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Abstract

This paper builds on research from a project aimed at promoting the circular economy
through processes based on low-impact materials derived from natural fibers. A method-
ology is developed to assess the economic, environmental, and social sustainability of
alternative production scenarios, thereby supporting the ranking of options. Assuming the
principles of Life Cycle Thinking and circular economy and the operational aspects of Life
Cycle Costing (LCC), Life Cycle Assessment (LCA), Social Life Cycle Assessment (S-LCA)
approaches normed by international standards, an integrated approach is proposed based
on the construction of a joint Global Cost indicator. Attention is paid to harmonizing
impacts assessed in their own units of measurement to arrive at a monetary indicator for
summarizing and simplifying the prioritization of alternatives. As a result, the integrated
Global Cost calculation methodology is presented to internalize social and environmental
impacts, as well as economic ones, and to evaluate the sustainability of materials derived
from primary and waste natural fibers.

Keywords: sustainable development goals; circular economys; life cycle costing; life cycle
assessment; social life cycle assessment; joint Global Cost; discounted cash flow analysis;
sustainable architecture; life cycle design; natural fibers

1. Introduction

Reducing the environmental impacts of production across various economic sectors
is currently of primary importance to combat climate change. The transition to circular
economic and production models is also guided by the international and European regula-
tory frameworks and their related objectives. These include the targets set by the European
Parliament on the climate emergency (2019/2930(RSP)), specifically a 55% reduction in
emissions by 2030 and climate neutrality by 2050, as regulated by the European Climate
Law (Regulation 2021/1119) and by the Circular Economy Action Plan (COM 98, 2020).

That said, reusing and recycling waste, as well as reducing it, are key elements in
developing sustainable production processes [1-3]. These key elements also serve as a
means of valorizing resources, reducing negative environmental externalities, promoting
circular production models, and strengthening relevant market segments [4,5]. This is even
more true for production chains based on natural and local raw materials [6].

From a methodological perspective, the use of life cycle approaches is crucial for
assessing the efficiency of circular processes and products [7,8]. Likewise, adopting a
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systemic vision is crucial for enhancing resource management, achieving sustainable goals,
and mitigating environmental impacts. Moreover, it promotes the implementation of
sustainable and circular practices, as well as resilient, innovative, and socially responsible
business models. The research carried out within the Circular Design for Natural Fibers
(CDA4NF) project, which was included in the “Made in Italy Circolare e Sostenibile (MICS)”
Extended Partnership, part of Next Generation EU and funded by the National Recovery
and Resilience Plan, is developed on these premises.

In particular, the research group from the Department of Architecture and Design
at Politecnico di Torino, which participated in the project alongside other groups from
universities nationwide, has focused on natural fibers. Specifically, the research group
focused on by-products of local production chains (in Italy) and on virgin fibers derived
from traditional Italian crops, such as hemp, nettle, and bamboo.

Within this context, the paper aims to illustrate the methodological framework devel-
oped for assessing the overall sustainability of natural fibers in design and architecture. It
is based on a joint indicator calculation for evaluating materials and products derived from
primary natural fibers and/or scraps (waste and by-products) from Italian cultivation and
production supply chains.

This paper is organized as follows. Section 2 describes the research workflow adopted
within the CD4NF research project. Section 3 focuses on synthesizing the literature back-
ground and regulatory framework. Section 4 illustrates the methodological framework as
the primary research outcome. Sections 5 and 6 concludes the work.

2. The Research Workflow

The research is based on the principles of Life Cycle Thinking. The methodology
adopted focuses on Life Cycle Assessment (LCA), Life Cycle Costing (LCC), and Social Life
Cycle Assessment (S-LCA), as well as related measurable indicators.

Specifically, the methodology can be adopted to measure the overall performance of
production chains across various sectors. Nevertheless, the research experience developed
within the CD4NF project focuses on natural fibers for architecture and design, with a
specific emphasis on bamboo cultivation. The latter was selected as a case study for
experimental testing of the methodology. Specific data and results from the bamboo
analysis will be the focus of a subsequent paper.

Figure 1 presents a graphical synthesis of the research workflow.

RESEARCH OUTPUT

CREATION OF A REFERENCE

STATE OF THE ART AND SYSTEMATIC
BIBLIOGRAPHIC PORTFOLIO (BP)

REVIEW OF THE LITERATURE

SELECTION OF ENVIRONMENTAL, SOCIAL
AND ECONOMIC SUSTAINABILITY

| IDENTIEICATION OF METHODOLOGICAL |
INDICATORS.

