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Abstract

The stone industry generates substantial waste along the quarrying, cutting and finishing
chain, with only about 22% of the extracted material processed into final products, while
roughly 64% is lost as slurry and 8% as solid waste. Compared to other industries such as
wood and steel, there is a significant gap in the exploitation of relevant circular economy
indicators for the stone industry. To address such limitation, this study proposes a sector-
specific indicator framework built in three stages: systematic identification of existing
CE indicators through a Scopus-based literature review, further refinement against three
strategies for the stone sector (materials preservation, process optimisation and reduction
of risk to human well-being), together with two suitability filters based on development
stage and redundancy, and finally an indicative prioritisation using a simplified Analytic
Hierarchy Process (AHP) procedure implemented in Super Decisions. Seven indicators are
retained as the most applicable to the sector: Energy Use, Water Consumption, Greenhouse
Gas Emissions, Replacement Ratio, Generation Ratio, Upcycling Score and Product Quality
Index. The Consistency Ratio is 0.070 for the criteria pairwise-comparison matrix and
ranges from 0.000 to 0.010 across the six indicator pairwise-comparison matrices, reflecting
the internal coherence of the deterministic scoring procedure used to derive them. The
framework is presented as an initial, transparent proposal to support monitoring and
resource efficiency benchmarking in the stone supply chain. Empirical validation through
further industrial case studies and broader expert contribution is an essential next step.

Keywords: circular economy; stone slurry; key performance indicators; multi-criteria
decision making; stone supply chain; sustainability metrics; analytic hierarchy process

1. Introduction
The stone industry, referring to the quarrying, cutting and finishing chain that trans-

forms natural dimension stone into blocks, slabs and finished elements for construction
and architectural use [1–3], plays a key role in meeting the rising demand for natural stone
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in construction and architecture due to global economic growth. Unlike general manufac-
turing, the sector is characterised by exceptionally high mass loss between extraction and
finished product, heterogeneous waste streams dominated by cutting slurry and by strong
site specificity of the quarry-to-plant material flows, all of which limit the direct transfer-
ability of generic circularity metrics developed for discrete manufactured products [4,5].
Natural stone end products carry a range of benefits as well as impacts in environmental,
economic and social areas [1,6]. Such repercussions challenge the sustainability competi-
tiveness of stone materials, and even though a significant portion of solid waste is already
being repurposed, the reuse and recycling of stone waste represent relatively new areas
of interest, where straightforward cost–benefit analyses are still evolving [1]. The lack of
established methods for the efficient collection and utilisation of waste hinders the accurate
assessment of the economic and environmental advantages of such practices. Moreover,
when the slurry, which is the liquid component of stone waste, is also considered, then
the magnitude of the environmental impacts may include water pollution, soil contamina-
tion and air pollution. Such impacts further emphasise the crucial necessity for accurate
waste characterisation and proficient management strategies, especially considering that
approximately 64% of the total waste generated in the EU in 2022 [7] was classified as
mineral waste.

Tackling the inefficiency of the production chain of stone can lead to the development
of new materials with lower embodied carbon that can adopt the by-products of stone
as secondary raw materials. Indeed, it is possible to find in the literature the initial
application of the by-products of stone for the production of low-carbon cement-based
materials [8–10]. By evaluating the impacts of the stone industry, it is also pertinent to
investigate the possible transition from a linear to a circular approach.

Goddin et al. [11] state the urge to shift from a linear to a circular economy (CE),
even if such a transition presents multiple challenges. Between 2018 and 2022, the share
of secondary materials in the global economy fell from 9.2% to 7.2%, largely driven by
the rising extraction of non-metallic minerals [12]. Non-metallic minerals have grown
significantly and account for about half of global material extraction [12]. The stone sector
is therefore correlated to the observed decline in global circularity, which indicates the
development of stone-specific CE indicators as both scientifically and policy relevant.

Taking into account the significant global impact of the stone industry, as well as the
growing adoption of this material in the AEC sector, this study proposes circularity and
sustainability indicators tailored to the stone industry. The proposed methodology follows
the identification of existing indicators through a literature database, enhanced by further
refinements based on the strategies and scope of the desired evaluation and the level of
development and similarities between indicators. Lastly, a final selection of indicators
is reached with AHP, which is a multi-criteria decision-making method largely utilised
in life-cycle assessment (LCA) studies [13]. Such identification of indicators is the main
contribution of this research and can encourage policy makers and industry stakeholders
to monitor stone impacts more efficiently and more transparently.

Despite the growing interest in CE indicators, no existing framework specifically
addresses the circularity of stone waste throughout its life cycle. Existing indicator frame-
works primarily focus on generic manufacturing or product-level applications, without
accounting for the specific waste dynamics of extractive industries [4,5]. In the construction
sector, several efforts have been made to link CE indicators to material flows and waste
management [14,15], but stone production remains largely underexplored, despite its high
material intensity and low conversion efficiency.

However, these studies seldom propose a structured, data-driven methodology to
assess circular performance, nor do they address the sector’s dependence on data availabil-
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ity, lithological diversity and regional regulatory frameworks. Consequently, the research
gap lies in the absence of validated circularity indicators tailored to the stone industry’s
heterogeneous production processes and data constraints. Developing such a framework
is essential to bridge environmental assessment tools such as LCA with CE performance
measurement, enabling both quantitative evaluation and policy alignment for circular
transition in the stone sector.

The main goal of this study is to identify, adapt and prioritise circularity indicators
applicable to stone waste management by integrating environmental, economic and social
dimensions. We also including mapping and classifying CE indicators from the literature,
refining these indicators to reflect stone industry characteristics and, finally, applying the
Analytic Hierarchy Process to determine the relative weighting of the criteria. Adapting
general CE indicators through a multi-criteria framework can enhance their relevance
and usability for stone waste management, thereby providing a sector-specific tool that
complements and strengthens current sustainability assessment approaches such as LCA.

2. Literature Review
2.1. Circularity Assessment

Characterised by significant inefficiencies, with a large percentage of extracted ma-
terials turning into waste during production, the global stone production chain presents
a major concern regarding the environmental impact of extraction and processing [1,6].
Indeed, as shown in Figure 1, current studies demonstrate that of the total extracted stone
materials, only about 22% is processed into final products, while about 64% ends up as
slurry as a by-product of either quarrying or cutting, and about 8% results in solid waste [6].

 

Figure 1. Schematic diagram of waste generation through stone extraction processes (quarrying,
cutting and finishing) according to different types of waste (slurry, solid waste and dust), based
on [1,6]. Visualisation created with Flourish V1 and Illustrator 2026.

Moreover, discussion and scientific research on stone waste, when compared to other
sectors such as wood and steel, are presented relatively isolated from, and less connected
to, the concepts of circularity, as highlighted in Figure 2, which provides a map clustering
analysis of current studies from the Scopus database in the field of life-cycle analysis and
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circularity of building materials. The map, instead, reveals that stone and stone waste are
primarily linked to the keyword “recycling”, demonstrating the efforts in scientific research
to push towards some recovery of stone waste through new technologies and products that
can ultimately reduce the impact of such an industry.

 

Figure 2. Map of keyword occurrences in scientific publications related to life-cycle assessment
(LCA) and circularity, considering three different sectors—wood, steel and stone waste—based on
Scopus query: TITLE-ABS-KEY (“stone waste” AND replacement) OR (“stone waste” AND lca) OR
(“stone waste” AND “circular economy”) OR (“stone slurry” AND lca) OR (“stone slurry” AND
“circular economy”) OR (“stone slurry” AND replacement) OR (“stone dust” AND replacement) OR
(“stone dust” AND lca) OR (“stone dust” AND “circular economy”) OR ((wood OR timber OR steel)
AND replacement) OR ((wood OR timber OR steel) AND lca) OR ((wood OR timber OR steel)AND
“circular economy”). Other queries were used, with different stone industry term iterations, but
only the most representative one is displayed. Visualisation created with VOS Viewer 1.6.21 and
Illustrator 2026.
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Furthermore, Figure 2 shows that the word “stone waste” does not present any direct
connection to circularity or LCA, demonstrating a potential gap in terms of studies in
this field. Instead, the main connection of stone waste is with the keyword “concrete”,
indicating the general tendency to relate the reuse of stone with cementitious materials.

The Scopus database was chosen for its broad peer-reviewed coverage of engineering,
construction and life-cycle assessment journals and for its compatibility with VOS Viewer.
Search strings were developed iteratively from three seed concepts (stone waste, LCA and
circular economy) and expanded through synonyms identified in preliminary reading such
as “stone slurry” and “stone dust”. The final string used to build Figure 2 is reported in
the figure caption. The search covered the period 1994–2024, was restricted to English-
language documents of the type Article or Review and returned 4400 documents and
4426 occurrences of the keywords in total.

2.2. Data Assessment on the Stone Sector

Going further regarding the evaluation of LCA, it is also relevant to consider CE, which
is a well-regarded concept that has been extensively explored in terms of its conceptual
framework and definitions. However, it continues to be open to an array of interpreta-
tions and discussions. At present, the literature offers a multitude of definitions for CE.
For instance, ref. [16] describes CE as a system that moves away from the conventional
focus on disposal to instead emphasise the minimisation of waste and the maximisation of
resources over multiple life cycles. Such a model promotes reducing, reusing, recycling
and recovering materials throughout the stages of production, distribution and consump-
tion. It also operates at different levels: The micro level focuses on individual products,
companies and consumers. The meso level targets structures like eco-industrial parks, and
the macro level encompasses broader entities such as cities, regions or entire countries. The
primary aim of this approach is to support sustainability through a balance between envi-
ronmental health, economic prosperity and social well-being, benefitting both present and
future generations.

