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Abstract

This paper provides a comprehensive analysis of the development, implementation, and
evolution of the circular economy indicator (CEI) in the context of hydroelectric turbine re-
furbishment over the past five decades. By systematically examining publications indexed
in the Web of Science database between 1975 and 2025, the study traces the conceptual
origins of the CEI, highlights methodological advances, and analyzes practical applications.
The analysis focuses on key aspects such as material circularity, energy efficiency, including
the share of renewable sources, and the extension of operational lifetime achieved through
refurbishment. The paper also identifies persistent methodological gaps, in particular
regarding the integration of social and governance dimensions, as well as the lack of
standardization across projects, proposing strategies to increase the reliability and appli-
cability of the indicator. The results provide guidance for integrating circular economy
principles into hydroelectric refurbishment processes, outline good practices, and set prior-
ities for future research oriented towards more holistic and multidimensional assessments
of circularity.

Keywords: circular economy; integrated indicator; CEI; hydropower; turbine refurbishment;
sustainability; renewable energy

1. Introduction
Hydroelectric turbine refurbishment is a crucial component in the drive towards

sustainability, as it combines the technical need to increase the efficiency and durability
of installations with the imperatives of the circular economy (CE), such as reducing the
consumption of virgin materials, using renewable energy, and extending operational
life cycles. Hydropower is generally classified as a renewable energy source due to its
reliance on naturally replenished water flows; however, debates persist regarding its
sustainability, particularly in relation to ecological impacts, material consumption, and
infrastructure longevity [1–3]. Hydroelectric turbine refurbishment involves the deep
transformation of their components in order to restore technical performance, extend
operating life, and improve reliability under variable operating conditions, which raises
numerous technical and material challenges. Turbines, especially the components exposed
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to the water flow (vanes, runners, nozzles, injectors), undergo constant degradation, such
as erosion caused by sediments, chemical corrosion, suspended solids, cavitation, repeated
mechanical stresses, and load and flow variations [4–6]. Integrating the CE perspective
into hydroelectric turbine refurbishment highlights the importance of minimizing virgin
material use, extending operational life, and optimizing energy efficiency, thus aligning
technical interventions with broader sustainability goals [7,8].

Refurbishment interventions must begin with a clear diagnosis of the component’s
condition, which involves visual inspection, non-destructive testing, hydraulic perfor-
mance analyses, and numerical simulations. An example in this regard is given by the
study conducted by Quaranta and Hunt [9] which discusses modernization strategies
that include optimizing existing systems, adapting the runner or blades according to the
current geometry of the exhaust pipes, replacing or strengthening worn components, and
integrating modern control technologies [4,9–12].

The choice of materials also plays a central role. Studies in this direction have shown
that stainless steels are frequently used due to their corrosion resistance, but their advanced
degradation requires special coatings, surface treatments, or composite materials with
superior properties [13–16]. In this regard, the study by Kashyzadeh et al. [17] brings
valuable insights into how nanocoating can extend service intervals, reduce repair costs,
and improve resistance to corrosion, wear, and erosion. The use of innovative materials
has become a notable trend, as composites, advanced polymers, and superhydrophobic
materials can reduce component weight, hydraulic head losses, and friction, thereby
improving operational efficiency. For example, a recent study suggests that equivalent
steel components can be replaced with composites that reduce weight by 50–80%, resulting
in hydraulic losses of between 4 and 20%, depending on the type of material and fluids.
However, initial costs, material availability, and compatibility with legacy infrastructure
are often significant obstacles [18].

Refurbishment processes also include surface treatments, which can be applied after
thermal spraying, through cermet coating techniques, nanolayers, or other methods de-
signed to combat corrosion, erosion, and cumulative effects such as cavitation. In addition,
delicate geometric adaptations are also an integral part of the reconditioning process; any
modification to the vane profile, runner, nozzles, or exhaust components must be made
to match the existing structural and hydraulic conditions. Modifications that ignore these
restrictions can generate turbulence, increased viscosity, pressure losses, or additional
stresses that can cause cracks, vibrations, or accelerated wear [19–21].