STEPS AND RELATED OPERATIONAL TOOLS

IDENTIFICATION OF THE CASE STUDY AND
ADAPTATION OF THE METHODOLOGY TO
IT

PRELIMINARY APPLICATION SETTING

| PARALLEL APPLICATION OF LCA, S-LCA, ‘

DCEA AND LCC APPROACHES PRE TESTING METHODOLOGY

DEFINITIVE METHODOLOGY AND
GUIDELINES

CALIBRATION OF THE METHODOLOGICAL
FRAMEWORK FOR THE CASE STUDY

Figure 1. The research workflow (source: authors’ elaboration).
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The research analyzed the state of the art through a systematic review of international
scientific literature. The goal was to identify approaches for assessing sustainability and
their areas of application. The focus was on production chains, circular processes, and
integrations between LCA, LCC, and S-LCA to select the most suitable approaches for
assessing the overall sustainability of natural fibrous materials. Concretely, the authors [9]
have outlined and discussed the literature analysis, resulting in a reference Bibliographic
Portfolio (PB) that was useful for identifying the most consolidated approaches within the
context of natural fibers.

Starting from the literature, methodological references and related operational tools
for integrated assessment were identified. This phase led to the selection of sustainability
indicators, which served as the basis for the subsequent development of the application.

A reference case study was identified, and a preliminary application setting was
conducted, supported by specific indicators for each sustainability dimension applicable to
the real context, also drawing on databases and technical literature.

The first methodological framework was tested in the case study by applying the
approaches in parallel. This allowed for an initial simulation to be conducted.

Finally, the methodological framework for the case study was calibrated. Specifically,
this was achieved by calculating the joint Global Cost indicator and simultaneously verify-
ing the applied models. This allowed the authors to validate the framework and define the
final guidelines as the research’s output.

3. Literature Background and Regulatory Framework

Within this research project, a systematic review of the state of the art was conducted to
explore the interactions among methods used to assess the sustainability of natural fibers [9].
The literature review was performed according to the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines [10].

The initial search yielded 787 publications covering the period 2005-2026. After the
screening process, 110 records were selected, including peer-reviewed journal articles
and conference proceedings. Nevertheless, among the 110 selected studies, only four
addressed all three dimensions of sustainability. Twenty publications jointly examined
environmental and economic aspects, while studies focusing on a single dimension were
primarily dominated by Life Cycle Assessment (LCA) approaches (n = 102), with only one
study each employing Life Cycle Costing (LCC) and Social Life Cycle Assessment (S-LCA).
To facilitate the interpretation of the results, a graphical analysis was performed using
VOSviewer 1.6.19, developed by Leiden University (Figure 2).

An in-depth examination of 43 case studies across the building, civil engineering, and
design sectors reveals that sustainability assessments of natural fibers primarily rely on
COy-equivalent indicators to evaluate environmental performance. Economic evaluations
mainly employ Payback Period and Net Present Value, whereas social dimensions are
typically assessed using the PSILCA database.

Studies that address the integration of life cycle approaches exhibit two methodological
orientations:

e  Combined approaches within a single analytical framework.
These contributions are primarily limited to theoretical assessments or simulation-
based models. They are mainly applied in the sectors of food [11,12], biofuels [13,14],
chemicals [15], and construction and design [16-18]. They do not systematically
integrate economic, environmental, and social dimensions.

e  Parallel approaches.
In these studies, LCA and LCC are conducted separately and subsequently compared.
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Studies are mainly applied to biofuel and waste treatment [19-23], construction [24-30]
and the agri-food sector [31].
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Figure 2. Keyword mapping performed using VOSviewer software (Source: authors’ elaboration).

The findings of the systematic review indicate that the sustainability assessment of
natural fibers in the construction sector is extensively covered in the literature and broadly
consistent with European policy objectives. Nevertheless, despite the prominence of the
three sustainability dimensions in national and international agendas, their translation into
metrics and regulatory instruments remains underdeveloped.

Furthermore, the analysis of scientific literature highlighted the predominance of the
LCA approach, adopted in almost all studies and, in some cases, integrated with the LCC
approach. The use of the S-LCA approach, however, appears limited to a small number of
contributions. The emerging evidence also reveals a high degree of variability in functional
units, impact indicators, and databases used, suggesting the need for methodological
harmonization to improve the comparability and replicability of studies.

Overall, the review highlights the rapid growth in scientific output and the growing
interest in circular economy practices and resource valorization. However, a significant
imbalance persists across the dimensions of sustainability: while the environmental com-
ponent is largely consolidated, the economic and, especially, the social aspects remain
marginal. This asymmetry indicates priority research areas for developing truly integrated
life cycle approaches.

In addition to the systematic review described above, the relevant standards
were outlined.

The European regulatory framework for environmental, economic, and social sustain-
ability is complex and encompasses measures that promote the use of various approaches
based on the principles of “Life Cycle Thinking”. Regarding the environmental dimension
and, specifically, Life Cycle Assessment (LCA), the primary methodological references
are the ISO 14040:2021 [32] and ISO 14044:2021 [33] standards, which define the princi-
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ples, framework, requirements, and guidelines for conducting LCA studies applicable
to products, services, and, through specific sector standards, buildings and construction
works [32,33].