According to Circle Economy [12], CE is depicted as an economic model that con-
centrates on minimising, regenerating and efficiently distributing essential resources for
the planet and its inhabitants. It highlights the importance of a cultural transformation
that favours non-material methods of meeting needs and prioritises investment in health,
wellbeing, education and quality employment rather than the accumulation of material
goods. The foundation of this concept lies in principles such as reducing the use of materi-
als, rejuvenating natural ecosystems and reallocating resources in a way that yields societal
advantages while adhering to the boundaries set by nature.

Even though there is no universally accepted definition of CE, as it is subject to various
interpretations, most of the definitions converge. Originating from multiple sources, it is
seen as a broad concept encompassing a range of strategies and methodologies, presenting
an ambiguous relationship with sustainability as well [17,18].

Current methods and indicators have proven insufficient for fully tracking the various
aspects of CE. Often, these circularity indicators are narrowly focused on objectives or
isolated activities. Therefore, there is a pressing need for more appropriate circularity
indicators that can effectively cover the features of all circularity strategies [19–21].

Figure 3 presents a review of existing circularity indicators that have been developed
for specific applications or sectors. These indicators can be categorised into six groups
based on their common characteristics relevant to measuring aspects of circularity,
summarised in Table 1.
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Figure 3. Circularity performance indicators based on Scopus query: TITLE-ABS-KEY (“stone waste”
AND replacement) OR (“stone waste” AND lca) OR (“stone waste” AND “circular economy”) OR
(“stone slurry” AND lca) OR (“stone slurry” AND “circular economy”) OR (“stone slurry” AND
replacement) OR (“stone dust” AND replacement) OR (“stone dust” AND lca) OR (“stone dust”
AND “circular economy”). Visualisation created with Flourish. See Table 2 for acronym explanation
and references.

Table 1. Categorisation of the circular economy indicators reviewed in Figure 3.

Category Description

Recycling and reuse Desirability, potential, efficiency and environmental impact of
recycling and reuse practices within the CE.

Waste management and resource utilisation Environmental and economic impact of waste management
strategies and the efficiency of recycling/recovery systems.

Circular economy and sustainability Environmental and economic impacts across a product’s life cycle
within a CE framework.

Design and manufacturing Longevity, resource efficiency and disassembly potential from a
design and manufacturing perspective.

Carbon and environmental impact Direct and indirect carbon emissions, energy consumption and the
broader environmental impact of resource use.

Material conservation and energy Efficiency of material use and energy consumption and how
materials and energy are conserved, recovered and reused.

Extensive literature exists on both LCA and circularity assessments. LCA, as an
established methodology, has been the focus of extensive scholarly analysis for over five
decades. Concurrently, the strategies and metrics associated with circularity have also
been subject to in-depth scrutiny by researchers. These investigations have methodically
evaluated and classified various circularity strategies and indicators, examining their
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specific metrics. However, the exploration of how circularity assessment intersects with
LCA remains an area that has not been comprehensively explored in scholarly research [22].

Life-cycle assessment (LCA) and circularity assessment are best understood as com-
plementary methods rather than as substitutes [23,24]. LCA quantifies environmental
impacts across a product’s life cycle but does not, on its own, capture the effectiveness of
circularity strategies. Conversely, circularity indicators such as the Material Circularity
Indicator provide a measure of loop closure but do not translate directly into environmental
performance [19,21,25]. When integrated, the two approaches provide a more complete
picture, at the cost of higher assessment complexity Table 2.

Table 2. List of the circularity performance indicator acronyms used in Figure 3 and indication of
their sources.

Code Indicator Source Code Indicator Source

AC Avoided Carbon Emissions [26] PLC M Product-Level Circularity Metric [20]

CDG Circularity Design Guidelines [27] PRRSRM

Patents
Related to

Recycling and
Secondary Raw Materials

[28]

CEI Circular Economy Index [29] RBR Recyclability Benefit Rate [30]

CEIP Circular Economy Indicator
Prototype [31] RCE

Resource
Conservation

Efficiency
[32]

CI Circularity Index [33] RDI Recycling Desirability Index [34]

CPI
Circularity
Potential

Indicators
[35] REPR Remanufacturing Product Profiles [36]

CRM Contribution of Recycled
Materials to Raw Materials Demand [20] RI Recycling Indices [37]

DCE Direct Carbon Emissions [26] RMF Recycled Material Fraction [38]

DEI Disassembly
Effort Index [39] RPI Reuse Potential Indicator [40]

EC Embodied Carbon Emissions [26] RR Recycling Rates [20]

EDIM
Ease of

Disassembly
Metric

[41] RR WS Recycling/Recovery for Specific
Waste Streams [20]

EDT Effective
Disassembly Time [42] SDE O Sustainable Design and End- of-Life

Options [43]

EOL- RRS End-of-Life
Recycling Rates [44] sGRI Global Resource Indicator [45]

EOL-3RI End-of-Life
Indices [46] SICE Sustainability Indicators in EC [47]

EOLI End-of-Life Index [48] TPQ Typology for Quality Properties [49]

EPV R
End-Of-Use

Product Value
Recovery

[50] TRP Total Restored Products [51]

E-recovery Energy
Recoverability [50] UME Upstream Material Efficiency [52]

EZW P Model of
Expanded Zero-Waste Practice [53] VRE Value-Based Resource Efficiency [29]

LFI Linear Flow Index for Product
Families [47] WG Waste Generation [20]

LI Longevity
Indicator [54] WR-recycled Weight Recovery (for Product

Recycled) [55]

MRS Material
Reutilisation Score [56] WR-recovered Weight Recovery (for Product

Recovered) [55]

PEC Primary Energy Consumption [57]
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Furthermore, it is important to translate the assessment parameters and results into
meaningful environmental impacts. Such translation is performed through characterisation
factors, which are crucial to quantify the extent to which a certain emission or resource use
contributes to a specific environmental issue. The conversion from processes to impacts
should be applied by normalising, weighting and combining the impacts into a broader,
more comprehensive end effect.

Current methods and indicators have proven insufficient for fully tracking the various
aspects of CE. Often, these circularity indicators are narrowly focused on objectives or iso-
lated activities. For example, overlooking factors like energy usage and pollutant emissions
in these indicators can lead to a partial understanding of a system’s environmental impact.
Therefore, more appropriate circularity indicators that can effectively cover the features of
all circularity strategies are needed.

3. Methodology
It is imperative to understand the existing gap of current methodologies for evaluating

sustainability and environmental impacts within the stone industry, especially in transi-
tioning from linear to circular sustainability assessments. Recognising the urgency of this
issue, the assessment of stone waste must go beyond environmental measures, reaching
for sustainability levels of resources, economy and societal dimensions, aligning with the
overarching goals of CE.

The investigation of slurry originated from the stone industry comprehends the identi-
fication of its main characteristics that could contribute to a wider shift towards sustainable
and circular waste management methods within the industry. This research seeks to
surmount the limitations inherent in traditional LCA methodologies by defining specific
indicators, establishing evaluation methodologies, and identifying requisite data, which
might facilitate a comprehensive assessment of various strategies and the respective contri-
butions to circularity within the stone industry.

In order to refine the indicators presented in the literature review to the application
to the stone sector, they are initially selected based on common characteristics relevant to
measuring aspects of circularity, according to three main strategies: materials preservation,
optimisation of processes and risk to human well-being.

The first strategy emphasises the reduction, recycling and reuse of stone slurry to
conserve materials for other purposes and to save water within the stone industry itself. It
involves the minimisation of slurry generation. The optimisation of processes strategy is
centred on minimising the amount of waste sent to landfills, with the objective of reach-
ing optimal recycling and reuse of waste materials and enhancing the efficiency of the
treatment stages, also reducing the presence of hazardous materials in the stone slurry com-
position. The last strategy questions the treatment of slurry and how it can be hazardous to
human health.

The refinement from Table 3 to the fourteen actionable indicators followed two se-
quential filters. First, indicators still at the conceptual stage, i.e., defined in the literature
without either an operational computational framework or a validated application to a
comparable sector, were excluded, since their application to the stone sector cannot be
supported by existing data. Second, indicators measuring the same physical or economic
quantity as another with only minor differences in normalisation were merged into the most
general formulation.
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Table 3. Actionable indicators for the stone waste industry, as per methodology previously defined
in Section 3. References according to Figure 3 and Table 2.