In addition to these aspects, economic taxation, material supply logistics, spare parts
availability, downtime costs, and qualified maintenance personnel are factors that seriously
influence refurbishment decisions. The choice between local repairs and complete replace-
ment depends on the ratio of initial costs to long-term benefits, as well as the availability
of advanced technology and materials in the region. Turbine refurbishment is not just a
technical intervention, but involves holistic optimizations, such as mechanical engineering,
materials engineering, hydraulics, digital control, economic evaluation, and sustainable
operation [22–24].

In other words, the refurbishment of hydroelectric turbines aims to recover or improve
performance through multiple interventions, to reduce losses and degradations associated
with exploitation, and to manage materials and wear in a technically sound and sustainable
manner. Success depends on the initial diagnosis, the materials used, the techniques applied,
the compatibility with the infrastructure, and the availability of technological resources.

In this context, circular economy indicators appear as an integrative method that
can quantify the evolution of the circularity of a complex system such as refurbishment.
These indicators are essential analytical tools for assessing the performance of industrial



Energies 2025, 18, 5922 3 of 20

processes from the perspective of efficient use of resources and reduction in environmental
impact. In the context of hydroelectric turbine refurbishment, they provide a compre-
hensive framework through which the benefits of rehabilitation can be quantified and
compared to complete replacement of equipment. Unlike traditional indicators, focused
exclusively on energy efficiency or costs, circular economy indicators capture multiple
dimensions of sustainability, reflecting both material and energy aspects, as well as social
and governance impacts.

Circular economy indicators focuses on the material dimension of refurbishment,
which refers to the proportion of materials reused, reconditioned, or from secondary sources
in the rehabilitation process, as well as the reduction in the amount of waste generated.
Thus, the indicators can quantify the ratio between the total mass of repaired components
and that of new components, revealing the degree to which rehabilitation contributes to the
conservation of primary resources. Complementarily, the energy dimension focuses on the
assessment of the energy consumption associated with the repair, processing, and transport
processes compared to the energy required to manufacture and install a new turbine. The
relevance of this level is amplified by the integration of renewable sources, which allows
the estimation of the climate benefits of refurbishment [25–28].

Another important dimension is the extended life of the equipment. Circular economy
indicators can highlight the number of years added to the operating cycle of a turbine
through rehabilitation and, implicitly, the resulting resource and energy savings. This
approach allows for the justification of refurbishment investments in terms of long-term
benefits and not just immediate costs [29–31].

In the context of urgent transformations in production and consumption patterns, the cir-
cular economy has emerged as a key paradigm for achieving sustainable development [32].
Among the emerging approaches, the circular economy indicator (Figure 1) is gaining
relevance and is being used to measure the evolution of circularity in a holistic man-
ner. A critical, but insufficiently explored, aspect is the application of these indicators in
complex processes, such as the refurbishment of hydroelectric turbines, where specific
challenges arise related to material sustainability, energy consumption, and the extension
of operational life cycles.

Figure 1. Role of the CEI in the circular economy; CEI—circular economy indicator.

In the literature, the term CEI is used to describe metrics assessing circularity perfor-
mance, often referred to as the circular economy index in some studies. In this study, we
adopt the term CEI while circular economy indicators such as MCI (material circularity
indicators), LCA (life cycle assessment), or MFA (material flow analysis) are discussed
for comparison. While previous reviews have classified the CEI and discussed its general
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applications, this study specifically addresses the hydropower sector, focusing on turbine
refurbishment processes. Unlike prior syntheses, it evaluates the relevance of indicators
not only for material and energy efficiency but also for life extension and integration into
decision-making frameworks. A brief comparison of scope and sector focus is provided in
Table 1, highlighting both methodological differences and identified gaps. This allows for a
clear identification of the specific contribution of this analysis to the field of hydropower
plant renovation.

Table 1. Methodological differences identified by current study.

Aspect Main Findings in the Literature Novelty of This Study

Domain general, multi-sector hydropower sector, focusing on turbine
refurbishment

Indicators classifies general indicators (material,
energy, lifetime)

proposes a framework adapted for
refurbishment, relevant for strategic
decision-making

Data various sources, often inconsistent critical analysis of data relevant to the
hydropower sector

Objectives general understanding of circularity integration of CEI into modernization decisions
and assessment of turbine life-cycle impacts

Gaps social, governance, system boundaries
practical application in refurbishment,
highlighting policy and industry specific
recommendations

