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A B S T R A C T

The sector of contaminated soils and groundwater remediation is a critical and complex one, that requires tar
geted interventions and integrated strategies to reduce and mitigate the health and environmental risks posed by 
contamination, while adhering to principles of sustainability and circularity. The objective of this paper is to 
provide a set of suitable indicators for assessing circularity in the context of contaminated sites remediation both 
in the ex-ante and the ex-post remediation phases. Indicators have been selected from those provided in the latest 
standards for circularity assessment, specifically UNI/TS 11820:2022 and ISO 59020:2024. The selection process 
involved an in-depth analysis of the indicators included in the aforementioned standards and their data re
quirements, which serve as the knowledge base for a working group of experts with interdisciplinary expertise in 
remediation technologies design, Life Cycle Assessment, and Multi-Criteria Decision Analysis, which selected the 
circularity indicators suitable for application in contaminated sites remediation processes. The selected in
dicators follow the SMART model of criteria, which requires that they all are specific, measurable, achievable, 
relevant and time-bound. This selection procedure identified a total of 24 circularity indicators applicable in the 
ex-ante and the ex-post phases. These indicators cover the key dimension of material, energy, and water resource 
efficiency and aim to support informed decision-making and monitoring, with a structured and measurable basis 
for the integration of circularity aspects into contaminated sites remediation.

1. Introduction

Within the European Union, the environmental policy context aims 
to steer the economy towards a circular model, characterised by waste 
reduction, material regeneration and reuse, and optimization of 
resource efficiency (Fetting, 2020). This transition is supported by reg
ulatory instruments such as the European Green Deal (European 
CommissionDirectorate-General for Research and Innovation, 2021) 
and the Circular Economy Action Plan (European 
CommissionDirectorate-General for Communication, 2020). The circu
lar economy (CE) is regarded not only as an environmental imperative 
but also as an opportunity to stimulate industrial innovation, to foster 
the creation of green jobs, and to strengthen the EUs global competi
tiveness (Ossewaarde and Ossewaarde-Lowtoo, 2020; Sabato and 

Fronteddu, 2020; Kuci and Fogarassy, 2021). Within this political and 
economic framework, actions are also envisaged to expand the scope of 
eco-design, strengthen consumer rights and awareness, increase circu
larity in production processes, and reduce the impact of waste genera
tion and waste-related markets at European level (Farmer, 2020).

Among the industrial sectors in which these principles and actions 
can be effectively integrated, the remediation of contaminated sites 
emerges as an important area of intervention posing critical and com
plex challenges. These includes the need for targeted interventions and 
integrated strategies to reduce and mitigate the environmental and 
health impacts associated both with the presence of pollutants and with 
the impacts caused by the remediation processes themselves. Contami
nated sites arising from past industrial activities, inadequate disposal 
practices or prolonged urban decay (Ashraf et al., 2014), typically 
exhibit complex contamination profiles, including organic compounds, 
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heavy metals, and inorganic substances, among others (Aparicio et al., 
2022). In many cases, contamination affects both soil and groundwater, 
which constitute interconnected yet distinct environmental media, 
characterised by different contaminant mobility, spatial distribution, 
and exposure pathways (National Research Council, 1994; Nathanail 
and Bardos, 2004). Accurate identification of contamination sources and 
site hydrogeological conditions represents a prerequisite for the selec
tion of appropriate remediation technologies, particularly in ground
water systems (Liu et al., 2024). Building on this compartmentalised 
understanding, contaminated site assessment typically relies on the 
development of a Conceptual Site Model (CSM). The CSM provides a 
structured and site-specific representation of contamination sources, 
affected environmental media, transport mechanisms, and potential 
receptors, thereby supporting the interpretation of site data and risk 
assessment (ASTM International, 2017; International Organization for 
Standardization, 2019; Ciampi et al., 2024). This complexity is partic
ularly apparent in remediation contexts influenced by legacy contami
nation, as a result of cumulative interaction of historical activities and 
site evolution (Swartjes, 2011). In parallel, increasing attention is being 
paid to emerging contaminants, whose complex environmental behav
iours are not yet fully understood and properly addressed by conven
tional assessment frameworks (Singh et al., 2024). These conditions 
challenge static interpretation of site characteristics, highlighting the 
need for adaptive assessment processes in which remediation strategies, 
CSMs, and related decisions are iteratively refined based on monitoring 
outcomes and evolving site knowledge (Price et al., 2017). In response to 
this complexity, remediation activities now encompass a wide range of 
strategies, covering different technologies and implementation modal
ities. Remediation approaches are commonly categorised as phys
ical/chemical or biological treatments, which may involve in situ or ex 
situ technologies. The choice of specific interventions – including 
containment, removal, or treatment-based solutions – depends on 
site-specific contamination patterns, environmental settings, and risk 
management objectives, as no single remediation technology can be 
considered universally applicable across different site and contaminant 
conditions (UNEP, 2021; Khan et al., 2004). Remediation efforts typi
cally involve a combination of strategies to address the multifaceted 
nature of contaminated sites, considering that integrated and hybrid 
approaches have been shown to improve effectiveness across hetero
geneous contamination scenarios (Zheng et al., 2022). Accordingly, 
remediation planning increasingly relies on integrated approaches that 
combine multiple complementary technologies, implemented in a 
phased or adaptive manner, to improve effectiveness and resilience 
under uncertainty.

Remediation interventions play a strategic role in land-use trans
formation processes, contributing to the transition of contaminated sites 
from liabilities into resources. These activities aim not only at the pro
tection of human health, but also at the restoration of environmental 
functions, potentially enabling the redevelopment of previously 
degraded areas and their reintegration into the urban and territorial 
fabric (Ferber et al., 2006; Holland et al., 2013). Nevertheless, remedi
ation is not a neutral activity.

The implementation of remediation technologies may entail 

environmental, economic, and social impacts, including energy con
sumption, greenhouse gas emissions, waste generation, disturbance to 
local communities, and substantial financial costs. Increasing attention 
has been directed towards the adoption of more sustainable remediation 
approaches, which explicitly account for environmental, social, and 
economic impacts alongside risk management objectives (Ellis and 
Hadley, 2009; Hodson, 2010). Within such contexts, remediation plan
ning requires structured decision-making processes capable of balancing 
technical performance, environmental impacts, and broader sustain
ability considerations (Aparicio et al., 2022; Khan et al., 2004). Over the 
past decades, a gradual shift in remediation approaches has emerged, 
strongly influenced by international exchange within professional net
works such as ICCL, ISRA, COMMON FORUM, NICOLA, and NICOLE 
(Smith, 2019; Grifoni et al., 2022; Rizzo et al., 2016). Early remediation 
practices were focused on containment measures or on excavation and 
off-site disposal. These approaches were progressively complemented by 
treatment-oriented solutions aimed at reducing contaminant mass and 
toxicity rather than merely isolating polluted materials. In parallel, risk 
assessment has evolved from a supporting analytical tool to a central 
framework guiding decision-making. More recently, this evolution has 
culminated in the explicit incorporation of sustainability principles into 
remediation practice, reflecting a shared understanding that contami
nated land management should integrate both risk-based reasoning and 
sustainability considerations (NICOLE and COMMON, 2013). Among 
the various aspects to be considered when assessing the sustainability of 
remediation technologies, Life Cycle Assessment (LCA) plays a crucial 
role in estimating the environmental impacts of remediation options 
across their life cycles. LCA is an internationally recognised and stand
ardised method according to ISO 14040:2006 and, when complemented 
by PCR 2012:09 “Site remediation and clean-up services, soil and 
groundwater” represents a key methodological framework for evalu
ating the environmental performance of remediation technologies and 
supporting the comparison and prioritisation of remediation alterna
tives (Lemming et al., 2010; Owsianiak et al., 2013). However, the se
lection of remediation technologies typically involves multiple, often 
conflicting criteria that extend beyond environmental performance 
alone, including technical feasibility and site-specific constraints. A 
structured integration of heterogeneous evaluation criteria is commonly 
achieved through Multi-Criteria Decision Analysis (MCDA), which pro
vides a transparent decision-support framework (Abrams et al., 2024). 
MCDA is a sub-discipline of operations research that provides a formal 
framework for evaluating multiple conflicting criteria in 
decision-making to identify the most preferred alternative (Lamprou 
and Vagiona, 2025).