Indicator Objective Category Measurement

Recycling
Ratio

Percentage of recycled material—slurry
(recycled slurry/total slurry generated)

Environmental
Resource Preservation Quantitative

Collection
Efficiency

Percentage of generated
material—slurry—that is able to be collected

(collected slurry/total slurry generated)

Environmental
Resource Preservation Quantitative

Separation
Efficiency

Percentage of valuable components that are
able to be extracted from the material—slurry

(resources or nutrients extracted/target
resources or nutrients in slurry)

Resource Preservation Quantitative

Nutrient
Recovery

Nutrients recovered as fertilisers or chemicals
(resources or nutrients extracted/total

amount of slurry)
Resource Preservation Quantitative

Water
Consumption

Reduction in water consumption due to reuse
of the water content found in the

material—slurry (reused water derived from
slurry/total water consumption in material

production)

Environmental
Resource Preservation

Socioeconomic
Quantitative

Water Reuse
Efficiency

Percentage of water content that was able to
be reused (reused water from slurry/total

water content of slurry)

Environmental
Resource Preservation

Socioeconomic
Quantitative

Accident Rate

Accident rate during collection, handling and
processing of material—slurry (number of

accidents during slurry collection per
thousand man-hours)

Socioeconomic Quantitative

Recycling Toxicity
Rate

Rate of increase in respiratory, eye and skin
diseases due to long contact with

material—slurry (number of reported
diseases during slurry recycling per thousand

man-hours)

Socioeconomic Quantitative

Disposal Toxicity
Rate

Toxic effects of landfilling the
material—slurry (LCA for disposal:

environmental and health impacts from
landfilling per toxicity level of slurry)

Environmental Quantitative

Landfill and
Disposal

Percentage

Percentage of material—slurry—landfilled
(amount of slurry landfilled/total generated

slurry)
Resource Preservation Quantitative

Energy Use
Energy required for material—slurry—

repurposing processes (energy consumption
per amount of slurry)

Environmental
Socioeconomic Quantitative

GHG
Emissions

GHG Emissions generated from
material—slurry—processes or disposal

(GHG Emissions generated from slurry per
amount of slurry)

Environmental Quantitative

Product Quality
Index

Quality or purity of product made by stone
slurry compared to conventional materials in

terms of the product’s performance in
different aspects (rating—score—of product

quality with recycled slurry content vs.
conventional product)

Socioeconomic Quantitative
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Table 3. Cont.

Indicator Objective Category Measurement

Replacement
Ratio

The amount of materials avoided by
secondary materials derived from slurry

(amount of conventional materials avoided
by recycled slurry/initial amount of

conventional materials)

Resource Preservation
Socioeconomic Quantitative

Patents Related to
Recycling and

Secondary Raw
Materials

Number of patented applications using slurry
as a component (recycled or reused) Socioeconomic Quantitative

Multi-Cycling
Possibility of reusing the slurry-based

product for multiple cycles (to extend the life
span of the slurry)

Resource Preservation
Socioeconomic Quantitative

Energy Recovery Energy released from slurry (Joules of energy
released per amount of slurry)

Resource Preservation
Socioeconomic Quantitative

Generation
Ratio

Amount of slurry generation in stone
production (amount of generated stone

slurry/amount of extracted stone)

Environmental
Resource Preservation Quantitative

Waste Processing
(Treatment)

Complexity Index

Measurement of complexity in the separation
and extraction processes for usable and

valuable materials
Socioeconomic Qualitative

Toxicity Rate
Hazardous substances in slurry (toxicity level

in terms of parts per million (ppm)
concentration in collected slurry)

Environmental
Socioeconomic Quantitative

Upcycling Score

Comparison between a slurry-based product
with a conventional product across various
parameters categorised into environmental,
social, resource preservation and economic

aspects

Environmental
Resource Preservation

Socioeconomic
Quantitative

The Analytic Hierarchy Process (AHP), formalised by Saaty [58] and further discussed
in [59,60], organises a decision problem into a hierarchy of goal, criteria and alterna-
tives, derives priority weights from pairwise comparisons on a 1–9 verbal numerical scale
and validates the resulting judgements through a Consistency Ratio (CR), whose accept-
ability threshold is 0.10. The present study adapts this procedure, as detailed below, to
derive pairwise comparisons systematically from a preliminary rating step rather than
through direct elicitation of each comparison. The six criteria in Figure 4 (data availability,
ease of application, relevance, precision, complexity and standardisation) are compared
pairwise and used to rank the 14 actionable indicators in Figure 5 as AHP alternatives.
The complete pairwise-comparison matrix, the eigenvector, the priority weights and the
consistency test are reported in the Supplementary Material and were computed with
Super Decisions [61].

The pairwise judgements were not elicited directly on the 1–9 scale but derived from
an intermediate 1-to-5 classification rubric. Each of the fourteen indicators was first scored
by the research team, from 1 (low) to 5 (high), against each of the six criteria, using a
written rubric anchored to data availability and applicability considerations drawn from
the literature [2,4,15].
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Figure 4. Methodology chart for the definition of circularity indicators applied to the stone sector.

 

Figure 5. Refined stone waste indicators and respective criteria classification for AHP assessment.
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For a given criterion, if two indicators i and j receive rubric scores s(i) and s(j), the
corresponding Saaty pairwise value is obtained as a(i,j) = |s(i) − s(j)| + 1 when s(i) is
greater than or equal to s(j) and as a(i,j) = 1/(|s(i) − s(j)| + 1) when s(i) is less than s(j);
indicators with equal rubric scores accordingly receive the neutral judgement a(i,j) = 1. This
conversion was developed internally by the research team, through group discussion, as a
structured device for reaching consistent judgements across the 84 indicator–criterion pairs
required at this stage, rather than through unstructured, open-ended pairwise elicitation. A
direct mathematical consequence of this deterministic construction is that every resulting
pairwise value is an integer between 1 and 5 or its exact reciprocal; that is, intermediate
or compromise values (e.g., 1.5, 6 and 7) cannot occur under this rule. The use of a
capped, structured intensity scale of this kind is consistent with recent empirical findings
that experts rarely use the upper end of Saaty’s 1–9 scale in practice and that reduced
or specialised intensity scales are a recognised feature of the AHP literature [62]. The
complete derivation, including the formula and a worked example, is provided below and
reproduced in full in the Supplementary Material.

For example, under the relevance criterion, GHG Emissions and Energy Use both
received a rubric score of 5; applying the rule gives a(i,j) = |5 − 5| + 1 = 1, i.e., equal
importance. By contrast, under the complexity criterion, Product Quality Index received
a rubric score of 5 and Disposal Toxicity Rate received a score of 2; applying the rule
gives a(i,j) = |5 − 2| + 1 = 4, meaning the Product Quality Index is judged as four times
more important than Disposal Toxicity Rate on this criterion, with Disposal Toxicity Rate
correspondingly receiving the reciprocal value 1/4.

This construction has two direct consequences for interpreting the results. First, the
rule does not preserve Saaty’s ratio-scale logic: a one-point rubric gap (e.g., scores 4 and 5)
yields the same pairwise value as any other one-point gap (e.g., scores 1 and 2), although
the latter represents a larger relative difference. The conversion is therefore a structured
approximation suited to an initial, exploratory prioritisation rather than an equivalent
restatement of Saaty’s original scale. Second, because the resulting matrices are generated
deterministically from a single score vector rather than through independent pairwise
elicitation, the Consistency Ratio reported for each matrix (Supplementary Material) reflects
the internal coherence of this construction rather than the reliability of independently
elicited judgements, which is the basis on which Saaty’s Random Index was calibrated.

The research team that carried out this scoring combines expertise in circular economy
assessment, sustainability metrics and the natural stone sector. Each of the 84 indicator–
criterion scores was assigned through open discussion among the research team, with the
team proceeding to the next pair only once unanimous agreement on a score was reached.
No averaging, voting or individual pre-scoring was used. Reaching agreement across
all 84 pairs was practicable because the team is small and worked from a shared written
rubric with defined score anchors, which narrowed the range of likely disagreement before
discussion began. Most comparisons involved indicators with clearly distinct scores and
were resolved quickly, while a smaller number of closer cases required longer discussion.

The choice to complete this first round within the team rather than through a broader
expert panel is consistent with the exploratory scope of this work: in the absence of a
validated CE indicator framework for the stone sector, the primary contribution here is to
structure the problem and to demonstrate the feasibility of a sector-specific prioritisation,
not to reach an industry-wide consensus. Consistency alone does not eliminate the risk
of shared cognitive bias, nor does it capture the diversity of viewpoints between quarry
operators, plant managers, LCA practitioners and policymakers. The framework is there-
fore presented as an initial, transparent proposal. The full pairwise-comparison matrices,
eigenvectors and consistency tests for all seven AHP nodes (the criteria and the six indicator
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sets), together with a sensitivity analysis on the six criterion weights, are reported in the
Supplementary Material.

Among the multi-criteria decision-making (MCDM) methods available for indicator
prioritisation, AHP was preferred over TOPSIS [63] and PROMETHEE [64] for three reasons
directly linked to the object of this study: the criteria used here are largely qualitative and
intangible, a setting in which AHP is consistently reported to perform well [65]. TOPSIS
and PROMETHEE both require an externally supplied weighting vector and quantitative
performance data, neither of which is available for indicators still at the conceptual stage.
Furthermore, AHP provides a built-in consistency test that acts as a quality gate on the
pairwise comparisons, which TOPSIS and PROMETHEE do not.

The methodology for the definition of circularity indicators is defined in Figure 4.
Given that the focus of this research is on the stone industry, the implementation scale
is best considered at the micro level. This scale is particularly relevant for assessing the
specific impacts and processes within individual organisations or facilities in the stone
industry. The AHP assessment was performed using Super Decisions software V3.2.