The need for such a study derives from the fact that the hydropower sector, although
based on a renewable source, involves technical processes with considerable impact on
material resources and critical infrastructure. Turbine refurbishment is an essential step for
increasing efficiency, reducing the ecological footprint, and extending the lifespan of instal-
lations, but its assessment from the perspective of the circular economy is still fragmentary.
Therefore, the CEI can provide an integrative framework for quantifying the consumption
of virgin materials, the renewable energy used, and the benefits generated by extending the
life cycle, thus creating premises for a more robust sustainability assessment. However, the
literature indicates the existence of significant methodological gaps, especially regarding
the inclusion of social and governance dimensions [33–35]. In addition, the evolution of
the CEI over the last five decades raises a number of fundamental scientific questions, such
as: How has the CEI methodology changed since its introduction? To what extent does this
indicator truly reflect the principles of the circular economy in the hydropower context?
What are the advantages and limitations of its use in turbine refurbishment?

The main aim of this study is to examine hydroelectric turbine refurbishment through
the lens of the circular economy, by assessing the applicability and methodological evo-
lution of the circular economy indicator in this context. Specifically, the review traces
the conceptual development of the CEI, evaluates its implementation in hydropower re-
furbishment, identifies methodological limitations, and formulates recommendations for
enhancing its robustness and policy relevance.

The roadmap of this paper is structured as follows: Section 2 presents the method-
ology and search strategy; Section 3 summarizes the main findings on CEI appli-
cations in hydropower refurbishment; Section 4 discusses implications for decision-
making and sustainable modernization; Section 5 concludes with practical and policy-
oriented recommendations.
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2. Methodology of Research
To ensure a systematic and comprehensive review of the literature, the Web of Science

(WoS) database was selected as the main source due to its extensive journal coverage and
multidisciplinary relevance. The search strategy was independently designed, and its
reporting followed the PRISMA 2020 guidelines; it was designed to capture publications
related to the development and application of the circular economy indicator in the context
of hydropower turbine refurbishment processes. Database queries were formulated by
combining key terms and controlled vocabulary terms to maximize the accuracy of the re-
sults. The search strategy was refined to ensure methodological accuracy. The final Boolean
query was formulated as (“Circular Economy Indicator” OR “CEI”) AND (hydropower OR
“turbine refurbishment”), applied to the Topic (TS—circular economy indicator) field in
the Web of Science Core Collection, and restricted to article and review document types.
The search was conducted on 12 September 2025, and the full set of records was exported
as a file. These queries yielded a total of 195 articles. Because database hit counts are
non-stationary and may vary with indexing updates, deduplication, or query refinements,
the reported figure of 195 initial records corresponds to this date-specific snapshot. Future
searches may yield different counts. The selection of studies was carried out independently
by two evaluators, and the degree of concordance was verified by Cohen’s kappa coeffi-
cient, to ensure the transparency and reproducibility of the screening process regarding the
energy transition and circular economy indicators.

Subsequently, these publications were selected for keyword analysis to evaluate terms
related to the circular economy; the documents were integrated into the VOSviewer soft-
ware (version 1.6.20), setting a minimum threshold of two occurrences. Thus 84 keywords
met these criteria (Figure 2). In the keyword analysis, a minimum occurrence threshold of
two terms was established to eliminate informational noise associated with rare terms and
to highlight recurring concepts with high thematic relevance in the literature on energy
transition and circular economy indicators.

Figure 2. Selection and co-occurrence analysis of terms related to the circular economy in
VOSviewer software.
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The methodology adopted in this study is summarized in Figure 3, which illustrates
the main stages of the research process, from literature review to analysis of the CEI in
hydroelectric turbine refurbishment. An adapted PRISMA 2020 flow diagram was used to
structure and visualize the literature selection process. The adaptation was necessary to
align the PRISMA framework with the specific scope of hydropower refurbishment and
the size of the final corpus.

Figure 3. Methodology of research.

The time interval was an extended one and it included publications published between
January 1975 and September 2025, in order to track both the conceptual origins of the indi-
cator and recent methodological developments and applications. An additional filter in this
context was the language of publication (English), which brought a total of 187 publications.
The time interval selected was deliberately extended to capture both the conceptual origins
of circular economy approaches and the more recent emergence of circularity indicators
and CEI frameworks after 2010. To ensure that early publications did not dilute the signal
of more relevant recent literature, a sensitivity analysis was conducted focusing on the
2010–2025 interval. This additional analysis confirmed that the vast majority of CEI-related
developments occurred after 2010, reinforcing the relevance of the recent time window.