At the product and service scale, a series of European instruments and technical stan-
dards support and operationalize the use of LCA results. Among the main tools are the
EU Eco-label (Reg. EU 66/2010) [34], which is based on a life cycle perspective for selected
product groups, and Environmental Product Declarations (EPDs), governed by UNI EN
ISO 14025:2010 [35], which provide Type III environmental declarations for products us-
ing LCA-based indicators. For construction products, UNI EN 15804:2021 [36] specifies
product category rules and impact categories to be reported in EPDs, ensuring compara-
bility across alternative solutions. At the building scale, the UNI EN 15978:2011 [37] and
UNI EN 17472:2022 [38] standards define the framework for assessing the environmental
performance of buildings throughout their life cycle and for evaluating economic perfor-
mance by accounting for investment, operation, and life cycle, structuring the analysis
into standardized life cycle stages (production, use, end-of-life, and beyond-the-life-cycle
benefits and loads) [37,38]. This ensures consistency between building-level LCA and
product-level EPDs.

Such a regulatory framework also supports the application of Life Cycle Costing
(LCC), which extends the life cycle perspective to economic performance by accounting for
investment, operations, maintenance, and end-of-life costs over the reference service life. In
the construction sector, this perspective aligns with standards such as ISO 15686-5:2017 [39],
UNI EN 15978-1:2011 [37], and EN 15459:2007 [40] on Life Cycle Costing for buildings
and constructed assets, as well as with European policy instruments that promote the
integration of economic and environmental criteria in decision-making.

For the social dimension, the Social Life Cycle Assessment (S-LCA), recently standard-
ized in ISO 14075:2024 [41], is primarily applied in sector-specific initiatives and voluntary
schemes that develop indicators and data-collection protocols at the supply chain level.
These initiatives build on guidelines developed within the UNEP/SETAC Life Cycle Ini-
tiative and contribute to the progressive consolidation of S-LCA practice across various
industrial sectors [42,43].

Finally, Life Cycle Sustainability Assessment (LCSA), as outlined in the UNEP/SETAC
report “Towards a Life Cycle Sustainability Assessment”, provides the overarching con-
ceptual framework that integrates LCA, LCC, and S-LCA results into a coherent decision-
support perspective [44]. In this sense, the European regulatory and standardization
landscape—from product and building-level LCA standards to instruments such as Green
Public Procurement (GPP), the EMAS environmental management scheme, and sectoral
initiatives on social and economic performance—creates an enabling environment for the
development and application of integrated life cycle-based assessment methods such as
the one proposed in this study [45]. This research also considers the standard UNI EN
17472:2022 [38], which sets out the requirements and specific methods for assessing the
environmental, economic, and social performance of civil engineering works.

4. Methodological Framework: A Proposal to Evaluate the Material and
Product Sustainability

Given the evolving regulatory and market framework, and considering the importance
of integrating environmental, economic, and social sustainability indicators into production
processes, the authors have developed a methodological framework aligned with the
main goals of the CD4NF research project, providing a tool for assessing and comparing
products and systems in the design and construction sector. The framework has been
divided into five main steps, as illustrated in Figure 3, and is intended for researchers and
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design consultants. The proposed steps allow the method to be applied in various contexts
while maintaining scientific coherence and comparability of the results. Furthermore, the
framework enables effective communication and sharing of the outcomes with stakeholders.

SCENARIO A
EREEN - Pl
ALTERNATIVES SR
SCENARIO C
ECONOMIC IMPACTS DCFA - LCC
IMPACT ASSESSMENT The assessments of the
'WITH SPECIFIC TOOLS three dimensions are
m AND RELATED mvgt;rg\gy‘ru LCcA conducted in parallel
MEASURABLE and with the same
INDICATORS system boundary.
SOCIAL IMPACTS S-LCA - GIVE
MONETIZATION OF ENVIRONMENTAL
[ IR
SCENARIO A, B, C
¢ £l SOCIAL
ECONOMIC SUSTAINABILITY
CALCULATION OF JOINT GLOBAL
(SCENARIO A, B, C) SUSTAINABILITY (SCENARIO A, B, C)
SOCIAL SUSTAINABILITY
ANALYSIS OF THE SO
RESULTS AND
m CHOICE OF THE OPTION RANKING SCENARIO B

PREFERABLE

SCENARIO
SCENARIO C

Figure 3. The methodological framework’s workflow (source: authors’ elaboration).

This section provides a step-by-step guideline to support research and design teams
in applying the methodological framework to evaluate the most multidimensionally sus-
tainable option.

