¥ rev2025 |Rm-" ol Krassnitzer et al.

23 = 25 September 2025

Exploring the landscape of circularity
indicators: A systematic review with
focus on nano- and micro indicators for
the assessment of biobased materials
and products

Paul Krassnitzer'*, Johanna Fank!, Tasya Oka' and Claudia Mair-
Bauernfeind'

! Department of Environmental Systems Sciences, University of Graz, Me-
rangasse 18/I, 8010 Graz, Austria
“Corresponding author: paul krassnitzer@uni-graz.at

EXTENDED ABSTRACT

The transition towards a circular economy necessitates reliable metrics
for evaluating the effectiveness of circularity measures (e.g., reuse, re-
manufacturing, or recycling) employed in products and technologies
(Pefia et al., 2021). Various metrics and indicators have been proposed
to measure circularity; however, due to their consideration of different
aspects in their assessment, these tend to give varied results (Corona et
al., 2019; Vural Gursel et al., 2023). To assess circularity on a sound
basis, it is necessary to identify and utilize circularity indicators fit for
a given context. Therefore, this paper aims to systematically explore
proposed circularity indicators by classifying them according to multi-
ple criteria, with a focus on their suitability for assessing specific R-
strategies (as defined by Reike et al., 2018) and their ability to account
for the use of biobased materials. In a second step, a set of suitable
indicators will be applied to a case study of a novel wood-hybrid bat-
tery compartment (Krassnitzer et al., 2025; Wagner et al., 2024) for
battery electric vehicles (BEV).
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Figure 1: Dimensionality of the circularity indicators. The environmental dimension
includes aspects such as the share of renewable materials, material waste, and emis-
sions of a material or a product. Economic aspects include durability and utility, as
well as value added. Social aspects may be the creation of jobs and social wellbe-
ing.

This research is part of an ongoing effort to understand and enhance the cir-
cularity of renewable materials in contemporary manufacturing and product
design. Therefore, a literature review has been conducted to identify relevant
circularity metrics. Through the snowballing technique, circularity indicators
have been extracted from previously conducted reviews on circularity metrics
(Corona et al., 2019; Harris et al., 2021; Oliveira et al., 2021; Saidani et al.,
2019; Vural Gursel et al., 2023). Additionally, a literature search within the
date range of 2022-2025 with relevant search terms has been conducted. The
identified indicators have been evaluated based on multiple criteria, such as
their consideration of R-strategies, the consideration of biobased materials,
the scale on which the indicator assesses circularity (material, product, com-
panies or regional areas), the dimensionality (economic, environmental,
and/or social) of the indicators, and more. The systematic literature search
yielded 303 circularity indicators, of which 120 were deemed eligible for our
study. These indicators are displayed in Figure 1 and are clustered by their
dimensionality. As can be seen, 21 indicators were found that consider the
environmental, economic, and social dimensions. Most of the indicators con-
sidered solely the environmental dimension (47), followed by indicators that
account for both the economic and environmental dimensions (39), and a
smaller fraction considered only economic aspects (7). From all investigated
indicators, 69% assess circularity on a product level, 20% on the material
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level, and the remaining 11% can assess on both scales. Figure 2 shows the
number of indicators that account for a specific R-strategy.
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Figure 2: Indicators and their consideration of different R-Strategies

As can be seen, most indicators are able to account for the R-strategy Recycle
(111), followed by Reuse (73) and Recover (38). Some indicators also ac-
count for different R-strategies such as Remanufacture (31), Repair (25), and
Reduce (20). However, only two indicators account for the strategies Rethink
and Refuse. Figure 3 displays the number of R-strategies that circularity in-
dicators account for.
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Figure 3: Number of R-Strategies covered by the indicators

It is apparent that most indicators account for a small number of R-Strategies;
for example, 33 indicators account for 2 R-Strategies, and 29 indicators

63



‘ @V2025 |‘R.°f.° S Krassnitzer et al.

23 = 25 September 2025

account for 3 R-Strategies. A notable fact is that approximately 70% of the
indicators consider only 3 R-strategies or fewer. However, two indicators
stand out in this context: the 9R-Index (Muiioz et al., 2024) and the L&C
indicator (Figge et al., 2018). These account for 8§ and 7 R-strategies, respec-
tively. The results indicate that assessing circularity is multifaceted, demon-
strating the variability of aspects, scales, and scopes that need to be consid-
ered when evaluating circularity on various levels. Interestingly, many indi-
cators do not even consider an environmental dimension and rely solely on
economic and/or social aspects. This is somewhat unexpected, as circularity
and the circular economy are closely tied to the concept of sustainability (Sta-
hel, 2016). The focus on assessing established and well-known R-strategies,
such as Recycle, and the lack of strategies like Refuse or Rethink, is also ap-
parent in our results. The preliminary results of our study show that many
indicators focus on the recyclability of materials and products. Since Recy-
cling is considered the least preferred option from an environmental perspec-
tive, besides Recovery (Reike et al., 2018), the nature of those indicators may
lead to a bias in attributing products a more circular character than they have.
In other words, by not considering more preferable R-strategies than Recy-
cling, the more effective R-strategies are not being credited enough in the face
of a necessary transition towards a circular economy. Further work includes
investigating the eligibility of the indicators to account for biobased materials
and applying a set of indicators to the case study of a novel wood-hybrid bat-
tery compartment to benchmark them.
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