Inclusion criteria in the analysis involved studies and reviews relevant to the circular
economy, circularity indicators, and hydropower, respectively, and publications that directly
or indirectly discuss CEI or other circular economy indicators in the context of renewable
energy and refurbishment processes, as well as open access (OA) documents. The latter
was not an inclusion criterion. However, OA publications were frequently retrieved due
to their higher visibility and accessibility. This characteristic did not affect the inclusion
process, which was strictly based on thematic and methodological relevance.

Exclusion criteria called for articles that were not directly related to the circular econ-
omy or the hydropower sector, respectively, and publications that only deal with technical
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aspects of turbine design or maintenance, unrelated to circularity indicators. By applying
these criteria, the final selection included a number of 38 articles, and through their analysis,
the aim was to obtain a relevant and robust corpus of literature, allowing for the critical
evaluation of the CEI and its role in the refurbishment processes of hydroelectric turbines
(Figure 3).

After applying the queries to the Web of Science database, all results were exported
and centralized for processing. The selection process was carried out in three successive
stages. In the first stage, a title and abstract screening was performed, and all identified
publications were initially evaluated based on their title and abstract to determine relevance
to the study objectives. Articles that did not refer to the circular economy, CEI, or hydro-
electric refurbishment processes were eliminated. The second stage consisted of full-text
evaluation, and the publications remaining after the first screening were read in full to
confirm methodological and conceptual relevance, and information related to the evolution
of CEI, scope, methodology used, and reported results was extracted. The third stage
included data extraction and synthesis, and thus relevant data were analyzed to identify
patterns of CEI evolution, methodological gaps, and opportunities for improvement.

This systematic approach ensures transparency and replicability, providing a solid
basis for critical evaluation of the CEI and for formulating recommendations on integrating
circularity into hydroelectric turbine refurbishment processes.

3. Results
3.1. The Evolution and Development of CEI

The concept of a circular economy emerged as a response to the limitations of the
traditional linear economic model (extract–produce–consume–dispose), which leads to
the depletion of natural resources and increasing pressure on the environment. The first
ideas associated with circularity can be found in the 1960s and 1970s, with the emergence
of works that warned of the incompatibility between unlimited economic growth and the
planet’s finite resources [36–39].

The circular economy is a paradigm shift, a development model that aims to maintain
the value of materials, products, and resources in the economy for as long as possible,
while reducing waste generation and environmental impact. Unlike one-way recycling
approaches, the circular economy proposes a systemic approach, which includes designing
products for durability, repair and reuse, remanufacturing and refurbishment, as well as
the recovery and reintegration of materials into productive cycles [40–42].

Implementing the circular economy brings a series of major benefits. Among these,
we mention the ecological benefits from reducing the consumption of virgin resources,
decreasing CO2 emissions, protecting biodiversity; the economic benefits from increasing
resource efficiency, reducing production costs, stimulating innovation in product design and
supply chain management; and the social benefits from creating green jobs and stimulating
a resilient economy by diversifying sources of raw materials [43–47].

In recent years, the circular economy has become a central pillar of global sustainability
policies aimed at transforming production and consumption models through integrated
strategies, circularity standards, and progress indicators [43,48–50]. By implementing
circularity principles in complex industrial sectors, such as energy and infrastructure, sub-
stantial improvements can be achieved, such as extending the life of equipment, reducing
the carbon footprint, optimizing the use of materials, and reducing the costs associated
with replacements. These benefits justify the need for robust measurement tools, such as
the circular economy integrated indicators, that can allow for monitoring progress and
comparability across different processes and industries [51–55].
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The concept of the circular economy indicators emerged in response to the need
to measure the degree of circularity in an integrative way, going beyond fragmented
approaches based on unidimensional indicators. In the 1970s and 1980s, the first attempts to
quantify circularity focused on recycling, reuse, and waste reduction rates as key indicators
of the performance of material flows. These initiatives were part of broader debates on
waste and resource management, which were gaining increased interest in response to
the environmental challenges of the time [56]. For instance, in their study, Blomsma and
Brennan [56] found that various resource and waste management strategies under the
umbrella of the circular economy concept had taken on a new dimension and a new
framework. Although some concepts did not represent an element of novelty, being framed
within the set of methods, indicators, and methodologies of the circular economy, they drew
attention to their importance, implicitly supporting their application in order to extend the
life of resources.