4.1. Step 1—Alternative Options Definition

The first step is to define the alternative scenarios to be evaluated. They may represent
different design options, technologies, management strategies, or operational configu-
rations of a product or process. The scenario selection is based on technical, scientific,
regulatory, and strategic criteria, with consideration of the study’s objectives and the
stakeholders involved. Each scenario is described through technical parameters, process
inputs/outputs, and quantitative and qualitative data relevant to the subsequent evaluation
steps. Since the quality and robustness of the entire process largely depend on the definition
of the initial scenarios, a rigorous characterization ensures that the comparison between
alternatives facilitates the identification of the most sustainable option.

This first step, in turn, involves four operational phases, described in Figure 4.

The first phase of Step 1 consists of one or more introductory meetings between a
pool of researchers/consultants and interested stakeholders (e.g., company and technical
stakeholders) to define the study’s objective. The aim is to outline the study’s scope, includ-
ing the functional unit, service life, life cycle stages to be considered, system boundaries,
indicators to be calculated, and the required level of detail. It is advisable to assume the
exact system boundaries and functional units for all three evaluation approaches (LCA,
LCC, and S-LCA) as suggested by Ref. [46]. This first phase is based on the reference LCA
standard [32]. Figure 5 represents the life cycle stages of a product structured according to
the LCA approach and the UNI EN 15978:2011 standard [37].

In detail, the stages are structured as follows: production (A1-A3): includes the
cultivation and harvesting of natural fibers (i.e., sheep wool) (A1), transport to the pro-
cessing facility (A2), and pre-processing and manufacturing of materials and products
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(A3). This stage generates not only the main products but also by-products and waste
that can be reintroduced into the production cycle or disposed; transport and installation
(A4-AD): the product is transported to the construction site following the cultivation and
harvesting of natural fibers (i.e., sheep wool) (Al). This involves transport to the n site
(A4), installation (A5), and the possible production of waste; use (B1-B7): the product
may undergo maintenance (B2), repair (B3) or replacement (B4), generating waste and
end-of-life products; end-of-life (C1-C4): includes demolition (C1), waste transport (C2),
waste treatment (C3) and final disposal (C4); and benefits and burdens beyond the life cycle
(D): this stage considers the reuse, recycling and recovery of materials, reducing the overall
environmental impact.

Goal and system boundaries definition
1 Preliminary meetings with the company to clarify the
objectives, functional unit, life cycle stages to be
analysed, and the indicators to be calculated.

Product system analysis and flowchart development
Interviews and reconstruction of the production
process through Process Units (P.U.), including

material, energy, and cost flows.

Compilation of data collection sheets
3 Structured data input by the company, supported by
templates provided by the research team.

Data organisation and integration
Structuring of data in an organised Excel file;
integration of secondary sources to complete the
inventory.

Figure 4. A synthesis of the four operative phases in the Step 1—"Alternative Options Definition”
(source: authors’ elaboration).

Figure 5. A product’s life cycle stages and the connection between processes [37] (source: authors’
elaboration).

In the second phase of Step 1, interviews with company and technical stakeholders
are crucial for defining the production process and the supply chain. The collected data
is organized into a flowchart divided into Unit Processes (U.P.) that represent the various
activities carried out within the life cycle and identified within the system boundaries,
such as the material and energy flows, the workers employed, and the cost of components,
both direct and indirect, with reference to the identified economic cycle. Figure 6 shows
a production system divided into sample macro-Unit Processes (Macro U.P. B and C),
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each composed of multiple U.P. Within the system boundaries, the incoming (input) and
outgoing (output) flows of materials, energy, costs, and workers are highlighted.

Macro U.P. B
UP. U.P.
BO1 B02
Products

U.P.
Raw materials Bo3 By-products
—'
Energy Wastes
— »
Costs Macro U.P.C Energy
S »
Working hours Emissions
I — U.P. U.P. >

! 2 Residual value

>
U.P.

Co3

Figure 6. Input/output flow within the production system boundaries (source: authors’ elaboration).

In the third phase of Step 1, the company and technical stakeholders complete the data
collection forms provided by the researchers, which are designed to facilitate structured
data entry. These forms can be adapted to suit the specific product type and supply chain,
as well as the available data. They are a flow analysis tool for production processes, helping
collect data on materials, energy, water, transportation, and labor used in manufacturing.
Each form is divided into input and output categories, described with units of measurement,
quantity, cost, and data source (direct or estimated).

In the last phase of Step 1, the stakeholders organize the collected direct data in spread-
sheet files, integrating, where necessary, data from secondary sources (e.g., environmental
databases, scientific literature, statistical or technical data, and price lists) to fill in any gaps.

Figure 7 provides an example showing the data collection structure for Unit Process
(U.P) analysis, broken down by year, macro-Unit Processes (Macro U.P.), Unit Processes
(U.P), and dataset. Furthermore, detailed information is provided on the type of activity
(e.g., supply or installation) and various dimensional specifications of the materials used.

