability allows for comparative studies and supports the
refinement of local mitigation strategies. Results can also be integrated
into Sustainable Energy and Climate Action Plans (SECAPs), providing a
science-based foundation for local climate policies (Sala et al., 2021;
Sanyé-Mengual and Sala, 2022), supporting resource efficiency, sus-
tainable urban planning, and stakeholder engagement.

However, certain limitations must be acknowledged. Data avail-
ability, particularly for non-directly measurable activities such as indi-
rect emissions and transport logistics, is limited, affecting the accuracy
of emission estimates for some services and complicating comparisons
with other studies.

Applying the LCA framework across diverse municipal operations
presents some inherent challenges due to the heterogeneity of services,
each characterized by different operational processes, system bound-
aries, and data requirements. While some services (e.g., waste collec-
tion) involve clearly measurable material and energy flows, others (e.g.,
administrative office services) are more intangible, making it harder to
consistently quantify their resource use and emissions. Moreover, even
for the same type of service, operational practices can vary significantly
between municipalities depending on local context, technologies, and
management approaches. This variability affects both the comparability
and replicability of emission factors, highlighting the importance of
considering local conditions—including data availability, energy sour-
ces, and resource use—when applying the methodology. Nonetheless,
the proposed approach provides a robust and adaptable framework that
can be refined according to the specific characteristics of each territory
or service. Its flexibility allows municipalities to tailor the methodology
to their local conditions while maintaining a consistent and transparent
basis for assessing and comparing emissions. By providing detailed in-
sights into each municipal service within a standardized LCA frame-
work, this approach supports broader application, facilitates continuous
improvement in emission quantification, and offers a foundation for
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informed, data-driven decision-making.

Some services may still be underestimated, particularly administra-
tive processes with difficult-to-trace resource inputs. The uncertainty in
these estimates may also depend on factors such as staff expertise and
the time each operator spends on individual tasks, which affect resource
use and emissions (Ushakov et al., 2021). Furthermore, macro-services
such as waste collection or school canteens could be slightly over-
estimated due to simplifications in emission factors or assumptions in
activity data.

System boundaries were adapted to service characteristics: “cradle to
gate” for process-based, low-residue services and “cradle to grave” for
material-intensive ones. Durable capital goods are excluded due to their
long lifetimes and marginal annual impact. This tailored framework
balances rigor with practical data considerations, ensuring transparency
and replicability. However, the exclusion of minor inputs based on a 5 %
cut-off (e.g., staff commuting, production and maintenance of durable
equipment) introduces additional uncertainties, though these contri-
butions are generally marginal (Beemsterboer et al., 2020; Guineée,
2002; Zampori et al., 2016).

Future assessments would benefit from more granular data on energy
consumption, transport logistics, and material flows, as well as real-time
monitoring systems. Incorporating district-level energy flow analyses
and standardizing service-level emissions calculations could further
improve accuracy and comparability across studies. Quantifying specific
reductions in kg CO2eq per unit of service would validate mitigation
strategies and facilitate integration into SECAPs, guiding political de-
cisions and long-term sustainability strategies.

5. Conclusion

This research provides a comprehensive analysis of all activities
within the municipal management system, supporting the administra-
tion in developing strategies to improve environmental and emissions
performance based on the most accurate data available. A key challenge
was the collection of consistent and complete information; meetings
with municipal technicians facilitated data gathering and enabled the
design of a more targeted and sustainable management approach. While
some simplifications were necessary, the study established a state-of-
the-art review of available statistics and defined the quantitative and
qualitative information required for future analyses. The carbon foot-
prints (CFs) derived here serve as flexible proxies for similar studies
where site-specific data are unavailable, ensuring continuity and
comparability in emission assessments.

The developed methodology is intended as a model for other mu-
nicipalities and can be extended to additional services or sectors. Its
flexibility allows for adaptation to diverse environmental and opera-
tional contexts while maintaining methodological consistency and
transparency. A key outcome highlighted by this study is the urgent need
for a standardized methodological approach in calculating service-level
emission factors across public administrations. Establishing shared and
comparable procedures would enhance the reliability of assessments,
facilitate benchmarking among municipalities, and support policy
harmonization at both national and EU levels. This standardized
framework promotes collaboration between local authorities and facil-
itates the exchange and benchmarking of strategies, contributing to the
harmonization of public-sector emission accounting.

Verification and validation by third-party organizations could enable
ISO 14067 (2018) certification for municipal administrative services,
thereby establishing a replicable and certifiable procedure. Such de-
velopments would also support the creation of an inter-municipal
network in which entities meeting defined GHG standards could
obtain a “Green Certification”, strengthening collective commitment to
reducing municipal carbon footprints.

Beyond technical outcomes, publicly disseminating the findings can
raise awareness among municipal staff, businesses, and citizens.
Through targeted communication campaigns, the study can support an
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equitable ecological transition that benefits both local communities and
the broader environment.

This study constitutes a foundational step toward the adaptation and
standardization of LCA methodologies for public services. Recognizing
the inherent differences between products and services in life cycle
structure, the approach developed in this study allows municipalities to
meaningfully assess environmental impacts while highlighting the need
for continued methodological development and harmonization in this
emerging area. While the research identifies measures to reduce
municipal carbon footprints, it does not evaluate their actual effective-
ness or socio-economic impacts. Future work should address the long-
term performance and cost-effectiveness of green technologies, renew-
able energy systems, and efficiency improvements, as well as their socio-
economic implications, such as job creation, local development, and
public acceptance, to guide sustainable policy decisions.
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