In order to establish a consistent assessment within the 1–9 scale of AHP, the six criteria
presented in Figure 4 (listed there in reference order) were categorised with a priority level
derived from the pairwise comparisons: relevance, data availability, ease of application,
precision and complexity and standardisation. These priorities were determined according
to their definitions, the objectives of this study and established guidance for sustainability
indicator development.

Relevance was prioritised first, as an indicator can only be considered fit for purpose
once it is confirmed to align with the objectives of sustainability and circular economy
and to capture pertinent material issues for both practical reality and policy making. This
criterion acts as a precondition for the others: an indicator that is easy to apply, precise or
standardised but disconnected from circularity principles has limited value, whereas an
indicator anchored in circularity objectives retains value even where its data availability,
ease of application or standardisation are still maturing. Consequently, this study places
relevance at the forefront of the hierarchy, as without conceptual alignment with circu-
larity goals, no amount of data availability, ease of application or precision can make an
indicator meaningful.

Data availability was assigned the second priority, as the feasibility and reliability of
any indicator depend fundamentally on the accessibility and quality of data. This criterion
assesses whether the data required for the indicator are readily available, consistent and
based on credible sources, such as industry reports, environmental databases and life-cycle
inventories. In the stone industry, the lack of structured data on waste generation, reuse
and recycling remains a primary barrier to circularity assessment. Previous studies have
emphasised that data scarcity severely constrains the applicability and comparability of
circular economy metrics, particularly in material- and process-intensive sectors [4,15,66].
Consequently, data availability was placed immediately after relevance, as without reliable
data, even conceptually strong indicators cannot be validated or implemented in practice.

Ease of application was placed third, evaluating the practical effort required to im-
plement the indicator, including the level of expertise, data collection and computational
demand. Indicators that are overly complex or resource-intensive tend to be impracti-
cal for industrial adoption, even if they provide detailed insights [4,56]. This balance
reflects the methodological consensus that successful indicators must be both applicable
and meaningful [4,56].

In sequence, precision and complexity were treated as equally important secondary
criteria. Precision measures whether an indicator is clearly defined, unambiguous and
consistently measurable, thereby reducing subjective interpretation and enabling reli-

https://doi.org/10.3390/su18178980

https://doi.org/10.3390/su18178980


Sustainability 2026, 18, 8980 14 of 23

able longitudinal assessment. Complexity captures the degree to which an indicator
integrates multiple sustainability dimensions—environmental, economic and social—or
reflects system-level interdependencies. While both qualities are desirable, their importance
is constrained in data-limited contexts, where excessive methodological sophistication may
not yield proportionate decision-making benefits [5]. Thus, these criteria were positioned
after relevance, data availability and ease of application, reflecting a pragmatic balance
between analytical rigour and operational practicality.

Finally, standardisation assesses whether the indicator can be applied consistently
across organisations, regions or timeframes, facilitating benchmarking and comparability.
Although standardisation is essential for sectoral alignment and long-term monitoring,
it typically evolves after initial adoption and testing of indicators [14]. Therefore, it was
assigned the lowest priority in this study, acknowledging that harmonisation is a desirable
future objective but not a current feasibility criterion.

The relative prioritisation of these criteria reflects both the theoretical underpinnings of
circular economy measurement and the empirical realities of the stone industry. Following
Saaty [58] and Vargas [59], expert judgement was used to construct the pairwise decision
matrix, supported by literature-based reasoning to ensure consistency and transparency.
This approach ensures that the AHP weighting is not arbitrary but grounded in a coherent
rationale that integrates conceptual validity, data feasibility and sectoral applicability.

4. Results
4.1. Indicator Definition

From the preliminary identification of indicators, presented in Figure 3, and consid-
ering the strategies of the second step of the methodology, the number of indicators was
further narrowed down, with some of them merged, as presented in Table 3. The initial
set of indicators was defined, with explanations of what each measures, their category
classification and measurement type.

The next refinement identifies the actionable indicators that are deemed relevant for
stone purposes, filtered based on the two main aspects previously presented in Figure 4.
With that analysis, 14 indicators are chosen, as presented in Figure 5. Each actionable
indicator is evaluated according to the six criteria categories (data availability, ease of
application, relevance, precision, complexity and standardisation) through the 1–9 voting
system of AHP. In order to have coherent judgements, a classification of each indicator
according to the criteria was defined, from 1 to 5, from low to high relevance, as further
detailed in Figure 5.

The classification system is further detailed in the Supplementary Material, with a
classification matrix for the criteria. Each indicator was classified, from 1 to 5, according to
its relevance of each criterion. For instance, the indicator Landfill and Disposal Percentage
was classified as 1 for data availability due to a lack of information on the post-use phases
of slurry/stone waste materials. On the other hand, the indicator Replacement Ratio was
deemed as 1 for complexity since it is the most narrowly focused indicator of the batch.
Such an evaluation from 1 to 5 guided the AHP voting, from 1 to 9, when the indicators are
compared with each other.

4.2. Final Indicators

The selection process of performance indicators for stone waste is presented in Figure 6.
The graph represents the value of AHP ideals for each indicator, according to the performed
voting. AHP produces a complete ranking rather than a threshold-based selection [58], so
the definition of a working subset requires an explicit and reproducible criterion. In this
study the criterion is that the retained indicators are those whose AHP-ideal score exceeds
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the arithmetic mean of the distribution. In Figure 6, this mean is 0.622 and separates cleanly
into two groups: the seven top-ranked indicators (from Energy Use at 1.00 to Product
Quality Index at 0.63) all score above 0.622, while the remaining seven (from Recycling
Ratio at 0.57 to Accident Rate at 0.29) all score below it. The seven-indicator subset also
covers all three CE strategies of Section 3 and, as shown in Figure 7, all CE requirements of
Cayzer et al. [66] at least partially. The Consistency Ratios of the seven pairwise-comparison
matrices underlying this ranking (the six criteria and the fourteen indicators under each
criterion) range from 0.000 to 0.070, all well below the 0.10 acceptability threshold [58]
(see Supplementary Material for exact values per matrix).

.

Figure 6. Final classification of indicators according to AHP criteria.

Figure 7. Tailored indicators for stone waste, according to fulfilment of CE requirements. Visualisation
created with Flourish.
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In order to further enhance the selection of the final indicators, a validation process
was performed on CE requirements [67] and is shown in Figure 7. This proposition is to
justify and analyse the selection of indicators. It is possible to observe that the central
aspect assessed by the stone waste indicators is the CE requirement number 2, related to
the effective use of materials. In addition, the gap of the three last requirements regarding
broader aspects of sustainability, such as social equity, is also noted. However, the indicators
proposed in this research present an opportunity to address it and evaluate the stone
management holistically, as the final selection of indicators covers all of the requirements,
even if partially.

Two safeguards were adopted to constrain the influence of subjective assumptions
on the final indicator set: a written, literature-anchored classification rubric governing
the 1-to-5 scores from which the pairwise comparisons were deterministically derived
(Supplementary Material) and ex post validation of the resulting AHP judgements through
the Consistency Ratio, which remained well below the 0.10 acceptability threshold for all
seven pairwise-comparison matrices (Supplementary Material).

5. Discussion
Current circularity indicators often fail to address the specific needs of the stone

sector. For instance, the heterogeneity in stone waste types (e.g., slurry, dust and solid
waste) presents barriers in data collection. Several indicators, such as Material Circularity
Indicator and Recycling Input Rate, rely on assumptions that may not be valid for stone
waste. Such indicators often overlook the physical and chemical attributes of stone slurry,
which influence recyclability and reuse potential. Assigning weights to indicators such as
economic, environmental and social dimensions is particularly challenging in the sector.
For instance, prioritising CO2 emissions reduction over resource conservation may lead to
skewed evaluations.

The complexity of using indicators in the stone sector stems from multiple factors,
such as the variability in waste composition, due to the significant variation in mineral
composition, making universal indicators challenging to apply. Moreover, the geographical
and policy constraints, due to differences in regulations across regions, hinder the adoption
of a standardised framework and resource allocation, as the industry often lacks investment
in research and development for innovative waste management strategies.

The definition of seven final performance indicators potentially offers a more stream-
lined framework for assessing the sustainability of stone waste resources. However, data
collection remains a critical challenge. Accurate and reliable data are vital for the effective-
ness of the proposed evaluation. Indicators such as Greenhouse Gas Emissions, Energy
Use, Replacement Ratio, and Water Consumption are not only crucial to the assessment
but also benefit from ease of data collection. Conversely, collecting data for Upcycling
Score and Product Quality Index indicators is more complex, mainly due to the scarcity
of available and standardised waste-related data. In fact, the discussion on waste data
and quantification remains limited in the literature [2], further underscoring such chal-
lenges. The development of further methodologies and frameworks to assess the stone
sector’s waste impact could incentivise an enhancement in data collection and supply chain
monitoring. Unlike most previous CE frameworks that treat material flows generically,
this study acknowledges that the waste profile of the stone industry is inherently hetero-
geneous, varying across lithologies such as marble, granite and limestone. Each stone
type exhibits distinct mechanical and mineralogical properties that affect cutting losses,
energy consumption and recyclability potential [1,2]. Therefore, future applications of the
proposed indicators should integrate stone type-specific coefficients and life-cycle data to
capture these variations. Similarly, regional policy environments exert a substantial influ-
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ence on circularity outcomes. For example, the European Union’s Circular Economy Action
Plan [28] and Waste Framework Directive [68] strongly promote waste valorisation, while
in major producing countries such as China, Turkey and India, regulatory frameworks still
prioritise extraction efficiency and volume recovery. Embedding such policy dimensions
into the indicator framework would enhance its global applicability and comparability.