4.2. Step 2—Impact Assessment with Specific Tools and Measurable Indicators

Based on the data collected in Step 1, the second step of the methodology applies
parallel approaches to calculate environmental, social, and economic impacts using spe-
cific analysis tools such as SimaPro v.9.2.0.2 for LCA, Excel spreadsheets for LCC, and
S-LCA spreadsheets, all while maintaining the exact system boundaries for the three
sustainable dimensions.

The following paragraphs outline the operational phases for applying the approaches
to assess environmental, social, and economic impacts.

Environmental impact assessment

Life Cycle Assessment (LCA) is the internationally recognized method for assessing the
environmental impacts of systems, processes, or products. In this framework, the Life Cycle
Assessment of the alternative options was performed using SimaPro in accordance with the
principles and requirements defined by ISO 14040:2021 [32] and ISO 14044:2021 [33], and
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consistent with the recommendations of the International Reference Life Cycle Data System
Guide (ILCD) promoted by the Joint Research Centre (JRC) of the European Commission.

Input
Year Macro| U.P. |Dataset | Description| Type Width | Height |Diameter
U.P. [m] [m] [m]
Suppl
BO1 PPy
A Installation
" Suppl
u
n B | BO2 i
o Installation
X Suppl
B... Bl
Installation
Suppl
B B01 L
A Installation
n
n Suppl
0 co1 PPy
Installation
X €
Suppl
X c PPy
Installation

Figure 7. Example of a data collection spreadsheet (Source: authors’ elaboration).

Based on the standard assumptions defined in Step 1—i.e., functional unit(s), system
boundaries, reference service life, and life cycle stages considered—the LCA is articulated
into the following operational phases.

Life Cycle Inventory (LCI)

The inventory compiles and structures the data collected in Step 1 for each product
system based on natural fibers and/or agro-industrial by-products. Primary data include
information obtained directly from the company and technical stakeholders (e.g., process
parameters, material and energy inputs, yields, waste and by-product streams). Secondary
data, drawn from internationally recognized databases integrated into SimaPro, such as
Ecoinvent and Agri-footprint, are used to complete the inventory when primary data are
not available or to represent upstream and background processes.

Unit Processes (U.P.) modeling

The product system is represented as a network of Unit Processes that describe the
relevant elementary processes within the system boundaries (e.g., cultivation or collection
of primary fibers, pre-treatment and processing steps, transport, manufacturing, and end-
of-life operations). For each U.P,, input flows of materials and energy and output flows of
products, co-products, emissions, and waste are specified. Depending on the case study,
the model can be articulated by time steps (e.g., annual operations for cultivation systems)
and/or by life cycle stage, consistent with the choices and assumptions made in Step 1.
Before moving to the impact calculation, an internal consistency check is performed to verify
the model’s mass and energy balance, as a prerequisite for robust subsequent analyses.

Life Cycle Impact Calculation and Indicator Selection

This phase converts LCI results into impact indicators by assigning elementary flows
to the selected impact category(s) and applying the corresponding characterization factors
implemented in SimaPro. In line with the objectives of the integrated framework, particular
attention is paid to the climate change category and to the quantification of greenhouse
gas emissions, expressed both as CO; and as CO; equivalents (e.g., kg CO;-eq per func-
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tional unit). These indicators constitute the environmental input used in the subsequent
monetization phase (Step 3) and in the calculation of the joint Global Cost indicator. The
methodology remains open to the calculation of additional impact categories when required
by the specific application.

Interpretation of results

The interpretation phase analyses the LCA outcomes in relation to the goal and scope
defined in Step 1 and to the overall integrated framework. It includes checks on data quality
and completeness, cautions on data completeness, identification of key environmental
hotspots throughout the life cycle, and a discussion of assumptions and criticalities. The
LCA results are then synthesized in a form suitable for comparison between alternative
options and for their integration with social (S-LCA) and economic (LCC/DCFA) results, as
well as within the joint Global Cost indicator, in line with the principles and requirements
of ISO 14040:2021 [32] and ISO 14044:2021 [33].

Social impact assessment

The assessment of social sustainability is based on the Social Life Cycle Assessment
(S-LCA) approach and follows a methodology structured into five key phases:

Selection of stakeholder categories;
Selection of the impact assessment method;
Definition of social subcategories;
Definition of inventory indicators;

Definition of Reference Scales and Performance Reference Points (PRPs).

The methodological approach adopted aligns with UNEP [43] guidelines and in-
tegrates contributions from consolidated sources, including the UNEP Methodological
Sheets [47], the PSILCA database, and the Product Social Impact Assessment (PSIA)
Handbook [48], which represent the most advanced references currently available for
social impact metrics.

The stakeholder categories considered include workers, local communities, society
at large, consumers, and value chain actors, selected based on system boundaries and the
analysis objectives.