Later, with the popularization of the circular economy as both a theoretical and
political paradigm, the scientific literature deepened the evaluation tools, developing
indicators capable of capturing the entire life cycle of products. Conceptually, processes
such as recycling, reuse, remanufacturing, but also energy sustainability and renewable
resources, were integrated, reflecting an orientation towards decoupling economic growth
from resource consumption [57].

The CEI (Figure 4) represents a synthesis of these developments recorded over time
during the evolution of the circular economy, offering a unified framework that correlates
the use of virgin materials, the consumption of renewable energy, and the extension of
the life span of products and equipment through refurbishment and remanufacturing
processes [58]. Recent literature highlights the fact that the number of circular economy
indicators has increased significantly, with over 60 indicators identified and grouped at
micro, meso and macro levels. In this context, the CEI can be valuable because it integrates
several dimensions of circularity into a single score, facilitating comparability between
studies and industries [33,49,59].

Another important aspect of the evolution of the CEI is the methodological refinement,
from simple percentage calculations to weighted indicators, integrated into methodologies
such as life cycle assessment (LCA) and material flow analysis (MFA), which allows the
assessment of the impact over the entire life span of the analyzed system [33,34,49,60–62].

However, the literature highlights that the CEI remains predominantly technical,
with limited coverage of social and governance dimensions, which reduces its ability
to fully reflect the principles of the circular economy. Also, the lack of international
standardization makes it difficult to compare results across regions and industrial sectors.
Thus, the evolution of the CEI can be seen as a process of methodological maturation, from
simple, material-focused indicators to complex analytical tools integrated into multi-criteria
assessments. This transition creates the premises for the use of the CEI in critical sectors
such as hydropower, where the potential for optimizing circularity is significant, and the
resulting data can guide both technical decisions and public policies [63–67].

3.2. Circular Economy Indicators in Hydropower Turbine Refurbishment Processes

The refurbishment of hydroelectric turbines offers a unique opportunity to integrate
circular economy principles into renewable energy infrastructure, optimizing resource use,
extending equipment lifetime, and reducing environmental impact. In this context, circular
economy indicators are essential tools for quantifying, monitoring, and guiding sustainable
decisions throughout the rehabilitation process.

A first important category is the material circularity indicators (MCI), which assess
the degree of circularity of the materials used, measuring the proportion of recycled or
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reused components and materials in relation to virgin materials. These indicators provide
information on the reduction in raw material extraction, waste reduction, and the associated
environmental impact. This category also uses the concept of circular material use, which
effectively quantifies the amount of materials reused in the refurbishment process. This
indicator allows the monitoring of the progress of implementing the principles of the
circular economy and provides a concrete measure of the materials that return to the
productive circuit [68–71].

Figure 4. Role of the circular economy indicator in the circular economy context.

Energy circularity indicators measure the total energy consumption during the rehabil-
itation activities and the share of renewable energy used, being essential for assessing the
contribution of the refurbishment to the energy sustainability objectives and for optimizing
the performance of the equipment [4,72,73].

Another category is represented by lifecycle assessment indicators, which evaluate
the extension of the service life of the turbines and their components following the refur-
bishment. These indicators provide information on the long-term resource savings and
the reduction in greenhouse gas emissions. They are complemented by environmental
impact indicators and measurements, which quantify the effects on the environment, and
economic performance indicators, which measure the economic benefits of the reuse and
remanufacturing of components [73–76].

Applicability of the CEI in Hydroelectric Turbine Refurbishment

The refurbishment process of hydroelectric turbines represents an essential step in
maintaining the functionality and efficiency of the facilities, ensuring the continuity of
renewable energy production and reducing the costs associated with the complete replace-
ment of equipment [4,23]. Although hydropower is considered a clean source, recondition-
ing operations involve significant consumption of materials and energy, and their impact
must be assessed from a sustainability perspective. In this context, the circular economy
indicator can provide an integrative analysis framework, capable of objectively quantifying
the degree of circularity associated with these processes [58,77,78] (Figure 5).
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Figure 5. The main functions and benefits of the circular economy indicator that can be brought to
the refurbishment of hydroelectric turbines.