The combined use of LCA- and MCDA-based perspectives provides a 
coherent analytical basis for the evaluation and adaptation of circularity 
indicators to the remediation context. This evolution has led to the 
standardisation of sustainable remediation activities (Nathanail et al., 
2017), and to the development of dedicated frameworks (Favara et al., 
2019; Bardos et al., 2020) and indicator sets (Braun et al., 2021) for 
sustainability assessment. The aim of these tools is to support informed 
remediation planning by enabling the evaluation of alternatives beyond 
compliance with safety objectives, while explicitly accounting for the 
environmental, social, and economic impacts of applied technologies. 
Consequently, the design and implementation of effective remediation 
require thorough assessment and careful planning, as well as collabo
ration and coordination between different scientific disciplines (Okx 
et al., 1996), stakeholders, and administrative agencies.

Despite the conceptual and methodological maturity of sustainable 
remediation, the circularity dimension remains largely implicit or 
entirely absent within assessment frameworks and decision-support 
tools. To date, circularity assessment has become a standardised and 
regulated topic (see Section 1.1); however, this regulatory advancement 
is not yet reflected in the evaluation of remediation interventions.

A consensus on the origin of the concept of CE has not been reached. 
Emerging from early environmental and system-thinking discourse 

Acronyms list

CE circular economy
CSM Conceptual Site Model
ESRS European Sustainability Reporting Standard
LCA Life Cycle Assessment
MCDA Multi-Criteria Decision Analysis
SMART specific, measurable, achievable, relevant, time-bound
WG working group
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(Meadows et al., 1972), the CE concept aims at countering the linear 
take-make-dispose model. However, CE principles and actions have 
evolved over time (Suárez-Eiroa et al., 2019) and are currently inter
preted and implemented in diverse ways across sectors and actors. This 
diversity reflects the rapid expansion of CE research and practice, 
encompassing scientific contributions, independently developed meth
odologies and standards, as well as policy-driven interpretations (Reike 
et al., 2018; Sassanelli et al., 2019). Consequently, a universally recog
nised and authoritative definition of CE is still lacking. For the sake of 
this work, the definition provided by Kircherr (Kirchherr et al., 2017) 
was adopted. It describes CE as an economic system that is based on 
business models which replace the “end-of-life” concept with reducing, 
alternatively reusing, recycling and recovering materials in production/dis
tribution and consumption processes, thus operating at the micro level 
(products, companies, consumers), meso level (eco-industrial parks) and 
macro level (city, region, nation and beyond), with the aim to accomplish 
sustainable development, which implies creating environmental quality, 
economic prosperity and social equity, to the benefit of current and future 
generations. Circularity is conceptualised as the extent to which CE 
principles and actions are integrated (or aligned) within a business 
model, an organization, or an economic system. The assessment of 
circularity is, for organizations, a fundamental requirement for the 
implementation of concrete actions and for attaining measurable out
comes (Ente Italiano di Normazione, 2022), facilitating a more effective 
pursuit of sustainable development goals. In recent years, numerous 
circularity metrics have been proposed to support circular management 
of material flows and resource efficiency (Corona et al., 2019; Walzberg 
et al., 2021). This proliferation highlighted the for standardisation, 
resulting in the development of standards for measuring circularity 
performance, including the international standard ISO 59020:2024, the 
Italian standard UNI/TS 11820:2022, and the European standard ESRS 
E5, which are briefly described below, while detailed information can be 
found in the text of the standards.

The ISO 59020:2024 “Circular Economy – Measuring and assessing 
circularity” standard provides a framework of environmental, social, 
and economic indicators to assess the circularity performance of a 
selected system. The results of this assessment are intended to be used to 
support the transition towards a circular economy. The methodology 
can be used across different levels of an economic system, spanning 
regional, inter-organizational, organizational, and product levels. The 
framework also relies on inputs from a variety of complementary 
methods.1 The framework consists of three main steps: (i) the boundary 
settings step, which includes the definition of the system in focus, the 
circularity aspects to be measured, data quality requirements and the 
pre-selection of complementary methods of assessment; (ii) the data 
acquisition step, where general circularity indicators are used for data 
collection (they can serve as a basis to form more detailed, sector specific 
measurement methods, when required); (iii) the circularity assessment 
and reporting step, in which the results of the circularity measurement 
are evaluated in a comprehensive statement about the circular outcomes 
of the examined system. The standard provides a set of core circularity 
indicators that can be supplemented by additional ones (also derived 
from complementary methods) to meet the goal and the scope of the 
circularity measurement and assessment.

The UNI/TS 11820:2022 “Measuring circularity – Methods and in
dicators for measuring circular processes” standard defines a set of in
dicators suitable for assessing the circularity performance at the micro 
level (i.e. single organization) and meso level (i.e. inter-organizations, 
industrial clusters, supply chains, etc.). The assessing methodology is 
developed on a 100-base rating system that considers environmental, 
economic, and social aspects. The circularity indicators that provide the 
main information for data acquisition are grouped into six categories, 

which are: material resources and components; energy and water re
sources; waste and emissions; logistics; product/service; human re
sources, assets, policies, and sustainability. The indicators are further 
divided, based on the type of assessment they are suitable for (indicators 
related to goods, indicators related to services, and indicators related to 
both) and on classes (core, specific, and rewarding indicators). The 
calculation of each indicator is given by a ratio, so that a normalised 
circularity index value between 0 and 1 can be obtained. The pre
liminary steps to the assessment involve the definition of the system 
boundaries, the data quality requirements and the type of assessment 
(and the relative indicators set). After collecting data and evaluating the 
indicators, the circularity performance can be calculated for each indi
cator category. The results can be visualised on a radar chart encom
passing all 6 categories.

The Corporate Sustainability Reporting Directive introduces a 
requirement for companies listed on regulated EU market, including 
small and medium-sized enterprises (SMEs), to focus on sustainability 
reporting in line with the principle of double materiality. Accordingly, 
companies must disclose information both on financial materiality (i.e. 
how environmental, social, and governance factors affect their economic 
performance), and on impact materiality (i.e. how their activities affect 
the environment and society). These disclosures must follow the Euro
pean Sustainability Reporting Standards (ESRS), promoted by the Eu
ropean Financial Reporting Advisory Group and in force from December 
2023 (European Commission, 2023). Within this framework, ESRS E5 
“Resource use and circular economy” requires companies to disclose 
information on their actions to decouple economic growth from resource 
use and to align their business models to the CE principles.2 The stan
dard focuses on resource inputs, product durability and reparability, and 
waste management without prescribing specific methodologies or in
dicators for measuring circularity performance. Although ESRS E5 is not 
applied in this paper, it is briefly introduced here as a reference 
framework, as the ISO and UNI standards can be considered operational 
tools that companies may use to comply with ESRS E5 disclosure re
quirements. In line with their main objective of assessing companies’ 
circularity performances, these standards, by their nature, are more 
aligned with an ex-post assessment of a specific process or organisation 
rather than to the ex-ante phase, where different options need to be 
compared and prioritised.