The definition of social subcategories is based on a materiality assessment that com-
bines the relevance stakeholders attribute with the research team’s evaluation. Only
subcategories that exceed a predetermined joint threshold of significance (materiality) are
retained, ensuring that the analysis focuses on social aspects genuinely pertinent to the
system under study. The subsequent identification of inventory indicators relies on a sys-
tematic comparison of key bibliographic and methodological sources, ensuring coherence,
comparability, and adequacy with respect to the selected subcategories. Although most
social impact indicators are applicable across sectors and product systems, studies on
bio-based materials primarily address diffuse, poverty-related social risks embedded in
agricultural supply chains, whereas studies on petrochemical and non-bio-based materials
frequently focus on concentrated, industrial, and hazard-related risks [49]. Indicators can be
specific (based on primary data referring to the case study) or generic (based on secondary
data referring to sectoral or territorial contexts).

Consistent with the most recent scientific literature, this study adopts the “Reference
Scale” Type I S-LCIA approach, which is considered more mature, better documented,
and better developed than the impact-pathway-based model (Type II S-LCIA), whose
applicability remains limited.

The Reference Scales, developed for each indicator, consist of five ordinal levels
ranging from —2 to +2, each associated with a Performance Reference Point derived from
international standards, legal requirements, sectoral best practices, or other authoritative
sources. The comparison between collected data and scale levels enables characterization

https://doi.org/10.3390/su18052290


https://doi.org/10.3390/su18052290

Sustainability 2026, 18, 2290

11 0f 18

of the social performance of system components, highlighting both positive contributions
and potential social risks (Figure 8).

Scale Level Description

. Ideal performance. Best in class

+1 Beyond compliance
0 Compliance with local and international laws and/or basic societal expectations
-1 Slightly below compliance level

. Starkly below compliance level

Figure 8. Generic scale with 5 levels for social inventory indicators (Source: authors’ elaboration from
(p- 83, [43])).

Although S-LCA provides qualitative, semi-quantitative, and in some cases quanti-
tative assessments of social impacts, it does not include their monetization. To address
this gap and incorporate the social costs of greenhouse gas (GHG) emissions into the
joint Global Cost calculation, economic values estimated through the model developed by
Rennet [50] were employed.

Greenhouse Gas Impact Value Estimator (GIVE)

The study by Rennet [50] provides a structural reassessment of the Social Cost of Car-
bon Dioxide (SC-CO,) through the development of the integrated GIVE model (Greenhouse
Gas Impact Value Estimator), designed to quantify in monetary terms the societal damages
associated with the emission of one ton of CO,. The model systematically incorporates
climate-related effects on mortality, agricultural productivity, building energy demand,
and coastal risks, and rigorously considers the discount rate—an essential element for
evaluating intergenerational impacts, given the long atmospheric lifetime of CO,.

The authors estimate a mean SC-CO, value of 185 $/tCO; (base year 2020, 2% discount
rate), more than three times higher than the current official U.S. estimate. Mortality
impacts represent the most significant contribution (90 $/tCO,), followed by losses in
agricultural productivity (84 $/tCO,), while effects on energy demand (9 $/tCO,) and
sea-level rise damages (2 $/tCO,) contribute to a lesser extent. By integrating these
components, the GIVE model delivers a more comprehensive and methodologically robust
estimate, consistent with welfare economics principles, and provides an updated and
coherent representation of the socioeconomic impacts associated with climate-altering
emissions [50].

Economic impacts evaluation

Financial feasibility and economic sustainability analyses are crucial components in
supporting strategic decisions aimed at efficiency, replicability, and long-term
sustainability [51]. They are developed using discounted cash flow analysis (DCF) and the
LCC approach, respectively.

For consistency, both DCFA and LCC adopt the same system boundary and time
horizon already defined for environmental (LCA) and social (5-LCA) assessments. This
enables the development of an integrated analysis, facilitating a comparative interpretation
of the results and identifying the most sustainable alternative overall.

The method is based on discounted cash flow analysis, which allows the calculation
of the present value of cash inflows and outflows over the project’s time horizon. The
DCFA is applied in the preliminary phase with dual purposes: first, to verify the financial
feasibility of alternative scenarios; second, to provide a basis for using the LCC approach.
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The approach is based, firstly, on determining the scope/context of the analysis, including
defining the time frame and system boundary. Then, the semi-analytical determination
(by typological macro-items) of the cost components, both direct and indirect, is made
with reference to the analyzed scenarios. Follows the estimation of expected revenues,
appropriately segmented by product type, the definition of the time profile of the cash
flows, distinguishing the initial investment, management, and economic return phases,
and the determination of the discount rate, based on the risk associated with the project.
Finally, the calculation of the leading profitability indicators, specifically Net Present Value
(NPV), Internal Rate of Return (IRR), and Payback Period (PB), is conducted, accompanied
by the interpretation of the analysis results [52].

Operationally, the DCFA is applied through spreadsheets to ensure flexibility in the
analysis. The DCFA is used as an economic and financial evaluation tool to quantify the
expected profitability of the investment over a defined time horizon [53].