In relation to the European Green Deal [69], the study proposes indicators, particularly
those associated with Replacement Ratio, Energy Use and Greenhouse Gas Emissions,
that can be directly aligned with the Circular Economy Action Plan. By incorporating
these indicators into Environmental Product Declarations (EPDs) and extended producer
responsibility schemes, enterprises can track compliance with EU sustainability targets
and facilitate reporting within the EU Taxonomy for Sustainable Activities. At operational
level, the four LCA-compatible indicators (Energy Use, Water Consumption, Greenhouse
Gas Emissions and Replacement Ratio) can be populated with the same primary data
collected for cradle-to-gate LCA and, therefore, reported alongside the environmental
impact categories declared in Environmental Product Declarations for stone products [70].
At corporate level, the same four indicators can support the Corporate Sustainability Re-
porting Directive (CSRD). This connection establishes a tangible implementation pathway
for the stone sector to align with European sustainability policies, providing actionable
guidance for both policymakers and industry stakeholders.

In addition, the integration of such indicators into industry practice could enable more
robust benchmarking and continuous improvement cycles. For instance, incorporating
Replacement Ratio and Upcycling Score into procurement and environmental reporting
could directly inform company strategy and policy design, supporting measurable progress
towards CE goals. Furthermore, aligning these indicators with standard LCA method-
ologies provides a viable path for integration into existing environmental assessments,
allowing for comparability across industries.

Compared to other mineral commodities, the stone sector is particularly exposed to
supply chain constraints [71], but significant efforts have been made towards the improve-
ment of current practices and the adoption of a sustainable approach [72,73]. Establishing
a standardised methodology for evaluating waste repurposing thus contributes to both
supply chain efficiency and sustainability.

The incorporation of circularity principles into stone slurry waste management serves
as a fundamental tool for addressing environmental concerns, material conservation and
socioeconomic benefits, ultimately benefitting multiple stakeholders, from sector leaders to
policymakers. The motivation towards waste accountability and measurement could drive
economic savings while reducing environmental impacts.

Policies promoting CE principles, such as extended producer responsibility (EPR)
or waste valorisation incentives, could drive greater industry commitment to sustainable
practices. Enhanced regulations across different jurisdictions would facilitate data collection
and enable a more standardised approach to sustainability assessment within the stone
sector. Future research could explore the role of policy interventions in shaping this
industry’s behaviour and improving the effectiveness of the proposed indicators. Finally,
while the selection of seven key indicators provides a structured assessment, future studies
should incorporate weighting methods to enable more robust comparisons.

The emphasis on feasibility and data reliability parallels the priorities identified in
sectoral studies of construction material flows [14,15] and extends them by developing a
structured AHP-based weighting specific to stone waste. By integrating expert elicitation,
this work bridges the gap between conceptual CE frameworks [4] and operational industry
applications, offering a transparent, reproducible model that can be adapted to other
resource-intensive industries.
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The seven-indicator subset is broadly consistent with three findings in the recent
literature: the priority given to data availability criteria echoes the taxonomy of Saidani
et al. [4], who identify data feasibility as the main constraint on the uptake of CE indicators
in resource-intensive sectors; the high ranking of Greenhouse Gas Emissions and Energy
Use aligns with Kristensen & Mosgaard [14], who report GHG and energy metrics as
the most frequently retained indicators across micro-level CE frameworks; and the em-
phasis on Replacement Ratio parallels emerging marble-sector case studies where sludge
substitution in cementitious and paint products is quantified as the primary circularity
metric [74,75]. Unlike the composite Material Circularity Indicator of the Ellen MacArthur
Foundation [11], the proposed framework deliberately does not aggregate indicators into
a single score, since the heterogeneity of the stone waste stream would make such an
aggregate difficult to interpret.

Furthermore, this framework directly addresses several long-recognised limitations
of LCA when applied to circular systems. Traditional LCA struggles with end-of-life
modelling, system boundary definition and accounting for secondary material loops, of-
ten underestimating the benefits of reuse and recycling [25]. The indicators identified in
this study might complement LCA by introducing circularity-specific metrics that quan-
tify material retention and recovery performance beyond conventional impact categories.
Integrating these indicators with LCA enables a hybrid assessment approach, where en-
vironmental impacts are contextualised within material circularity performance. This
provides a more comprehensive basis for evaluating the sustainability of stone products
and waste management practices.

Overall, the proposed framework contributes to advancing both the theoretical un-
derstanding and practical assessment of circularity in the stone sector by identifying mea-
surable and context-sensitive indicators that respond to the industry’s specific challenges,
such as data gaps, heterogeneity of waste streams and policy variability, while providing
actionable insights for integrating circular principles into environmental assessment and
regulatory reporting.

The seven indicators are not equally informative across all stone-sector contexts.
In lithologies with high carbonate content, such as marble, the physical and chemical
uniformity of the slurry supports high-confidence application of the Replacement Ratio and
Product Quality Index, as evidenced by validated sludge-to-cement and sludge-to-paint
case studies in the Italian and Iberian marble districts [74–76]. In silicate-based lithologies
(granite), the same indicators remain applicable in principle but require lithology-specific
reference data still scarce in the literature. In regions with mature CE regulatory frameworks
such as the EU [28,68], all seven indicators can be embedded directly in reporting cycles.
Where regulation still prioritises landfill diversion, the Replacement Ratio and Recycling
Ratio are the most operationally meaningful metrics, whereas Upcycling Score and Product
Quality Index remain longer-term monitoring objectives.

6. Conclusions
This study proposes an initial, sector-specific framework for evaluating circular-

ity in the stone industry, with a particular focus on stone slurry. Existing CE indica-
tors were systematically reviewed, refined through two suitability filters and prioritised
through AHP, resulting in a set of seven candidate indicators—Energy Use, Water Con-
sumption, Greenhouse Gas Emissions, Replacement Ratio, Generation Ratio, Upcycling
Score and Product Quality Index—that span environmental, resource preservation and
socioeconomic dimensions.

A key contribution of this research is the translation of CE principles into measurable
and sector-specific metrics, addressing a gap explicitly identified in recent CE taxonomies.
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In doing so, it reframes stone slurry from a linear waste by-product into a potential resource
supporting reuse, reducing environmental impact and enabling new economic opportu-
nities. It makes the refinement pipeline auditable, from the initial pool to the fourteen
actionable indicators and the seven prioritised indicators, through explicit filters and a fully
reported pairwise-comparison matrix. The selected indicators also provide an operational
bridge between conceptual CE frameworks and existing reporting instruments such as
EPDs and CSRD disclosures, which other resource-intensive sectors may adapt to their
own waste streams.

Despite these advances, the study acknowledges challenges related to data collection,
indicator standardisation and cross-regional applicability. Further empirical validation,
especially through case studies and industrial partnerships, will be essential to refine these
indicators and ensure their usability in real world contexts.

The framework should be interpreted as a working baseline rather than a validated
tool. Its main limitations are the author-driven nature of the pairwise comparisons, reached
by a single team through unanimous agreement rather than a broader or independently
validated consensus process, the ratio-scale approximation used to derive pairwise values
and the absence of an industrial-scale case study application. Future work will address the
replication of the pairwise comparisons through a Delphi elicitation with quarry operators,
plant managers, LCA practitioners and policymakers and the pilot application of the
framework to a representative dimension-stone facility. A preliminary sensitivity analysis
on the six criterion weights is already reported in the Supplementary Material. A fuller,
expert-elicited sensitivity study, drawing on the broader Delphi panel described above,
remains a priority for future work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18178980/s1, Table A.1: Voting from 1 to 9. Positive numbers
indicates more relevance to the criteria in analysis, in comparison to another indicator. Negtive
numbers indicate less relevance. Table A.2: Voting from 1 to 9. Positive numbers indicates more
relevance to the criteria in analysis, in comparison to another indicator. Negtive numbers indicate
less relevance. Table A.3: Voting from 1 to 9. Positive numbers indicates more relevance to the
criteria in analysis, in comparison to another indicator. Negtive numbers indicate less relevance.
Table A.4: Voting from 1 to 9. Positive numbers indicates more relevance to the criteria in analysis, in
comparison to another indicator. Negtive numbers indicate less relevance. Table A.5: Voting from
1 to 9. Positive numbers indicates more relevance to the criteria in analysis, in comparison to an-
other indicator. Negtive numbers indicate less relevance. Table A.6: Voting from 1 to 9. Positive
numbers indicates more relevance to the criteria in analysis, in comparison to another indicator.
Negtive numbers indicate less relevance. Table B.1: Criteria—Pairwise Comparison (Goal: Suit-
able KPI). Table B.2: Indicators—Pairwise Comparison (Criterion: Data Availability). Table B.3:
Indicators—Pairwise Comparison (Criterion: Ease of application). Table B.4: Indicators—Pairwise
Comparison (Criterion: Precision). Table B.5: Indicators—Pairwise Comparison (Criterion: Relevance.
Table B.6: Indicators—Pairwise Comparison (Criterion: Complexity). Table B.7: Indicators—Pairwise
Comparison (Criterion: Standardisation). Table B.8: Criterion and Composite Indicator Weights.
Table B.9: Consistency Test Summary—All Matrices. Table B.10: Sensitivity Analysis—Criterion
Weight vs. Global Indicator Ranking.