1.1. Objective of the paper

The absence of research and studies specifically exploring how to 
integrate CE principles into remediation practices represents a signifi
cant knowledge gap in the scientific literature. A study focused on this 
topic could provide valuable insights for developing more sustainable 
and effective strategies and guidelines for remediation, thereby 
contributing to a more holistic and integrated approach to managing 
contaminated sites.

In the context of this study, two phases of the remediation process are 
distinguished: an ex-ante phase and an ex-post phase. The ex-ante phase is 
the one preceding the start of decontamination activities and concerns 
the operations planning. Specifically, during this phase the selection of 
the remediation technology takes place, based on factors such as the 
reclamation objective(s), the characteristics of the contaminated site, 
the expected costs and timescale, and the interests of the involved 
stakeholders. The ex-post phase, on the other hand, concerns ongoing 
and completed remediation activities. Monitoring is carried out during 
and on completion of the remediation activities. The resulting data can 
be used to support the sustainability report of the organisation carrying 
out the remediation activities.

1 Environmental Life Cycle Assessment, Life Cycle Sustainability Assessment, 
Social LCA, Life Cycle Costing, Material Flow Analysis.

2 Including, but not limited to, minimizing waste, maintaining the value of 
products, material, and other resources at their highest value and enhancing 
their efficient use in production and consumption.
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The objective of this study is to provide two sets of indicators for 
assessing the circularity of remediation in both the ex-ante and ex-post 
phases, also compliant with the ISO 59020:2024 and the UNI/TS 
11820:2022 standards.

2. Methods

This section describes the methodology for evaluating and selecting 
which of the circularity indicators provided by the ISO 59020:2024 and 
the UNI/TS 11820:2022 standards are applicable and relevant to the 
contaminated sites remediation sector and specifically to the circularity 
assessment of remediation technologies. The evaluation process was 
structured around a Delphi-inspired approach (Hsu and Sandford, 2007) 
articulated in two iterative phases as reported in the methodological 
framework described in Fig. 1.

To operationalise this methodological framework, experts were 
selected through a nomination process requiring (i) demonstrated 
expertise in one or both approaches, together with (ii) deep competences 
in remediation of contaminated sites and sustainability assessment of 
remediation technologies. The nominated figures have been selected 
among a pool of experts who contributed to the development of previous 
international and Italian national projects on sustainability assessment 
of contaminated sites, including policymakers involved in contaminated 
site management. Of the invited experts, only two declined, resulting in 
a working group (WG) of 10 participants. Their professional experience 
in the sector ranges from 3 to 25 years, intentionally including in
dividuals with different levels of seniority. This heterogeneity of the 
group was considered functional to capturing a diverse range of per
spectives and sensitivities towards sustainability issues. Technical ex
perts provided insights on practical feasibility and remediation 
alternatives, such as dig-and-dump, thermal desorption, capping, 
containment barriers, soil washing, pump-and-treat, low-input tech
niques (in situ stabilisation, electro-remediation), and biopile (see Sec
tion 3.3); LCA/MCDA specialists ensured robust assessment of 
environmental and multi-criteria impacts; policymakers contributed an 
understanding of regulatory and management considerations. This 
combination of competences was deemed essential to inform the eval
uation and prioritisation of circularity indicators to be adapted to the 
specific context of contaminated sites remediation. Summary informa
tion on the characteristics of the WG experts is shown in Table 1.

In the first phase, each member of the WG was invited to indepen
dently review all the indicators from both standards, assessing their 

relevance and applicability to the remediation context. To guide the 
evaluation process, a mission was formulated and shared with all ex
perts, requesting them to contribute to the assessment of circularity 
indicators. Specifically, they were asked to evaluate each indicator 
based on their professional experience and knowledge of remediation 
processes and circular economy principles, with particular attention to 
the representativeness and availability of the required data. The evalu
ation did not aim to compare or select remediation technologies, nor to 
assess sustainability performance, but rather to examine the suitability 
of existing indicators for conducting circularity assessments of remedi
ation interventions. Each expert independently assessed the indicators 
using the SMART criteria (Doran, 1981) as a guiding framework. These 
criteria were used to evaluate whether each indicator could be consid
ered suitable for application in the remediation context. The assessment 
evaluated whether the data required by the indicator were: specific, i.e. 
clearly defined and referring to identifiable elements of the remediation 
process, or to information associated with them (e.g. quantities of 
excavated materials, or material and energy inputs required by reme
diation technologies); measurable, i.e. quantifiable using data typically 
available from design and planning documents, or site reports; achiev
able, i.e. realistically collectible within the boundaries of remediation 
projects (based on information routinely generated during site investi
gation, technology design, set-up, and operation phases); relevant, i.e. 
able to inform key circularity-related aspects of remediation in
terventions (e.g. management of excavated materials, use of secondary 
resources, reduction of off-site disposal); time-bound, i.e. referable to a 
defined phase of the remediation process. Additionally, the experts were 
asked to identify what they considered to be the priority topics – that is, 
thematic domains deemed crucial when assessing the circular perfor
mance of remediation intervention. Priority topics were defined as key 
areas within the remediation process where the application of CE prin
ciples can have a significant impact, and where the use of tailored 
circularity indicators is essential to ensure a meaningful assessment 
process. To facilitate the evaluation process, a standardised Excel tem
plate was provided, allowing experts to document their assessments in a 
structured manner. The evaluation was carried out for both the ex-ante 
and the ex-post phases. A qualitative evaluation approach led to the 
classification of each indicator into one of three categories. An indicator 
was marked “Y” (YES) if it was deemed suitable for assessing the 
circularity of a remediation technology. Conversely, it was marked “N” 
(NO), if it was deemed unsuitable for this purpose. In cases where the 
relevance or applicability of and indicator raised critical issues requiring 

Fig. 1. Methodological framework for the selection of circularity indicators applicable and relevant to the contaminated sites remediation sector. Source: personal 
elaboration by the authors.
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further discussion, it was classified as “M” (MAYBE).
Building on the outcome of the first phase of the process, Phase 2 was 

conducted through an online meeting moderated by the first author of 
this paper, who also acted as facilitator of the discussion. A structured 
agenda was circulated in advance, and the discussion followed the 
sequence of indicators for which no agreement had previously been 
reached, starting with those most frequently rated as “MAYBE”. These 
indicators were reviewed one by one, and each participant was invited 
to justify their previous ratings and elaborate on concerns or prefer
ences. During this phase, three additional criteria were introduced to 
support and structure the discussion among the WG members on the 
selection of circularity indicators. The first criterion concerns site-level 
applicability, i.e. the ability of an indicator to be applied at the scale 
of a single remediation site and, more importantly, to discriminate be
tween different remediation alternatives. Indicators estimated at 
broader levels – such as the organisational scale (e.g. “Has the organi
sation invested in circular design of its assets in years n and/or n-1 and/ 
or n-2?”) – were not considered suitable, as they equally affect all 
remediation alternatives and therefore do not provide added value for 
comparative assessment. The second criterion reflects the correspon
dence between the data requirements of each indicator and the priority 
topics previously identified by the WG members. These topics, which 
emerged from the collective suggestions provided by individual mem
bers during Phase 1, include resources, energy, water and waste – key 
dimensions also recognised in the literature (Hou and Al-Tabbaa, 2014). 
The third criterion refers to the level of agreement reached during Phase 
1 for each indicator. Agreement was considered “positive” or “negative” 
based on the prevailing number of “YES” (Y) or “NO” (N) ratings. A full 
or near-full convergence – such as all WG members agreeing, or eight 
giving the same rating out of nine with one uncertain (“MAYBE”) – was 
considered sufficient for agreement. In cases where “YES” or “NO” re
sponses coexisted, or where “MAYBE” prevailed, no agreement was 
considered to have been reached, requiring further discussions among 
the WG members.