By applying the CEI, both the quantities of virgin materials used and the proportion of
recycled or recovered materials can be assessed, thus providing a clear picture of resource
efficiency. The indicator also allows the monitoring of energy consumption, with a focus
on renewable energy used during operations, and highlights the benefits of extending
the turbine lifetime, which contributes to reducing the carbon footprint and reducing
pressure on natural resources. The use of integrated metrics, such as the CEI, facilitates the
comparability of refurbishment projects carried out in different regions or technological
contexts, contributing to the dissemination of good practices and to making decisions based
on solid data [78–80]. However, the application of the CEI in the hydropower sector is
not without challenges. Collecting the necessary data can be difficult, especially in the
case of older infrastructures where information on material composition or maintenance
history is not fully documented. In addition, the indicator, although complex, insufficiently
integrates social and governance dimensions, which limits its ability to fully reflect the
sustainability of processes. The lack of international standardization for the calculation of
the CEI can lead to methodological differences between studies, reducing the comparability
of results and their relevance for policy formulation.

Despite these limitations, there is interest in using a circular economy indicator in
hydroelectric power plant modernization projects. The positive impact of refurbishment
on extending the life of equipment is highlighted, as well as reducing the amount of
virgin materials needed and optimizing energy consumption. These findings confirm
that the CEI can be not only a theoretical assessment tool, but also a practical guide that
supports decision-makers in choosing the most efficient technical and managerial solutions,
thus contributing to strengthening the transition to a circular economy in the energy
sector [66,81].

3.3. Gaps, Perspectives, and Recommendations for Future Research

While the general circular economy indicator provides a framework for assessing cir-
cularity, its direct application in hydropower turbine refurbishment requires sector-specific
adaptation. This includes defining which parameters to measure, the methods for data
collection at plant level, and how the CEI can be integrated with life cycle assessment (LCA)
and multi-criteria decision analysis (MCDA) to support decision-making. Although the
concept of the circular economy index represents an important step towards measuring
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circular performance, the literature indicates several gaps that limit its applicability in the
field of hydropower turbine refurbishment. First, most existing studies focus on technical
and environmental indicators, while social and governance dimensions are rarely included.
This lack of a holistic approach reduces the relevance of the index in contexts where mod-
ernization decisions need to consider the impact on local communities, social acceptability,
and long-term economic implications. Second, there is significant methodological diversity
in the definition and calculation of the indicators, which makes it difficult to compare
results across projects and regions. Standardizing the formulas, weights, and types of
data used would be an essential step towards the validation and widespread use of this
indicator [82–84].

From a future research perspective, it is necessary to develop unified methodological
frameworks that integrate not only technical and environmental performance indicators,
but also socio-economic and governance parameters. A promising direction would be to
combine LCA with MCDA to generate a robust score [85,86]. Recommendations for future
research include the development of comparative studies between rehabilitated and new
plants to quantify the real circularity gains and carbon footprint reduction. It would also be
beneficial to create a set of practical guides for hydropower companies, explaining how to
implement the CEI in the planning, execution, and reporting processes. Strengthening a
community of practice, through collaborations between academia, industry, and regulatory
bodies would accelerate the adoption of this tool and allow its refinement based on field
experiences [86–90]. Finally, a major strategic direction remains the integration of the CEI
into public policies and financing mechanisms, so that the modernization of hydropower
plants is evaluated not only in terms of energy efficiency, but also in terms of their contri-
bution to the transition to a circular economy [87,91]. In Table 2 we have summarized the
main gaps, limitations, and future perspectives related to circular economy indicators and
their implementation in hydropower turbine refurbishment.

Table 2. Gaps, limitations, and perspectives in the circularity of hydroelectric turbine refurbishment.

Gaps Limitations Perspectives Refs.