Author Contributions: Conceptualisation, P.C.d.M., A.S. and F.P.; methodology, P.C.d.M., A.S. and
F.P.; software, P.C.d.M.; validation, A.S., F.P., O.I. and T.P.; formal analysis, P.C.d.M., A.S. and F.P.;
investigation, P.C.d.M., M.Z. and S.G.; resources, P.C.d.M., A.S. and F.P.; data curation, P.C.d.M., A.S.,
M.Z. and S.G.; writing—original draft preparation, P.C.d.M., M.Z. and S.G.; writing—review and
editing, A.S., F.P., O.I., T.P. and F.F.; visualisation, P.C.d.M.; supervision, A.S., F.P., T.P. and F.F.; project
administration, T.P. and F.F.; funding acquisition, T.P. and F.F. All authors have read and agreed to the
published version of the manuscript.

https://doi.org/10.3390/su18178980

https://www.mdpi.com/article/10.3390/su18178980/s1
https://www.mdpi.com/article/10.3390/su18178980/s1
https://doi.org/10.3390/su18178980


Sustainability 2026, 18, 8980 20 of 23

Funding: This study was funded by the European Union—NextGenerationEU, in the framework of
the MICS—Made in Italy Circolare e Sostenibile project (MICS PE00000004—CUP 43C22003120001).
The views and opinions expressed are solely those of the authors and do not necessarily reflect those
of the European Union, nor can the European Union be held responsible for them.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are contained within
the article and its Supplementary Materials, which include the pairwise-comparison matrices, the
eigenvectors, the priority weights, the consistency tests and a sensitivity analysis on the criterion
weights, for the criteria and each of the fourteen indicators. Further inquiries can be directed to the
corresponding author.

Acknowledgments: This work was supported by SEEDLab@DABC (Politecnico di Milano) for the
technological and calculation aspects.

Conflicts of Interest: Author Pedro Correa de Melo was employed by the company Arup. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. Bianco, I.; Blengini, G.A. Life Cycle Inventory of Technologies for Stone Quarrying, Cutting and Finishing: Contribution to Fill

Data Gaps. J. Clean. Prod. 2019, 231, 419–427. [CrossRef]
2. Yurdakul, M. Natural Stone Waste Generation from the Perspective of Natural Stone Processing Plants: An Industrial-Scale Case

Study in the Province of Bilecik, Turkey. J. Clean. Prod. 2020, 276, 123339. [CrossRef]
3. Strzałkowski, P. Characteristics of Waste Generated in Dimension Stone Processing. Energies 2021, 14, 7232. [CrossRef]
4. Saidani, M.; Yannou, B.; Leroy, Y.; Cluzel, F.; Kendall, A. A Taxonomy of Circular Economy Indicators. J. Clean. Prod. 2019,

207, 542. [CrossRef]
5. Parchomenko, A.; Nelen, D.; Gillabel, J.; Rechberger, H. Measuring the Circular Economy—A Multiple Correspondence Analysis

of 63 Metrics. J. Clean. Prod. 2019, 210, 200–216. [CrossRef]
6. Montani, C. XXXII Rapporto Marmo e Pietre Nel Mondo 2021 XXXII World Marble and Stones Report 2021. 2021. Available

online: https://abirochas.com.br/wp-content/uploads/2022/01/XXXII_Report_mailing_sponsor.pdf (accessed on 18 June 2026).
7. Eurostat Waste Statistics. 2022. Available online: https://commission.europa.eu/resources/statistics/search-eurostat-statistics_it

(accessed on 18 June 2026).
8. Torres, A.T.B.; da Silva, L.G.; Bosse, R.; Ribeiro, R.S.; Gidrão, G.d.M.S.; Silvestro, L. Investigating Ornamental Stone Waste as a

Green Supplementary Cementitious Material in Portland Cement Mortars. Rev. Mater. 2024, 29, e20240259. [CrossRef]
9. Rana, A.; Kalla, P.; Verma, H.K.; Mohnot, J.K. Recycling of Dimensional Stone Waste in Concrete: A Review. J. Clean. Prod. 2016,

135, 312–331. [CrossRef]
10. Devi, K.; Saini, B.; Aggarwal, P. Micro-Structural Analysis of Cement Composites Using Stone Waste: A Review. IOP Conf. Ser.

Mater. Sci. Eng. 2022, 1260, 012031. [CrossRef]
11. Goddin, J.; Marshall, K.; Pereira, A.; Tuppen, C.; Herrmann, S.; Jones, S.; Krieger, T.; Lenges, C.; Coleman, B.; Pierce, C.; et al.

Circularity Indicators: An Approach to Measuring Circularity, Methodology. 2019. Available online: https://www.researchgate.
net/publication/353687971_Circularity_Indicators_An_Approach_to_Measuring_Circularity_Methodology (accessed on
18 June 2026).

12. Circle Economy the Circularity Gap Report. 2023. Available online: https://circularity-gap.world/report/2023 (accessed on
18 June 2026).

13. Barrak, E.; Rodrigues, C.; Antunes, C.H.; Freire, F.; Dias, L.C. Applying Multi-Criteria Decision Analysis to Combine Life Cycle
Assessment with Circularity Indicators. J. Clean. Prod. 2024, 451, 141872. [CrossRef]

14. Kristensen, H.S.; Mosgaard, M.A. A Review of Micro Level Indicators for a Circular Economy—Moving Away from the Three
Dimensions of Sustainability? J. Clean. Prod. 2020, 243, 118531. [CrossRef]

15. Eberhardt, L.C.M.; Birkved, M.; Birgisdottir, H. Building Design and Construction Strategies for a Circular Economy. Archit. Eng.
Des. Manag. 2022, 18, 93–113. [CrossRef]

16. Kirchherr, J.; Reike, D.; Hekkert, M. Conceptualizing the Circular Economy: An Analysis of 114 Definitions. Resour. Conserv.
Recycl. 2017, 127, 221–232. [CrossRef]

https://doi.org/10.3390/su18178980

https://doi.org/10.1016/j.jclepro.2019.05.170
https://doi.org/10.1016/j.jclepro.2020.123339
https://doi.org/10.3390/en14217232
https://doi.org/10.1016/j.jclepro.2018.10.014
https://doi.org/10.1016/j.jclepro.2018.10.357
https://abirochas.com.br/wp-content/uploads/2022/01/XXXII_Report_mailing_sponsor.pdf
https://commission.europa.eu/resources/statistics/search-eurostat-statistics_it
https://doi.org/10.1590/1517-7076-RMAT-2024-0259
https://doi.org/10.1016/j.jclepro.2016.06.126
https://doi.org/10.1088/1757-899x/1260/1/012031
https://www.researchgate.net/publication/353687971_Circularity_Indicators_An_Approach_to_Measuring_Circularity_Methodology
https://www.researchgate.net/publication/353687971_Circularity_Indicators_An_Approach_to_Measuring_Circularity_Methodology
https://circularity-gap.world/report/2023
https://doi.org/10.1016/j.jclepro.2024.141872
https://doi.org/10.1016/j.jclepro.2019.118531
https://doi.org/10.1080/17452007.2020.1781588
https://doi.org/10.1016/j.resconrec.2017.09.005
https://doi.org/10.3390/su18178980


Sustainability 2026, 18, 8980 21 of 23

17. Pizzol, M.; Christensen, P.; Schmidt, J.; Thomsen, M. Impacts of “Metals” on Human Health: A Comparison between Nine
Different Methodologies for Life Cycle Impact Assessment (LCIA). J. Clean. Prod. 2011, 19, 646–656. [CrossRef]

18. Vadoudi, K.; Deckers, P.; Demuytere, C.; Askanian, H.; Verney, V. Comparing a Material Circularity Indicator to Life Cycle
Assessment: The Case of a Three-Layer Plastic Packaging. Sustain Prod. Consum 2022, 33, 820–830. [CrossRef]

19. Rigamonti, L.; Mancini, E. Life Cycle Assessment and Circularity Indicators. Int. J. Life Cycle Assess. 2021, 26, 1937. [CrossRef]
20. Moraga, G.; Huysveld, S.; Mathieux, F.; Blengini, G.A.; Alaerts, L.; Van Acker, K.; de Meester, S.; Dewulf, J. Circular Economy

Indicators: What Do They Measure? Resour. Conserv. Recycl. 2019, 146, 452–461. [CrossRef] [PubMed]
21. Hatzfeld, T.; Backes, J.G.; Guenther, E.; Traverso, M. Modeling Circularity as Functionality Over Use-Time to Reflect on Circularity

Indicator Challenges and Identify New Indicators for the Circular Economy. J. Clean. Prod. 2022, 379, 134797. [CrossRef]
22. Brondstrom, J.; Saidani, M. Comparison between Circularity Metrics and LCA: A Case Study on Circular Economy Strategies. J.