A number of useful considerations for the selection of indicators 
emerged from the discussion, leading to the identification of further 
discriminating criteria, such as the reference to industrial symbiosis 
practices (i.e. as mentioned in the UNI indicators from 47 to 55, which 
were deemed not applicable in the field of remediation) or the presence 
of indicators relevant for the assessment of the implementation of cir
cular economy principles in a process, but not for comparing different 
remediation technologies (i.e. indicators that assess organization-level 
choices, like the UNI indicator 19 “Did the organisation perform its 
carbon footprint assessment according to UNI EN ISO 14064-1 in year n 
and/or n-1 and/or n-2?”). In addition to the criteria already established 
and described above, another observation emerged during the discus
sion. According to the reference jurisprudential discipline (which has 
expressed itself, for example, on the subject of resources such as vegetal 
material mowings, e.g. DGEC Interpretation Veneto Region dated 
August 8, 2023; or MASE circular no. 51657 dated May 14, 2021), 
reclaimed soil and water cannot be considered products/by-products of 

the remediation activities as they do not derive from an original creative 
process. However, according to the definition provided by the UNI 
standard, they can be considered secondary material resources.

3. Results and discussion

3.1. Scoring of the UNI/TS 11820:2022 assessed indicators

The methodology presented above has been applied to the indicators 
available in the UNI/TS 11820:2022 standard as shown in Table 2, 
where the number and the description of the indicators are provided, 
followed by the number of Y, N, M ratings acquired as applicability in 
the ex-ante and ex-post assessments. Table 2 only shows the assessment 
results of the selected indicators, while the full set of indicators is 
available in the supplementary materials. The complete description of 
the indicators is reported in the UNI/TS 11820:2022 standard.

The reasoning developed by the WG for the exclusion of certain 
circularity indicators from the set of those suitable for assessing the 
circularity of remediation activities is here detailed. Indicators from 7 to 
10, 19 to 21, 26, 27, 32, 36 to 38, 40, 49, 51 to 55, 57 and 58 were 
excluded because they received mostly – if not all – negative (i.e. “N”) 
evaluations. The most agreed upon motivations behind the overall 
negative evaluation of these indicators include: (i) the lack of relevance 
to the remediation field of the topics covered by some indicators (e.g. 
packaging in indicator 7, critical raw materials in indicator 8, complex 
articles and mixtures in indicator 9, employee habits in indicator 26, and 
products with no market in indicator 27); (ii) misalignment with the 
nature of remediation activities (e.g. indicators 32, 36, 37, 38, and 40 
investigate on some aspects of the outputs of a production system, while 
remediation does not generate products; indicators from 47 to 55 focus 
on industrial symbiosis, which is rarely applicable in this context; in
dicators 57 and 58 address topics related to organisational assets, not 
relevant for the assessment and comparison of remediation activities); 
(iii) limited applicability (e.g. indicator 10 refers to input-residue dif
ferentials, that were not considered useful for the assessment of reme
diation activities); (iv) closer alignment with general sustainability 
assessment rather than circularity in remediation (e.g. indicators 19, 20, 
and 21 address carbon footprint reporting). Indicators from 42 to 45, 56, 
59, 60, 62, 63, and 66 to 71 were excluded because they focus on aspects 
related to the overall organisation management; therefore, assessing 
these indicators was not considered relevant for the purposes of 
comparing the circularity performance of different remediation tech
nologies (in the ex-ante phase) or monitoring the development of a 
remediation site (in the ex-post phase). Indicators 5, 6, 17, 23 to 25, 28, 
and 29 were excluded because the WG considered them to be not 
informative for assessing circularity in the context of remediation ac
tivities. Lastly, some indicators were excluded by the WG for specific 
reasons: Indicator 3 because the data for its calculation would not be 
available in the ex-ante phase and that, in the ex-post phase, no aspect of 
circularity relevant to remediation would be valorised; Indicator 18 
because it was considered useful for circularity assessment only if the 

Table 1 
Summary of the WG experts’ characteristics, including identification code (expert ID), educational level, field of expertise, current occupation, sector of origin, and 
years of professional experience.

Expert ID Educational level Field of expertise Occupation Sector of origin Years of experience

E1 BSc Remediation of contaminated sites Practitioner in the field of remediation activities Private 20
E2 PhD Remediation of contaminated sites Consultant for a remediation company Private 15
E3 BSc Sustainability assessment/LCA Researcher on sustainability assessment Academia 5
E4 BSc Sustainability assessment/LCA Researcher on sustainability assessment Academia 8
E5 BSc Remediation of contaminated sites Practitioner in the field of remediation activities Private 4
E6 PhD Sustainability assessment/MCDA Consultant on sustainability assessment Private 20
E7 PhD Sustainability assessment/MCDA Practitioner in the field of remediation activities Private 25
E8 BSc Sustainability assessment/LCA Consultant on sustainability assessment Private 3
E9 PhD Sustainability assessment/MCDA Consultant on decision analysis Private 20
E10 BSc Land quality and materials management Director Private 20
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soil is completely recovered and does not end up in landfill (an outcome 
considered too specific). Indicators 33 and 35 because they are not 
applicable at site-level. Indicator 39 because the product life extension is 
not a service that can be fulfilled by remediation activities.

The analysis of the scoring reveals important insights into the 
applicability and representativeness of the UNI/TS 11820:2022 in
dicators in the context of remediation activities. The exclusion of a 
substantial number of indicators stresses critical limitations regarding 
their operational relevance and contextual appropriateness.

Table 3 shows the relevance percentage of each indicator category of 
the UNI/TS 11820:2022 standard for both the ex-ante and the ex-post 
phases. It represents the proportion of indicators within a category that 
have been selected for the circularity assessment of remediation 
technologies.

Table 2 
Assessment results for the circularity indicators of the UNI/TS 11820:2022 
standard. In bold, the indicators selected for both the ex-ante and ex-post phases. 
In italic, the indicators selected for the ex-post phase only. The original de
scriptions of the indicators are provided in Italian, while the English translations 
are an original elaboration by the authors. Further details on the indicators are 
available in the text of the standard.