Following the financial feasibility assessment, based on the data used for the DFCA
application, the LCC approach is applied in accordance with the principles defined in the
international standard ISO 15686-5:2017 [37]. The LCC approach enables the calculation of
the overall cost of a production system over its entire life cycle. The operational phases to
follow for applying the LCC approach are as follows [54]:

e  Definition of the functional unit and analytical context: In accordance with the provi-
sions for environmental (LCA) and social (5-LCA) impact assessments, the first step
consists of defining the unitary function and defining the system boundary, which are
essential for ensuring the consistency of the assessment. In this phase, all significant
activities and stages of the life cycle of the analyzed system are identified, from initial
implementation to operational management, considering the technical and functional
specifics of the intervention under study.

e  Identification of cost components: An analytical cost map is produced, distinguishing
between direct costs (e.g., materials, equipment, labor, energy) and indirect costs (e.g.,
technical support, depreciation, related services). The identified costs are organized
by activity and time frame across the life cycle under consideration, considering the
“relevant” cost items.

e  Definition of the time profile of flows: A time profile of costs is constructed, distin-
guishing between initial investment and implementation of the intervention; manage-
ment/maintenance; and end-of-life.

e  Modeling of alternative scenarios: Previously identified, these differ from the reference
scenario due to the introduction of specific technologies (e.g., systems, materials,
processes). Each scenario is described using quantitative data consistent with the
reference technical specifications and includes estimates of purchase and installation
costs, energy consumption, and additional labor.

e Implementation in an evaluation model: All the information collected is organized
in a spreadsheet to simulate the annual economic flows associated with the life cycle.
The model allows for parameterization of economic variables (unit costs, quantities,
frequencies); automatic calculation development, with links between sheets to en-
sure internal consistency; and direct comparison between scenarios, facilitating the
interpretation of results.

e  Calculation of synthetic economic and financial indicators: The model calculates the
leading economic sustainability indicators, specifically: Net Present Value (NPV),
Payback Period (PBP), Net Savings (NS), Savings to Investment Ratio (SIR), and
Adjusted Internal Rate of Revenues (AIRR) [52].

Note that the LCC model is also implemented in SimaPro to analyze the economic
sustainability of the product/process system under study throughout its life cycle.
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4.3. Step 3—Impact Monetization

The model proposed by Fregonara [55] introduces an integrated approach that com-
bines the Global Cost calculation equation with some monetized environmental compo-
nents to generate a synthetic economic—environmental indicator, expressed in euros (€) as
the unit of measurement. The proposal is revisited here and extended to include social
components, which are also monetized.

The monetization of environmental and social impacts is conducted by assigning
economic values based on market prices, thereby ensuring consistency in measurement
units across the different impacts. Specifically, once the unit monetary value of the impacts
has been identified (derived from market sources or socioeconomic evaluation studies
such as GIVE [50]), these values are multiplied by the environmental impact quantity
determined using the LCA methodology. The result of this process is the expression of
environmental and social impacts in economic terms, allowing their integration into the
overall cost calculation and leading to a holistic sustainability assessment.

4.4. Step 4—Joint Global Cost Calculation

The fourth operational step involves calculating the joint indicator to assess overall
performance. The joint indicator, as proposed in Fregonara [55], integrates the Global Cost
equation [40] that monetizes environmental and social impacts. Therefore, the environmen-
tal, social, and economic Global Cost is formalized in Equation (1):

CGEnsocke = ZC; + XCpp + XCspc + X (Cr + Cr) /(1 + ”)t + (Cim + Cdp - V/(1+ ”)N 1)

where CGgys,cEc Stands for the Global Cost environmental, social and economic costs; C;
stands for the sum of initial investment costs; ZCg, stands for the sum of environmental
costs; £Cg, stands for the sum of social costs; C;, stands for maintenance costs; C, stands
for replacement costs; Cy;, stands for dismantling/demolition costs; Cy, stands for disposal
costs; V, stands for residual value of the component at the end of the analyzed period; ¢
stands for the cost reference year; N stands for the number of years in the time horizon
selected for the analysis; and r stands for discount rate.

The quantification of the residual value (V;), i.e., the value that an asset will have at the
end of its service life, occurs according to the provisions of the EN 15459:2007 standard [40].

The equation can be adapted ad hoc to different case studies, taking into account the
environmental, social, and economic specificities of the contexts analyzed.

4.5. Step 5—Results and Option Ranking

The final step, outlined in Figure 9, involves interpreting the results by analyzing
the obtained output to support the selection of the most sustainable alternative or the
ranking of alternatives. This step is strictly correlated with the viewpoint of the different
stakeholders involved in the decision-making process. The choice of the preferred option
is based on a comparison of the results from the environmental, social, and economic
indicators analyzed in parallel (Step 2) as well as the integrated economic, social, and
environmental indicator (Steps 3 and 4), calculated for each alternative outlined in the
initial phase of the process (Step 1).