Clean. Prod. 2022, 371, 133537. [CrossRef]
23. Moraga, G.; Huysveld, S.; de Meester, S.; Dewulf, J. Towards a Circularity Indicator to Assess Products’ Materials and Lifetime:

In-Use Occupation. Procedia CIRP 2020, 90, 10–13. [CrossRef]
24. Samani, P. Synergies and Gaps between Circularity Assessment and Life Cycle Assessment (LCA). Sci. Total Environ.

2023, 903, 166611. [CrossRef] [PubMed]
25. Corona, B.; Shen, L.; Reike, D.; Carreón, J.R.; Worrell, E. Towards Sustainable Development through the Circular Economy. Resour.

Conserv. Recycl. 2019, 151, 104498. [CrossRef]
26. Greenhouse Gas Protocol (GHG Protocol). Corporate Value Chain (Scope 3) Accounting and Reporting Stan-

dard: Supplement to the GHG Protocol Corporate Accounting and Reporting Standard. 2011. Available online:
https://ghgprotocol.org/sites/default/files/standards/Corporate-Value-Chain-Accounting-Reporing-Standard_041613_2.pdf
(accessed on 18 June 2026).

27. Bovea, M.D.; Pérez-Belis, V. Identifying Design Guidelines to Meet the Circular Economy Principles: A Case Study on Electric
and Electronic Equipment. J. Env. Manag. 2018, 228, 483–494. [CrossRef] [PubMed]

28. European Commission. A New Circular Economy Action Plan: For a Cleaner and More Competitive Europe (COM/2020/98 Final);
European Commission: Brussels, Belgium, 2020.

29. DI Maio, F.; Rem, P.C.; Baldé, K.; Polder, M. Measuring Resource Efficiency and Circular Economy: A Market Value Approach.
Resour. Conserv. Recycl. 2017, 122, 163–171. [CrossRef]

30. Huysman, S. Others The Recyclability Benefit Rate of Closed-Loop and Open-Loop Systems: A Case Study on Plastic Recycling
in Flanders. Resour. Conserv Recycl 2015, 101, 53–60. [CrossRef]

31. Cayzer, S.; Griffiths, P.; Beghetto, V. Design of Indicators for Measuring Product Performance in the Circular Economy. Int. J.
Sustain. Eng. 2017, 10, 289. [CrossRef]

32. Kaufman, S.M.; Krishnan, N.; Themelis, N.J. A Screening Life Cycle Metric to Benchmark the Environmental Sustainability of
Waste Management Systems. Env. Sci. Technol. 2010, 44, 5949–5955. [CrossRef] [PubMed]

33. Cullen, J.M. Circular Economy: Theoretical Benchmark or Perpetual Motion Machine. J. Ind. Ecol. 2017, 21, 483. [CrossRef]
34. Sultan, A.A.M.; Lou, E.; Mativenga, P.T. What Should Be Recycled: An Integrated Model for Product Recycling Desirability. J.

Clean. Prod. 2017, 154, 51–60. [CrossRef]
35. Saidani, M.; Yannou, B.; Leroy, Y.; Cluzel, F. How to Assess Product Performance in the Circular Economy? Proposed Requirements

for the Design of a Circularity Measurement Framework. Recycling 2017, 2, 6. [CrossRef]
36. Zwolinski, P.; Lopez-Ontiveros, M.A.; Brissaud, D. Integrated Design of Remanufacturable Products Based on Product Profiles. J.

Clean. Prod. 2006, 14, 1333. [CrossRef]
37. Van Schaik, A.; Reuter, M.A. Recycling Indices Visualizing the Performance of the Circular Economy. World Met. Erzmetall

2016, 69, 5–20.
38. Krajnc, D.; Glavic, P. Indicators of Sustainable Production. Clean. Technol. Env. Policy 2003, 5, 279. [CrossRef]
39. Das, S.K. A Method for Estimating the Profitability of a Product Disassembly Operation. In Proceedings of the Advanced Manufac-

turing Systems and Technology; Springer: Vienna, Austria, 1999.
40. Park, J.Y.; Chertow, M.R. Establishing and Testing the “Reuse Potential” Indicator for Managing Wastes as Resources. J. Environ.

Manag. 2014, 137, 45–53. [CrossRef] [PubMed]
41. Vanegas, P.; Peeters, J.R.; Cattrysse, D.; Tecchio, P.; Ardente, F.; Mathieux, F.; Dewulf, W.; Duflou, J.R. Ease of Disassembly of

Products to Support Circular Economy Strategies. Resour. Conserv. Recycl. 2018, 135, 323–334. [CrossRef] [PubMed]
42. Marconi, M.; Germani, M.; Mandolini, M.; Favi, C. Applying Data Mining Technique to Disassembly Sequence Planning: A

Method to Assess Effective Disassembly Time of Industrial Products. Int. J. Prod. Res. 2019, 57, 599–623. [CrossRef]
43. Ameli, M.; Mansour, S.; Ahmadi-Javid, A. A Simulation-Optimization Model for Sustainable Product Design and Efficient

End-of-Life Management Based on Individual Producer Responsibility. Resour. Conserv. Recycl. 2019, 140, 246–258. [CrossRef]
44. Graedel, T.E.; Allwood, J.; Birat, J.-P.; Buchert, M.; Hageluken, C.; Reck, B.K.; Sibley; Scott, F.; Sonnemann, G. What Do We Know

about Metal Recycling Rates? J. Ind. Ecol. 2011, 15, 355–366. [CrossRef]

https://doi.org/10.3390/su18178980

https://doi.org/10.1016/j.jclepro.2010.05.007
https://doi.org/10.1016/j.spc.2022.08.004
https://doi.org/10.1007/s11367-021-01966-2
https://doi.org/10.1016/j.resconrec.2019.03.045
https://www.ncbi.nlm.nih.gov/pubmed/31274959
https://doi.org/10.1016/j.jclepro.2022.134797
https://doi.org/10.1016/j.jclepro.2022.133537
https://doi.org/10.1016/j.procir.2020.01.085
https://doi.org/10.1016/j.scitotenv.2023.166611
https://www.ncbi.nlm.nih.gov/pubmed/37640077
https://doi.org/10.1016/j.resconrec.2019.104498
https://ghgprotocol.org/sites/default/files/standards/Corporate-Value-Chain-Accounting-Reporing-Standard_041613_2.pdf
https://doi.org/10.1016/j.jenvman.2018.08.014
https://www.ncbi.nlm.nih.gov/pubmed/30248643
https://doi.org/10.1016/j.resconrec.2017.02.009
https://doi.org/10.1016/j.resconrec.2015.05.014
https://doi.org/10.1080/19397038.2017.1333543
https://doi.org/10.1021/es100505u
https://www.ncbi.nlm.nih.gov/pubmed/20666561
https://doi.org/10.1111/jiec.12599
https://doi.org/10.1016/j.jclepro.2017.03.201
https://doi.org/10.3390/recycling2010006
https://doi.org/10.1016/j.jclepro.2005.11.028
https://doi.org/10.1007/s10098-003-0221-z
https://doi.org/10.1016/j.jenvman.2013.11.053
https://www.ncbi.nlm.nih.gov/pubmed/24594758
https://doi.org/10.1016/j.resconrec.2017.06.022
https://www.ncbi.nlm.nih.gov/pubmed/30078953
https://doi.org/10.1080/00207543.2018.1472404
https://doi.org/10.1016/j.resconrec.2018.02.031
https://doi.org/10.1111/j.1530-9290.2011.00342.x
https://doi.org/10.3390/su18178980


Sustainability 2026, 18, 8980 22 of 23

45. Adibi, N.; Lafhaj, Z.; Yehya, M.; Payet, J. Global Resource Indicator for Life Cycle Impact Assessment: Applied in Wind Turbine
Case Study. J. Clean. Prod. 2017, 165, 1517–1528. [CrossRef]

46. Favi, C.; Germani, M.; Luzi, A.; Mandolini, M.; Marconi, M. A Design for EoL Approach and Metrics to Favour Closed-Loop
Scenarios for Products. Int. J. Sustain. Eng. 2017, 10, 136–146. [CrossRef]

47. Mesa, J.; Esparragoza, I.; Maury, H. Developing a Set of Sustainability Indicators for Product Families Based on the Circular
Economy Model. J. Clean. Prod. 2018, 196, 1429–1442. [CrossRef]

48. Lee, H.M.; Lu, W.F.; Song, B. A Framework for Assessing Product End-Of-Life Performance: Reviewing the State of the Art and
Proposing an Innovative Approach Using an End-of-Life Index. J. Clean. Prod. 2014, 66, 355–371. [CrossRef]

49. Iacovidou, E.; Velenturf, A.P.M.; Purnell, P. Quality of Resources: A Typology for Supporting Transitions towards Resource
Efficiency Using the Single-Use Plastic Bottle as an Example. Sci. Total Environ. 2019, 647, 441–448. [CrossRef] [PubMed]

50. Cong, L.; Zhao, F.; Sutherland, J.W. Product Redesign for Improved Value Recovery via Disassembly Bottleneck Identification and Removal;
Elsevier: Amsterdam, The Netherlands, 2017.