Indicator 
number

Description Y 
ex- 
ante

N 
ex- 
ante

M 
ex- 
ante

Y 
ex- 
post

N 
ex- 
post

M 
ex- 
post

1. Indicators related to material resources and components
1 Self-produced 

secondary material 
resources, 
compared to total 
raw and secondary 
material resources

2 2 6 8 0 2

2 Raw materials and 
secondary material 
resources 
purchased and/or 
acquired from local 
suppliers 
compared to total 
raw materials 
purchased and/or 
acquired

1 3 6 7 1 2

4 By-products and/or 
secondary material 
resources (input) 
compared to total 
material resources 
(input)

1 4 5 7 0 3

2. Indicators related to energy and water resources
11 Self-produced 

electrical energy 
from renewable 
sources and/or 
recovery processes 
compared to total 
electrical energy 
consumed

7 2 1 8 2 0

12 Self-generated 
thermal energy 
from renewable 
sources and/or 
recovery processes, 
compared to total 
thermal energy 
consumed

7 2 1 8 2 0

15 Amount of water 
from recovery and/ 
or recycling 
compared to total 
water demand

8 0 2 10 0 0

3. Indicators related to waste and emissions
16 Municipal and/or 

special waste sent 
to landfill 
compared to total 
waste produced

6 0 4 9 0 1

4. Indicators related to logistics
22 Waste treated at 

local recovery 
plants compared to 
total treated waste

7 0 3 9 0 1

5. Indicators related to product/service
30 Value of supplies 

from suppliers with 
product and/or 
service and/or 
organisational 
sustainability and/ 
or circularity 
certifications 
compared to the 

0 5 5 5 2 3

Table 2 (continued )

Indicator 
number 

Description Y 
ex- 
ante 

N 
ex- 
ante 

M 
ex- 
ante 

Y 
ex- 
post 

N 
ex- 
post 

M 
ex- 
post

total value of 
supplies

31 By-products 
generated 
compared to total 
production 
residues generated

1 7 2 3 2 5

34 Value of procured 
products and 
services related to 
circular business 
models compared 
to total procured 
products and 
services

1 5 4 3 1 6

41 Value of products and 
services (excluding 
raw materials) 
procured from local 
suppliers in year n 
compared to the total 
value of products and 
services (excluding 
raw materials)

1 2 7 7 0 3

46 R&D investments 
related to circular 
economy principles in 
years n and/or n-1 
and/or n-2 compared 
to total R&D 
investments in years n 
and/or n-1 and/or n- 
2

0 4 6 4 2 4

6. Indicators related to human resources, assets, policies, and sustainability
64 Goods and 

infrastructure (e.g. 
computers, vehicles, 
furniture, buildings, 
land) purchased by 
the organisation based 
on the lowest life-cycle 
cost criterion in 
relation to the total 
purchased goods and 
infrastructure

4 2 4 4 1 5

65 Goods and 
infrastructures with 
circular end-of-life 
management solutions 
compared to the 
organisation's total 
goods and 
infrastructures

7 0 3 7 0 3

A. Sellitri et al.                                                                                                                                                                                                                                  Cleaner Environmental Systems 21 (2026) 100431 

6 



3.2. Scoring of the ISO 59020:2024 assessed indicators

The methodology presented in Section 2 - Methods has been applied 
to the indicators available in the ISO 59020:2024 standard, as shown in 
Table 4. The table includes the description of each indicator, followed by 
the number of Y, N, M ratings assigned by the experts of the WG for their 
applicability in the ex-ante and ex-post assessments. Table 4 only shows 
the assessment results of the selected indicators, while the full set of 
indicators is available in the supplementary materials. The complete 

description of each indicator can be found in the Annex A (core in
dicators) and in the Annex B (additional indicators) of the ISO 
59020:2024 standard.

The reasoning developed by the WG for the exclusion of certain 
circularity indicators from the set of those suitable for assessing the 
circularity of remediation activities is here summarised. The “Economic 
indicators” and the “Additional economic indicators” were excluded 
because they pertain to organisational-level financial performance. 
Consequently, assessing these indicators was not considered relevant for 
the purposes of comparing the circularity performance of different 
remediation technologies (in the ex-ante phase) or monitoring the 
development of a remediation site (in the ex-post phase). The “Average 
percent renewable content of an inflow” indicator was excluded due to 
the nature of inputs in remediation, where soil – a non-renewable 
resource – is predominant; while phytoremediation may involve 
biomass, this was considered a too specific case to validate broad 
applicability. Indicators such as “Average lifetime of product or material 
relative to industry average” and “Percent actual recirculation of 
outflow in the biological cycle” were deemed inapplicable because 
remediation activities do not generate outflows that re-enter resource 
cycles. Finally, the indicators “Energy intensity” and “Nutrient extrac
tion from discharged water” were excluded due to their limited rele
vance in the context of remediation activities.

Table 5 shows the relevance percentage of each indicator category of 
the ISO 59020:2024 standard for both the ex-ante and the ex-post phases.

3.3. Discussion of the results

In the context of environmental remediation, the concept of circu
larity differs from its conventional application in industrial production 
systems, as remediation activities do not generate marketable products, 
but primarily manage flows of soil, water, energy, and residual materials 
at the site level. Accordingly, circularity in remediation is primarily 
associated with the reduction of primary resource extraction and waste 
generation, on-site and off-site reuse of excavated materials, and the 
minimization of disposal, rather than with product life extension or 
closed-loop manufacturing processes. Indicators related to material re
sources (i.e., UNI 1, UNI 4, UNI 31, and indicators from ISO category 
“Resource inflow”) assume a central role in remediation, as they capture 
circular strategies for the potential reuse of excavated soils (Nwaogu 
et al., 2025). This includes uncontaminated soil removed to access 
deeper contamination layers, which, depending on the applied tech
nique (e.g. excavation and off-site disposal or on-site treatment, thermal 
desorption, or the installation of capping or containment barriers) may 
be identified as a by-product and subsequently reused, for instance 
through on-site backfilling. Soil washing has been proven to allow for 
on-site reuse of excavated and cleaned soil and for the recovery and 
recycling of valuable metals (such as lead, copper, and zinc) (Gusiatin 

Table 3 
Relevance percentages of each indicator category of the UNI/TS 11820:2022 
standard.

Indicator category Relevance percentage 
for the ex-ante phase

Relevance percentage 
for the ex-post phase

01. Indicators related to material 
resources and components

3/10 = 30% 3/10 = 30%

02. Indicators related to energy 
and water resources

3/5 = 60% 3/5 = 60%

03. Indicators related to waste 
and emissions

1/6 = 16.6% 1/6 = 16.6%

04. Indicators related to logistics 1/6 = 16.6% 1/6 = 16.6%
05. Indicators related to product/ 

service
3/28 = 10.7% 5/28 = 17.8%

06. Indicators related to human 
resources, assets, policies, and 
sustainability

0/16 = 0% 2/16 = 12.5%

Average relevance percentage 22.3% 25.6%

Table 4 
Assessment results for the circularity indicators of the ISO 59020:2024 standard. 
In bold, the indicators selected for both the ex-ante and ex-post phases. In italic, 
the indicators selected for the ex-post phase only. Further details on the in
dicators are available in the text of the standard.