lack of social and governance
dimensions in CEI

incomplete or inconsistent data
on material flows and energy
consumption

integrating social, economic,
and governance dimensions
into CEI

[86,92]

methodological diversity and
lack of standardization of
indicators

difficulty in comparing results
across projects and regions

standardizing formulas,
weights, and data types [56,93,94]

predominantly technical and
environmental approaches

limited relevance for
decision-makers and
communities

developing multidimensional
methods (LCA + MCDA) [30,58,95]

low implementation in real
projects

gap between theoretical
development and practical
application

utilizing digital technologies
dynamic monitoring [11,96,97]

lack of consolidated guidelines
and practices

organizational resistance to
adopting new tools

creating practical guides and
communities of practice [4,98]

insufficient integration into
public policies and funding
mechanisms

limited impact on strategies and
investment decisions

integrating CEI into public
policies and funding
mechanisms

[99]

lack of comparative studies
between new and refurbished
plants

difficulty in quantifying real
circularity gains

conducting comparative studies
to assess performance [23,85]
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In Table 3 we propose a mini checklist with the main elements that should be collected
and monitored in hydropower turbine refurbishment projects. The list includes material
and energy consumption, environmental impact, component lifetime extension, social
and governance aspects, data sources, and how to integrate the methodology into the
LCA/MCDA framework, thus providing a practical guide for decision-makers.

Table 3. Checklist for data collecting and monitoring in hydropower turbine refurbishment projects.

Domain Reporting Item Key Notes

materials material inventory quantity of virgin, recycled, and recovered
materials, material sources

energy energy consumption total energy used during refurbishment, specifying
renewable and conventional sources

component lifetime lifetime extension estimated increase in turbine and associated
equipment lifespan

emissions and waste environmental impact CO2 emissions, other relevant emissions, quantity
of waste generated

water consumption and impact water usage and potential impact on local
resources

social and governance socio-economic considerations safety, social acceptability, regulatory compliance,
impact on local communities

data sources documentation
technical records: maintenance logs, equipment
specifications, on-site measurements, supplier
declarations

methodological integration LCA/MCDA
how data are normalized, weighted, and
integrated into a CEI score or multi-criteria
analysis

4. Discussion
The literature review indicates that the CEI is a promising tool for assessing the

degree of circularity in hydroelectric turbine refurbishment processes, but their use remains
fragmented and uneven. A first observation is that the currently available indicators
focus predominantly on technical and environmental dimensions, such as virgin material
consumption, renewable energy share, and CO2 emission reduction, which limits their
ability to reflect the socio-technical complexity of modernization projects [82,100–102].
There is also a lack of consensus on the methods of calculation and data normalization,
which generates large variations between published studies and hinders comparability at
the national and international level [25,84,103].

Another relevant aspect in this context is the low adoption of the CEI in concrete
refurbishment projects. Although projects such as RevHydro [104] have started to propose
integrated methodologies to quantify circularity in the hydropower sector, there is still a
gap between the theoretical development of indicators and their implementation in practice.
This gap can be explained by the complexity of data collection at plant level, the lack of
standardized protocols, and organizational resistance to the adoption of new assessment
tools [49,105,106]. For refurbishment projects, key metrics include material inputs (virgin
vs. recycled), energy consumption during refurbishment, water usage, emissions, and
expected lifetime extension of turbines. Data can be sourced from maintenance records,
equipment specifications, on-site measurements, and suppliers’ environmental declarations.
Integrating these parameters within an LCA/MCDA framework allows assigning weights
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to environmental, economic, and social criteria, generating a robust composite CEI score to
guide investment and technical decisions.

A key aspect is the enormous potential that digitalization can bring to this area. The use
of technological processes (such as digital twins for turbine life cycle simulation, combined
with IoT data collected in real time), could transform the CEI into a dynamic and predictive
tool, capable of guiding maintenance decisions and investment planning. This would
lead to a higher level of circular performance optimization and cost reduction in the long
term [107–112].

On the other hand, a brief and critical comparison with other industrial sectors shows
that the hydropower sector is still at an early stage of circular economy integration. The au-
tomotive and electronics industries have already developed robust standards for assessing
circularity and implemented large-scale remanufacturing schemes, suggesting that knowl-
edge transfer from these areas could accelerate progress in the hydropower sector [113–115].
Furthermore, including social and governance dimensions in the CEI would provide a more
complete perspective on the benefits and trade-offs associated with refurbishment, thus
strengthening the legitimacy of investment decisions in the eyes of stakeholders [116,117].
To provide a clearer overview of how circular economy indicators are applied across some
of the most important renewable energy sectors, a short comparative summary is presented
below (Table 4). This synthesis enhances the understanding of cross-sectoral patterns,
highlights common benefits, and identifies specific focuses for each energy source.

Table 4. Overview of how circular economy indicators are applied across different renewable
energy sectors.