51. Pauliuk, S. Critical Appraisal of the Circular Economy Standard BS 8001:2017 and a Dashboard of Quantitative System Indicators
for Its Implementation in Organizations. Resour. Conserv. Recycl. 2018, 129, 81–92. [CrossRef]

52. Tabone, M.D.; Cregg, J.J.; Beckman, E.J.; Landis, A.E. Sustainability Metrics: Life Cycle Assessment and Green Design in Polymers.
Env. Sci. Technol. 2010, 44, 8264–8269. [CrossRef] [PubMed]

53. Veleva, V.; Bodkin, G.; Todorova, S. The Need for Better Measurement and Employee Engagement to Advance a Circular Economy:
Lessons from Biogen’s “Zero Waste” Journey. J. Clean. Prod. 2017, 154, 517–529. [CrossRef]

54. Franklin-Johnson, E.; Figge, F.; Canning, L. Resource Duration as a Managerial Indicator for Circular Economy Performance. J.
Clean. Prod. 2016, 133, 589–598. [CrossRef]

55. Mathieux, F.; Froelich, D.; Moszkowicz, P. ReSICLED: A New Recovery-Conscious Design Method for Complex Products Based
on a Multicriteria Assessment of the Recoverability. J. Clean. Prod. 2008, 16, 277–298. [CrossRef]

56. Niero, M.; Kalbar, P.P. Coupling Material Circularity Indicators and Life Cycle Based Indicators: A Proposal to Advance the
Assessment of Circular Economy Strategies at the Product Level. Resour. Conserv. Recycl. 2019, 140, 305–312. [CrossRef]

57. Nässén, J.; Holmberg, J.; Wadeskog, A.; Nyman, M. Direct and Indirect Energy Use and Carbon Emissions in the Production
Phase of Buildings: An Input–Output Analysis. Energy 2007, 32, 1593–1602. [CrossRef]

58. Saaty, R.W. The Analytic Hierarchy Process-What It Is and How It Is Used. Math. Model. 1987, 9, 161–176. [CrossRef]
59. Vargas, L.G. An Overview of the Analytic Hierarchy Process and Its Applications. Eur. J. Oper. Res. 1990, 48, 2–8. [CrossRef]
60. Ishizaka, A.; Labib, A. Review of the Main Developments in the Analytic Hierarchy Process. Expert Syst. Appl. 2011,

38, 14336–14345. [CrossRef]
61. Creative Decisions Foundation. SuperDecisions Software, version 3.2; Creative Decisions Foundation: Pittsburgh, PA, USA, 2023.

Available online: https://www.superdecisions.com (accessed on 18 June 2026).
62. Lukinskiy, V.; Lukinskiy, V.; Bazhina, D. Refining the Analytic Hierarchy Process: A Statistical and Methodological Exploration of

Expert Judgments. Alex. Eng. J. 2025, 125, 526–536. [CrossRef]
63. Hwang, C.-L.; Yoon, K. Multiple Attribute Decision Making—Methods and Applications: A State-of-the-Art Survey; Lecture Notes in

Economics and Mathematical Systems; Springer: Berlin/Heidelberg, Germany, 1981; Volume 186. [CrossRef]
64. Brans, J.P.; Vincke, P. A Preference Ranking Organisation Method (the PROMETHEE Method). Manag. Sci. 1985,

31, 647–656. [CrossRef]
65. Mardani, A.; Jusoh, A.; Nor, K.M.; Khalifah, Z.; Zakwan, N.; Valipour, A. Multiple Criteria Decision-Making Techniques and

Their Applications—A Review of the Literature from 2000 to 2014. Econ. Res.-Ekon. Istraz. 2015, 28, 516–571. [CrossRef]
66. Huysman, S.; De Schaepmeester, J.; Ragaert, K.; Dewulf, J.; Meester, S. De Performance Indicators for a Circular Economy: A Case

Study on Post-Industrial Plastic Waste. Resour. Conserv. Recycl. 2017, 120, 46–54. [CrossRef]
67. Vural Gursel, I.; Elbersen, B.; Meesters, K.P.H. Monitoring Circular Biobased Economy—Systematic Review of Circularity

Indicators at the Micro Level. Resour. Conserv. Recycl. 2023, 197, 107104. [CrossRef]
68. European Parliament and Council of the European Union. Directive 2008/98/EC on Waste and Repealing Certain Directives

(Waste Framework Directive). 2008. Available online: https://www.bundesumweltministerium.de/en/law/directive-2008-98-ec-
on-waste-and-repealing-certain-directives (accessed on 18 June 2026).

69. European Commission. Communication from the Commission to the European Parliament, the European Council, the Council, the European
Economic and Social Committee and the Committee of the Regions: The European Green Deal; COM(2019) 640 final; European Commis-
sion: Brussels, Belgium, 2019. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52019DC0640
(accessed on 18 June 2026).

70. Passer, A.; Lasvaux, S.; Allacker, K.; De Lathauwer, D.; Spirinckx, C.; Wittstock, B.; Kellenberger, D.; Gschösser, F.;
Wall, J.; Wallbaum, H. Environmental Product Declarations Entering the Building Sector. Int. J. Life Cycle Assess. 2015,
20, 1199–1212. [CrossRef]

https://doi.org/10.3390/su18178980

https://doi.org/10.1016/j.jclepro.2017.07.226
https://doi.org/10.1080/19397038.2016.1270369
https://doi.org/10.1016/j.jclepro.2018.06.131
https://doi.org/10.1016/j.jclepro.2013.11.001
https://doi.org/10.1016/j.scitotenv.2018.07.344
https://www.ncbi.nlm.nih.gov/pubmed/30086496
https://doi.org/10.1016/j.resconrec.2017.10.019
https://doi.org/10.1021/es101640n
https://www.ncbi.nlm.nih.gov/pubmed/20866068
https://doi.org/10.1016/j.jclepro.2017.03.177
https://doi.org/10.1016/j.jclepro.2016.05.023
https://doi.org/10.1016/j.jclepro.2006.07.026
https://doi.org/10.1016/j.resconrec.2018.10.002
https://doi.org/10.1016/j.energy.2007.01.002
https://doi.org/10.1016/0270-0255(87)90473-8
https://doi.org/10.1016/0377-2217(90)90056-H
https://doi.org/10.1016/j.eswa.2011.04.143
https://www.superdecisions.com
https://doi.org/10.1016/j.aej.2025.04.022
https://doi.org/10.1007/978-3-642-48318-9
https://doi.org/10.1287/mnsc.31.6.647
https://doi.org/10.1080/1331677X.2015.1075139
https://doi.org/10.1016/j.resconrec.2017.01.013
https://doi.org/10.1016/j.resconrec.2023.107104
https://www.bundesumweltministerium.de/en/law/directive-2008-98-ec-on-waste-and-repealing-certain-directives
https://www.bundesumweltministerium.de/en/law/directive-2008-98-ec-on-waste-and-repealing-certain-directives
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52019DC0640
https://doi.org/10.1007/s11367-015-0926-3
https://doi.org/10.3390/su18178980


Sustainability 2026, 18, 8980 23 of 23

71. Vanteddu, G.; Nicholls, G.M. Supply Chain Network Design and Tactical Planning in the Dimension Stone Industry. Oper. Supply
Chain Manag. 2020, 13, 320–335. [CrossRef]

72. Azevedo, E.; Carpitella, S. Sustainable Supply Chain Control Strategies for the Natural Stone Market. IFAC-PapersOnLine 2024,
58, 562–567. [CrossRef]

73. Soni, G.; Prakash, S.; Kumar, H.; Singh, S.P.; Jain, V.; Dhami, S.S. An Interpretive Structural Modeling of Drivers and
Barriers of Sustainable Supply Chain Management: A Case of Stone Industry. Manag. Environ. Qual. An. Int. J. 2020,
31, 1071–1090. [CrossRef]

74. Marras, G.; Carcangiu, G.; Meloni, P.; Careddu, N. Circular Economy in Marble Industry: From Stone Scraps to Sustainable
Water-Based Paints. Constr. Build. Mater. 2022, 325, 126768. [CrossRef]

75. Tazzini, A.; Gambino, F.; Casale, M.; Dino, G.A. Managing Marble Quarry Waste: Opportunities and Challenges for Circular
Economy Implementation. Sustainability 2024, 16, 3056. [CrossRef]

76. Careddu, N.; Marras, G.; Siotto, G. Recovery of Sawdust Resulting from Marble Processing Plants for Future Uses in High
Value-Added Products. J. Clean. Prod. 2014, 84, 533–539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su18178980

https://doi.org/10.31387/oscm0430273
https://doi.org/10.1016/j.ifacol.2024.07.278
https://doi.org/10.1108/MEQ-09-2019-0202
https://doi.org/10.1016/j.conbuildmat.2022.126768
https://doi.org/10.3390/su16073056
https://doi.org/10.1016/j.jclepro.2013.11.062
https://doi.org/10.3390/su18178980

	Introduction 
	Literature Review 
	Circularity Assessment 
	Data Assessment on the Stone Sector 

	Methodology 
	Results 
	Indicator Definition 
	Final Indicators 

	Discussion 
	Conclusions 
	References