Indicator 
category

Circularity 
indicator

Y 
ex- 
ante

N 
ex- 
ante

M 
ex- 
ante

Y 
ex- 
post

N 
ex- 
post

M 
ex- 
post

Resource 
inflow

Average percent 
reused content of 
an inflow (X)

8 0 2 9 0 1

Average percent 
recycled content 
of an inflow (X)

9 1 0 9 1 0

Resource 
outflow

Percent actual 
reused content 
derived from 
outflow (X)

1 3 7 8 1 2

Actual % recycling 
rate of outflow (X)

0 4 6 6 1 3

Energy Average percent 
of energy 
consumed that is 
renewable 
energy

9 0 1 10 0 0

Water Percent water 
withdrawal from 
circular sources

2 0 8 9 0 1

Percent water 
discharged in 
accordance with 
quality 
requirements

2 3 5 8 2 0

Ratio (onsite or 
internal) water 
reuse or 
recirculation

3 2 5 9 0 1

ADDITIONAL CIRCULARITY INDICATORS (FROM ANNEX B)
Additional 

energy 
indicators

Percent energy 
recovered from 
residual, non- 
renewable and 
non-recoverable 
resource outflow

9 1 0 9 1 0

Table 5 
Relevance percentages of each indicator category of the ISO 59020:2024 
standard.

Indicator category Relevance percentage for 
the ex-ante phase

Relevance percentage for 
the ex-post phase

Resource inflow 2/3 = 66.7% 2/3 = 66.7%
Resource outflow 0/4 = 0% 2/4 = 50%
Energy 1/1 = 100% 1/1 = 100%
Water 0/3 = 0% 3/3 = 100%
Economic 0/3 = 0% 0/3 = 0%
Additional energy 

indicators
1/2 = 50% 1/2 = 50%

Additional water 
indicators

0/1 = 0% 0/1 = 0%

Additional economic 
indicators

0/1 = 0% 0/1 = 0%

Average relevance 
percentage

27.8% 45.8%
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et al., 2020). In situ stabilisation may show strong circularity perfor
mance with the incorporation of waste-derived amendments, such as 
biochar or bone char derived from agricultural or agro-industrial resi
dues, which has been investigated for the remediation of 
heavy-metal-contaminated soils (Chen et al., 2022; Mei et al., 2022) or 
fluorine-contaminated water (Quan et al., 2022). Permeable reactive 
barriers can be constructed from secondary or renewable materials 
(Bardos et al., 2026), thereby limiting dependence on virgin raw ma
terials. Water-related indicators (i.e., UNI 15 and ISO category “Water”) 
capture circular practices linked to the management of water flows 
during remediation activities, such as the reuse of treated groundwater 
(Lenker et al., 2014) or process water within remediation systems, the 
reduction of freshwater withdrawals, and the control of water losses 
during treatment operations. In remediation contexts, water is both a 
treatment medium and a potentially contaminated matrix, making its 
recirculation and controlled reuse a key aspect of circular performance. 
Energy-related indicators reflect the significant energy demand of 
remediation technologies, including excavation, pumping, treatment, 
and material handling operations. The retained indicators (i.e., UNI 11, 
UNI 12, and ISO category “Energy”) primarily address the sustainable 
energy supply, a critical aspect for reducing the environmental footprint 
of remediation interventions, particularly in energy-intensive technol
ogies. These indicators can address energy supply from sustainable 
sources for low-input technologies such as photovoltaic-powered sys
tems for low current electro-remediation (Hassan et al., 2015; Souza 
et al., 2016). Indicators related to waste generation and management (i. 
e., UNI 16, UNI 22) address the residue flows produced during reme
diation activities, mostly being excavated materials identified as waste. 
Circular strategies in this domain focus on minimizing the quantity of 
waste requiring final disposal, promoting recovery or reuse pathways, or 
even the possibility to label excavated materials as non-waste wherever 
technically and legally feasible. A representative example of a technol
ogy allowing for soil reuse is provided by biopile treatment, which en
ables the valorisation of soil that would otherwise be managed as waste 
(McWatters et al., 2016). The indicators addressing economic aspects (i. 
e., UNI 31, UNI 34, UNI 41, UNI 46, UNI 64, and UNI 65) reflect strategic 
and operational choices that can influence the circular performance of 
remediation activities, such as the selection of suppliers, technologies, 
and services aligned with circular principles, or investments aimed at 
improving material recovery and reuse pathways. While these indicators 
can generally be more informative in the ex-post assessment phase – 
where financial and procurement data are available and consolidated – 
they also provide insight into the organisational capacity to support 
circular remediation practices over time.

To date, literature provides no evidence of the direct evaluation of 
circularity in environmental remediation using standardised indicators. 
When circularity is considered, it is typically addressed as a secondary 
aspect within sustainability assessment (Diwan et al., 2024). Studies 
focus primarily on how the application of specific remediation tech
niques or materials may enable recovery, recycling, and reuse of treated 
matrices or derived by-products (Thamarai et al., 2025). As a result, 
circularity is most often framed as a contextual or supporting perspec
tive, rather than as a foundation for operational decision-making 
(Nalladiyil and Babu, 2024; Dervash et al., 2024). While a number of 
studies highlight the potential circular benefits of individual technolo
gies or practices (Povedano-Priego et al., 2025), there is no systematic 
approach to evaluate whether and how standard circularity indicators 
can quantify the degree to which remediation interventions implement 
CE principles. This represents a knowledge gap that the present study 
addresses: by critically assessing standardised indicators in the context 
of actual remediation activities, this work aims to determine if there are 
meaningful, context-appropriate, and operationally useful indicators to 
support decision-making and performance monitoring in remediation 
activities. The work moves beyond conceptual frameworks, providing a 
quantitative and comparative perspective on the applicability of circu
larity assessment in real remediation scenarios. In order to illustrate the 

operational applicability of the selected indicators, a hypothetical 
remediation scenario was developed. A hydrocarbon-contaminated site 
was assumed to be remediated using one of the following three alter
native remediation technologies: excavation and off-site disposal (dig & 
dump), capping, and biopile treatment. Tables 6 and 7 present examples 
of how the retained UNI circularity indicators can be operationalised, 
respectively, in an ex-ante (i.e. during the technology screening and 
decision-making phase) and an ex-post (i.e., during the monitoring of an 
ongoing remediation project) context. Tables 8 and 9 present the same 
examples for the retained ISO circularity indicators. Table 6, Table 7, 
Tables 8, and Table 9 identify the main circularity elements that would 
be valorised for each technology, including material reuse, waste gen
eration and recovery pathways, energy and resource use, and 
procurement-related aspects. However, the effective valorisation of the 
identified circularity elements depends on data availability and quality. 
In the ex-ante phase, this is primarily constrained by the availability of 
sufficiently detailed site-specific documentation from which the 
required information can be derived. In the ex-post phase, it depends on 
the efficiency and consistency of the data collection process imple
mented during the monitoring of the ongoing remediation intervention.

The present study evaluates standardised circularity indicators in 
terms of their operational relevance, contextual appropriateness, and 
practical applicability within environmental remediation. This analysis 
clarifies which indicators can potentially support circularity assessment 
and decision-making, with circularity understood as a component that 
reinforces broader sustainability objectives in environmental remedia
tion. The assessment of the UNI/TS 11820:2022 and ISO 59020:2024 
indicators highlight a series of common challenges in applying general 
circularity assessment frameworks to the specific context of environ
mental remediation. In both cases, a substantial number of indicators 
were excluded due to issues of operational relevance, contextual 
appropriateness, or limited data availability.

For the UNI/TS 11820:2022 standard, the most represented category 
in both assessment phases was “02. Indicators related to energy and 
water resources”, while the least represented was “06. Indicators related 
to human resources, assets, policies, and sustainability”. The average 
relevance percentage was 22.3% for the ex-ante phase and 25.6% for the 
ex-post phase, reflecting a modest retention aligned with the original 
focus of the standard on sustainability reporting.