The final decision should incorporate, in addition to quantitative aspects, qualitative
dimensions, regulatory constraints, and strategic considerations, to ensure a robust decision-
making process consistent with sustainability principles.

Within this research project, a systematic review of the state of the art was conducted
to explore the interactions among methods used to assess environmental, social, and
economic sustainability.
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Final step

most advantageous
scenario in environmental,
social and economic terms

ECONOMIC SUSTAINABILITY ANALYSIS OF THE SCENARIO A
JOINT GLOBAL RESULTS AND
ENNIO N COST CHOICE OF THE OPTION RANKING SCENARIO B
SUSTAINABILITY (SCENARIO A, B, C) PREFERABLE
SCENARIO
SOCIAL SUSTAINABILITY SCENARIO C

Figure 9. Graphical summary of the final phase of the evaluation methodology (source: authors’
elaboration).

5. Discussion

This study, structured around a critical review of the state of the art, the definition
of an integrated methodological framework, and its subsequent articulation into opera-
tional phases, highlights the need to equip decision-making processes with assessment
tools capable of capturing the complexity of sustainability across its environmental, eco-
nomic, and social dimensions. The analysis assumes that the joint adoption of LCA, LCC,
and S-LCA within a framework grounded in Life Cycle Thinking principles represents
a crucial step toward overcoming the methodological fragmentation that still character-
izes much of the existing literature, which remains oriented mainly toward partial or
unidimensional evaluations.

The proposed pathway is based on the operational relevance of a workflow devel-
oped to guide scenario definition, structured data collection, process modeling, and the
development of comparable indicators. However, it was not possible to use the S-LCA
results directly in the overall indicator. Therefore, this dimension was integrated with
the GIVE model, which allows the social impacts of CO, to be monetized. The integra-
tion of environmental and social components within the Global Cost calculation, through
monetization procedures supported by consolidated reference values, constitutes a method-
ological advancement over conventional approaches and enables a unified interpretation
of heterogeneous phenomena expressed through different units of measurement.

Nevertheless, the study also identifies several critical issues requiring further the-
oretical and operational refinement. Challenges related to data availability and quality,
variability in sources, the coexistence of non-homogeneous units of measurement, and
the difficulty of translating social and environmental impacts into economic terms may
affect the robustness and replicability of results. Many authors argue that the geographical
scope can significantly alter the magnitude of results from environmental monetization
methods [56]. On the other hand, several authors highlight the strategic role of monetary
valuation of environmental impacts [57]. In addition, the relevance of assumptions made in
scenario construction and indicator selection underscores the importance of transparency,
logical consistency, and stringent uncertainty management.

Furthermore, as mentioned in Section 4.3, the complexity generated by the contextual
treatment of three different sustainability dimensions is strongly linked to uncertainty
and consistency issues, which can influence the ranking of options. Therefore, to ensure
the robustness of the analysis, the proposed methodology must be complemented by
appropriate checks of the degree of output perturbation caused by uncertainty in the input
data through deterministic or probabilistic sensitivity analyses [58]. Regarding the issue
of consistency between the three dimensions, further specific refinements based on the
literature addressing this issue are needed.

6. Conclusions

The study contributes to the scientific debate on integrated sustainability assessment by
proposing a methodological framework consistent with the European regulatory framework
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aimed at decarbonizing production systems, achieving climate neutrality, and transitioning
to circular economy models.

Despite the limitations described in Section 5, the methodological framework outlined
herein exhibits substantial potential for application in contexts characterized by innovative
production processes, evolving supply chains, and strategies oriented towards material
circularity. The integrated approach supports comparing alternative options, assessing
impacts across the life cycle, and identifying preferences aligned with multidimensional
sustainability objectives.

The main theoretical and methodological contribution consists in overcoming the
fragmentation between sustainability dimensions by integrating approaches within a
framework consistent with Life Cycle Thinking.

A key element of the model is the inclusion of the monetization of environmental and
social impacts in the calculation of the Global Cost, which allows for the internalization
of externalities normally excluded from traditional economic and financial analyses. This
allows for the reconciliation of heterogeneous indicators with a single unit of measurement
and the comparison of alternative scenarios using a homogeneous metric.

From an application perspective, structuring the workflow into replicable operational
steps facilitates its adaptability to different production contexts and scales of analysis,
serving as a tool to support strategic planning and the comparative evaluation of project al-
ternatives. Future developments in the research include applying the model to a case study
and subsequently extending it to different production contexts, assessing the sensitivity
of indicators to technical and socioeconomic variables, and progressively adopting more
reliable, scientifically validated datasets. These directions appear essential to consolidate
robust assessment tools that support informed, transparent decisions, thereby contributing
to the development of production systems that synergistically integrate environmental,
economic, and social dimensions.
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