Renewable Energy Sector Circular Indicator Used Main Application Benefits

Hydropower resource efficiency,
circularity metrics

optimization of water use,
infrastructure reuse

reduced material waste,
increased system lifespan

Wind energy product circularity,
repowering

blade reuse and recycling,
component refurbishment

lower raw material
demand, extended asset
lifetime

Bioenergy waste valorization, circular
flows

biomass utilization,
energy-from-waste systems

GHG emission reduction,
local circular loops

Beyond industrial examples, relevant parallels can also be drawn with other renewable
energy technologies, which provide valuable insights into scaling up circularity practices
in hydropower refurbishment. In addition to comparisons with other industrial sectors, it
is also relevant to highlight differences and commonalities between hydropower refurbish-
ment and other renewable energy fields. For instance, in wind energy, blade remanufactur-
ing initiatives have advanced rapidly in recent years, supported by clear standardization
pathways and well-defined end-of-life strategies, which enable the recovery of materials
and the reduction in lifecycle impacts [118–120]. Similarly, in pumped-storage hydropower,
lifetime extension projects have been systematically integrated with predictive maintenance
and performance optimization strategies, resulting in measurable improvements in asset
circularity [121–123]. These examples show that cross-sectoral knowledge transfer and the
adoption of standardized circularity protocols can significantly accelerate the maturity of
CEI applications in hydropower refurbishment, while preserving the specificities of this
sector in terms of infrastructure scale, regulatory context, and operational lifetime.

Overall, the CEI can be a valuable tool, but it is at a stage of partial maturity, requiring
both methodological refinements and a clear strategy for integration into practice. It is
evident that future research should be oriented towards standardization, digitalization,
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and multidimensionality so that these tools can truly support the transition to a circular
economy in the hydropower sector.

5. Conclusions
The present study highlights that the CEI can be a key tool for quantifying circular

performance in hydroelectric turbine refurbishment processes. The analysis of their evo-
lution shows a clear transition from unidimensional indicators, focused on recycling and
reuse, to complex methodological frameworks, capable of capturing the entire life cycle
of equipment and material flows. This conceptual maturation provides the premises for
a more rigorous assessment of the impact of hydrotechnical rehabilitations on resource
consumption and long-term sustainability.

The applicability of the CEI in the hydropower sector may prove promising but is
still limited by methodological heterogeneity and the lack of standardization of indicators.
Research projects under development demonstrate the feasibility of integrating circular
economy principles into plant modernization, but also the need for clear data collection and
analysis protocols. Furthermore, the inclusion of social and governance dimensions remains
underdeveloped, which may reduce the relevance of the results for decision-makers and
affected communities.

In light of these findings, the main conclusion is that the CEI needs to evolve towards
multidimensional, standardized, and digitalized tools, capable of providing real-time
information and allowing comparisons between projects, regions, and technologies. The
development of robust methodological frameworks, supported by digital technologies
such as digital twins and IoT systems, could transform the CEI into a dynamic strategic
management tool. At the same time, collaboration between academia, industry, and
regulators is essential to accelerate the adoption and validation of this type of indicator.

Finally, the CEI has the potential to become a fundamental benchmark for the transition
of the hydropower sector towards a circular economy. Its systematic implementation could
not only optimize resource use and reduce environmental impact but also ensure better
social acceptability and economic sustainability of refurbishment projects. Thus, this study
contributes to the foundation of a research and action agenda, aimed at transforming
circularity indicators from simple reporting tools into true drivers of strategic decisions
in the field of renewable energy. Based on the findings, this study recommends that
policymakers, regulators, and industry stakeholders implement specific economic and
policy instruments to accelerate the circular transition of the hydropower sector. These
include economic incentives, such as tax credits or green financing schemes, to encourage
the use of secondary and advanced materials in turbine retrofits; another recommendation
calls for regulatory frameworks that require standardized data collection and CEI-based
performance reporting for retrofit projects. It also recommends implementing public–
private partnerships that support innovation in digital monitoring and circular design
practices, as well as including the CEIs in investment and licensing decisions, to ensure
that funding and policy priorities align with measurable sustainability outcomes. Such
coordinated measures can increase resource efficiency, reduce life cycle costs, and strengthen
the socio-economic viability of hydropower retrofits. In this way, the CEI becomes not only
a sustainability indicator, but also a decision-making support tool for steering energy policy
and financing towards circularity and long-term resilience.
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