For the ISO 59020:2024 standard, the most represented indicators 
category was “Energy” (despite having only one indicator), while the 
least represented categories were “Economic”, “Additional water in
dicators”, and “Additional economic indicators”. Here, the average 
relevance percentage was 27.8% for the ex-ante phase and 45.8% for the 
ex-post phase, confirming a greater alignment with post-intervention 
monitoring and non-financial reporting rather than early-stage 
planning.

Inter-expert agreement was assessed using Krippendorff's alpha.3 For 
the UNI group, alpha values were 0.25 for the ex-ante assessment and 
0.28 for the ex-post assessment, indicating weak concordance among 
experts. For the ISO group, alpha values were 0.38 for the ex-ante 
assessment and 0.38 for the ex-post assessment, reflecting weak-to- 
moderate concordance. These results suggest that, despite the selec
tion of relevant indicators, substantial differences in expert judgements 
exist, highlighting potential ambiguities in the interpretation of in
dicators requirements. This underscores the need to test the selected 
indicators in a real case study, in order to modify the set or adapt the 
indicators to the remediation context, thereby developing a framework 
specifically tailored to environmental remediation.

The modest proportion of retained indicators point to a significant 
gap between the full sets and the specific information and practical 
needs of the remediation domain. This observation underlines a shared 

3 The complete R code used for the Krippendorff's alpha analysis is provided 
in the supplementary material.
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structural limitation: many indicators in both standards are designed 
with broader industrial or organisational contexts in mind and therefore 
struggle to address specific operational and site-level related aspects of 
remediation activities. For example, indicators related to product output 
or industrial symbiosis appear poorly transferable as remediation pro
jects typically lack ongoing production processes and rarely operate 
within interconnected production networks. Similarly, indicators 
focused on organisational strategies or broad economic aspects offer 
limited value in site-specific assessments. At the same time, the greater 
representation of resource-related indicators (such as those covering 
material resources, energy and water use) across both standards con
firms that resource efficiency remains a core, transversal component of 
circularity within remediation contexts. These indicators were also 
considered among the most informative and actionable for evaluating 
how specific technologies contribute to circular and sustainable out
comes. Notably, the set of selected indicators focuses predominantly on 
environmental and economic sustainability dimensions, with little to no 
coverage of social aspects. Economic indicators tend to be more 
commonly included in the ex-post phase assessment, while being un
derrepresented in the ex-ante phase assessment. This asymmetry reflects 
the WG members’ assessment that there is a lack of reliable and specific 
data sources with data suitable for supporting the evaluation of eco
nomic indicators in the ex-ante phase. Importantly, the lower ex-ante 
relevance observed in both standards signals a gap in the ability to 
support strategic and comparative evaluations in the planning phase, 
where sustainability considerations should ideally be embedded. This 
suggests that, while both standards offer a useful reference framework, 
their effective application to the remediation sector requires critical 
selection, sector-specific adaptation, or even the development of 
tailored indicators to ensure operational value and compliance with 

Table 6 
Possible characteristic elements of three remediation technologies (dig & dump, 
capping, and biopiles) that can be assessed using UNI circularity indicators in ex- 
ante phase.

UNI 
INDICATORS

Technology- and site-specific elements for circularity indicators 
valorisation

DIG & DUMP CAPPING BIOPILES

1. Self- 
produced 
secondary 
material 
resources/ 
total material 
resources

Quantity of 
excavated soil that 
can be reused on 
site for backfilling 
after treatment. 
This indicator 
measures the ratio 
between the 
quantity of backfill 
generated on site 
and the quantity of 
clean soil and 
other material 
resources sourced 
externally.

This technology 
does not generate 
secondary material 
resources, since 
the contaminated 
soil remains 
sealed.

Quantity of 
excavated and 
biologically 
treated soil that 
can be reused on 
site for backfilling. 
This indicator 
measures the 
quantity of backfill 
generated on site 
and the quantity of 
material resources 
sourced externally.

2. Raw 
materials 
and 
secondary 
material 
resources 
from local 
suppliers/ 
total 
purchased 
materials

Quantity of materials for stabilisation and containment, 
geosynthetics, drainage materials, and surface restoration 
materials that can be locally sourced.

4. By-products 
or secondary 
material 
resources/ 
total material 
input

Quantity of 
uncontaminated 
soil excavated to 
access the 
contaminated soil 
layer.

Quantity of 
uncontaminated 
soil generated 
during excavation 
and grading 
activities required 
for the installation 
of the capping 
system.

Quantity of 
uncontaminated 
soil excavated 
during the 
preparation of 
biopile treatment.

11. Self- 
produced 
renewable 
electrical 
energy/total 
electrical 
energy

The valorisation of this indicator is operational-dependent rather 
than technology-dependent, as it is not directly related to the 
intrinsic characteristics of the remediation technologies, except 
for differences in their energy demand. Instead, it reflects site- 
specific choices regarding energy supply during remediation 
works. For example, part of the electricity required for on-site 
operations can be provided by renewable energy systems installed 
directly at the site, such as photovoltaic panels.

12. Self- 
generated 
renewable 
thermal 
energy/total 
thermal 
energy

The valorisation of this indicator is operational-dependent rather 
than technology-dependent, since it is not directly related to the 
intrinsic characteristics of the remediation technologies, except 
for differences in their energy demand. Instead, it reflects site- 
specific choices regarding energy supply during remediation 
works. For example, part of the heat required on-site can be 
provided by solar thermal systems or heat pumps installed directly 
at the site.

15. Water from 
recovery or 
recycling/ 
total water 
demand

Quantity of process water for site operations and dust suppression 
that is collected, treated and reused or safely discharged.

16. Waste sent 
to landfill/ 
total waste 
produced

Quantity of 
contaminated soil 
that is excavated 
and sent to landfill; 
quantity of fine 
contaminated 
fractions.

Quantity of 
vegetation 
residues; quantity 
of geosynthetic 
offcuts.

Quantity of non- 
treatable 
contaminated 
fractions (if 
present); quantity 
of residual 
contaminated 
technical 
materials.

22. Waste 
treated at 
local 
recovery 

Quantity of 
contaminated soil 
sent to a local soil 
treatment plant; 
quantity of inert 

Quantity of 
vegetation 
residues sent to a 
local composting 
or green waste 

Quantity of 
organic residues 
that are not reused 
on site and are sent 
to a local  

Table 6 (continued )

UNI 
INDICATORS 

Technology- and site-specific elements for circularity indicators 
valorisation

DIG & DUMP CAPPING BIOPILES

plants/total 
treated waste

waste sent to a 
local recovery 
plant. The 
valorisation of this 
indicator depends 
on local 
availability of 
recovery or 
treatment plants.

treatment plant; 
quantity of 
residual technical 
materials sent to a 
local plastic waste 
recycling plant.

composting plant; 
quantity of 
residual technical 
materials sent to a 
local recycling 
plant.

30. Supplies 
from 
certified 
sustainable 
or circular 
suppliers/ 
total supplies 
value

Economic value of 
mineral materials 
(natural or 
recycled 
aggregates) 
supplied by 
suppliers certified 
according to ISO 
14001 or provided 
with an 
Environmental 
Product 
Declaration (EPD).

Economic value of 
geosynthetic 
materials supplied 
by suppliers 
certified according 
to ISO 14001 or 
provided with a 
Product 
Environmental 
Footprint (PEF).

Economic value of 
soil conditioners 
and organic 
materials (e.g., 
compost, organic 
soil conditioners, 
bulking agents) 
supplied from 
suppliers certified 
according to ISO 
14001 certification 
or provided with 
an EPD.

31. By- 
products 
generated/ 
total 
production 
residues

Quantity of uncontaminated soil removed during site preparation 
activities; quantity of topsoil removed before excavation; quantity 
of coarse uncontaminated mineral fractions separated from 
contaminated soil.

34. Procured 
circular 
business 
model 
products or 
services/ 
total 
procurement

Quantity or economic value of rented equipment (instead of 
purchased equipment); quantity or economic value of secondary 
aggregates supplied by recovery plants.
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legal and environmental constraints. Ultimately, the comparative 
assessment carried out in this study helps to clarify not only which in
dicators are more robust and meaningful, but also where circularity 
metrics need refinement to become fully operational within the envi
ronmental remediation domain.

4. Conclusions

This paper presents an expert-based methodology for selecting 
circularity indicators applicable to contaminated site remediation, in 
both ex-ante (screening and prioritisation) and ex-post (monitoring and 
reporting) phases. A total of 24 suitable circularity indicators were 
identified from ISO 59020:2024 and UNI/TS 11820:2022 standards: 15 
from UNI/TS 11820:2022 (11 for both phases and 4 only for the ex-post 
phase) and 9 from ISO 59020:2024 (4 for both phases and 5 only for the 

ex-post phase). All indicators for the ex-ante assessment phase are also 
valid ex-post, while additional indicators apply only once remediation 
activities have started.

The selected indicators focus on the environment and economic 
domains, aligning with the identified priority thematic areas of re
sources, energy, water and waste, with the “resources” theme being the 
most articulated. The proposed approach highlights the opportunity to 
systematically measure circularity contributions to sustainability, with 
the aim of enabling more informed technology choices during the ex- 
ante phase and a reliable monitoring framework during the ex-post 
phase. The prospective application to real case studies aims to evaluate 
the extent to which circular economy principles are integrated into 
remediation technologies, thereby guiding decision-making from a 
circularity perspective in support of sustainability. From an operational 
standpoint, this approach can enable the assessment of circular man
agement of material and water resources, the recovery and reuse of 
excavated materials, the minimization of waste generation, and the 
economic aspects associated with implementing circular practices.

Future work will test the indicators through a real case study 
application, allowing evaluation of their operational feasibility and the 
extent to which available data can support their calculation and use in 
practice, drawing information documented in remediation project plans, 

Table 7 
Possible characteristic elements of three remediation technologies (dig & dump, 
capping, and biopiles) that can be assessed using UNI circularity indicators in ex- 
post phase.

UNI INDICATORS Technology- and site-specific elements for circularity 
indicators valorisation

DIG & DUMP CAPPING BIOPILE

41. Value of 
products and 
services 
(excluding raw 
materials) 
procured from 
local suppliers / 
total value of 
products and 
services 
(excluding raw 
materials)

Economic value of local environmental monitoring services; 
economic value of local project supervision and site 
management services; value of machinery rental.

46. R&D 
investments 
related to 
circular 
economy 
principles / total 
R&D 
investments

Economic value 
of investments for 
studies aimed at 
reducing the 
amount of 
excavated soil 
classified as waste 
and increasing 
reuse or recovery 
pathways.

Economic value 
of investments for 
design 
optimization and 
development of 
containment 
solutions based 
on recycled or 
low-impact 
materials.

Economic value 
of investments for 
the development 
of biological 
treatment 
strategies based 
on waste-derived 
amendments and 
maximization of 
soil reuse.

64. Goods and 
infrastructure (e. 
g. computers, 
vehicles, 
furniture, 
buildings, land) 
purchased by the 
organisation 
based on the 
lowest life-cycle 
cost criterion / 
total purchased 
goods and 
infrastructure

Economic value 
of purchased 
operational 
equipment, 
vehicles, and 
reusable 
containers 
selected based on 
life-cycle cost 
criteria.

Economic value 
of purchased 
monitoring 
systems and 
technical 
equipment 
selected based on 
life-cycle cost 
criteria.

Economic value 
of purchased 
aeration, 
irrigation, and 
monitoring 
systems selected 
based on life- 
cycle cost criteria.

65. Goods and 
infrastructures 
with circular 
end-of-life 
management 
solutions / 
organisation's 
total goods and 
infrastructures

Economic value 
of reusable 
containers, 
monitoring 
equipment, and 
temporary site 
infrastructures 
designed for 
repeated use in 
other 
remediation 
projects.

Economic value 
of monitoring 
systems and 
temporary 
technical 
infrastructures 
designed for 
reuse.

Economic value 
of aeration 
systems and 
irrigation 
systems, 
monitoring 
equipment, and 
temporary 
infrastructures 
designed for 
dismantling and 
reuse in other 
remediation 
projects.

Table 8 
Possible characteristic elements of three remediation technologies (dig & dump, 
capping, and biopiles) that can be assessed using ISO circularity indicators in ex- 
ante phase.

ISO 
INDICATORS

Technology- and site-specific elements for circularity indicators 
valorisation

DIG & DUMP CAPPING BIOPILES

Average 
percent 
reused 
content of an 
inflow

Quantity of 
excavated soil that 
can be reused for 
on site backfilling 
after treatment; 
quantity of 
uncontaminated 
soil excavated to 
access the 
contaminated soil 
layer that can be 
reused on site; 
quantity of coarse 
uncontaminated 
mineral fractions 
separated from 
contaminated soil 
that can be reused 
on site.

Quantity of 
uncontaminated 
soil generated 
during excavation 
and grading 
activities required 
for the installation 
of the capping 
system that can be 
reused on site.

Quantity of 
excavated and 
biologically 
treated soil that 
can be reused for 
on site backfilling; 
quantity of 
uncontaminated 
soil excavated 
during the 
preparation of 
biopile treatment 
that can be reused 
on site.

Average 
percent 
recycled 
content of an 
inflow

Quantity of recycled aggregates and 
recycled granular materials for site 
restoration after excavation.

Quantity of 
compost and 
recycled organic 
materials used as 
amendments.

Average 
percent of 
energy 
consumed 
that is 
renewable 
energy

The valorisation of this indicator is operational-dependent rather 
than technology-dependent, as it is not directly related to the 
intrinsic characteristics of the remediation technologies, except 
for differences in their energy demand. Instead, it reflects site- 
specific choices regarding energy supply during remediation 
works.Quantity of energy required for site operations provided by 
renewable energy systems installed directly at the site, such as 
photovoltaic panels.

Percent energy 
recovered 
from 
residual, 
non- 
renewable 
and non- 
recoverable 
resource 
outflow

Quantity of residual contaminated or uncontaminated fractions, 
technical materials, and non-recoverable waste that are sent to 
energy recovery treatment.

A. Sellitri et al.                                                                                                                                                                                                                                  Cleaner Environmental Systems 21 (2026) 100431 

10 



site investigation reports, feasibility studies, progress and monitoring 
reports, waste management sheets, and procurement records. Since the 
selected indicators cover environmental and economic dimensions, 
future research could explore the integration of social aspects. One 
possible approach could be to consider the reduction of negative ex
ternalities associated with remediation technologies that enable on-site 
reuse of excavated materials, thereby lowering emission from transport 
and reducing reliance on landfills, which would capture a social relevant 
dimension of circularity performance.
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