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“What gets measured gets managed” - this quote by Peter Ducker reveals a pitfall for the targeted transition
towards a more sustainable, circular economy. Today, mass-based indicators, such as recycling rates, are used to
assess the circularity of individual products, ﬁrms and of entire countries. These indicators, however, fail to cover
the environmental perspective – one of the most mentioned reasons to move from a linear to a circular economy.
Here, we propose a complementary environmental-impact based indicator that measures the environmental value
retained through reuse, remanufacturing, repairing or recycling. The indicator extends the focus from end-of-life
to the entire life cycle and includes substitution of primary materials. Furthermore, it allows for monitoring the
transition towards a circular economy from an environmental and possibly economic and social perspective. We
provide three examples that highlight the application of the indicator and also reveal that common beliefs about
the environmental performance of the circular economy are sometimes misleading and counter-productive.

1. Introduction
The concept of a Circular economy (CE) is receiving increased
attention as an alternative to the take-make-dispose-system that exists
today (Stahel, 2016). The Ellen MacArthur Foundation describes the
circular economy as an ‘industrial system that is restorative or regenerative
by intention and design’ (Ellen MacArthur Foundation, 2013) while the
European Action Plan states that circular economy is an economy ‘where
the value of products, materials and resources is maintained in the economy for
as long as possible, and the generation of waste minimized’ (EC, 2015). While
many deﬁnitions of CE exist (Kirchherr et al., 2017; CIRAIG, 2015), at the
core of most of them lie “value retention processes”, i.e. mechanisms to
retain value in our economy through reuse, repair, refurbishment,
remanufacturing, redistribution and recycling (Nasr et al., 2018). The
vision of a CE is appealing and has raised widespread awareness and
willingness to act among governments and industries and was also found
to support the implementation of the Sustainable Development Goals
(Schroeder et al., 2019). However, concrete examples of groundbreaking
CE solutions that make a change in practice have so far been scarce. One
of the reasons for this is a lack of quantitative indicators that tell us what
is relevant from a resource and environmental perspective and which
“value retention process” is the best option in a given situation. Decisions
about circular solutions, however, are instead often based simply on
beliefs or on metrics that do not explicitly assess environmental
performance.

Monitoring both material consumption and environmental impacts as
well as deﬁning targets are key for the successful implementation of a CE.
Ideally, monitoring results and targets are not just relevant to policy
makers, but also inspire action in industry and throughout the wider
public. A prerequisite is having harmonized, measurable, relevant and
diagnostic indicators (Oswald, 2013). These should assess not only
circularity, but also environmental performance since circularity is not
necessarily equivalent to environmental sustainability (although often
assumed to be). For example, the energy demand for recycling can increase drastically at very high recycling rates and may offset the environmental gains obtained through the recovery of secondary material
(Haupt et al., 2018). The use of different resources also has different
environmental impacts and changes in consumption patterns may lead to
higher or lower overall impacts depending on the material shift (van der
Voet et al., 2005). Therefore, environmental indicators and targets are
needed to ensure that the economy does not only become circular, but
also sustainable.
Recent review studies have provided a good overview and different
taxonomies for indicators on CE. An analysis of Parchomenko et al.
(2019) differentiated between three groups of CE indicators, i.e. the
resource efﬁciency cluster, the materials stocks and ﬂows cluster and the
product-centric cluster. Among all these groups, frequently assessed CE
elements include waste disposal, primary vs. secondary use of resources
and resource and recycling efﬁciencies while only a few CE metrics
assessed the maintenance of value, value change and longevity. Elia et al.
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member states, the European Commission has recently harmonized the
national performance measures as the mass of inputs into ﬁnal recycling
processes divided by the mass of material consumed in a country (i.e.
intermediate recycling rates in Fig. 1). While this is an improvement
compared to tracking solely the collection rates, only ﬁnal recycling rates
consider both material quality and quantity losses in the entire recycling
chain (Haupt et al., 2017). Final recycling rates are able to holistically
assess the resource efﬁciency by taking into account consumers’ collection behavior, material purity, and the efﬁciency of the recycling process.
In view of the large trade ﬂows of low-quality recycling materials
from industrialized countries to countries with deﬁcient
recycling-infrastructure (Brooks et al., 2018), consideration of such ﬁnal
recycling rates would also provide an incentive for countries to take responsibility of their waste materials beyond national boundaries.
The traditional material ﬂow analysis-derived indicators presented
above only partly cover the material cycle. Therefore, to measure the
transition towards a sustainable circular economy and to monitor the
shift in economic systems, the view needs to be extended to the entire life
cycle (Elia et al., 2017; Moraga et al., 2019). Indicator frameworks that
include the material production phase, product use phase, and end-of-life
phase have been proposed (e.g. Ellen MacArthur Foundation (2015) and
European Commission (2018)). For example, the input from virgin and
recycled materials used in production is analyzed and the duration of the
use phase is quantiﬁed (Ellen MacArthur Foundation, 2015). While these
indicator frameworks comprehensively assess inﬂuencing factors and
material ﬂows in/around a circular economy, they lack environmental
performance indicators. An exception is a Chinese framework (Geng
et al., 2012) that, by taking into account some emissions, partly incorporates the environmental dimension of the circular economy. This
framework, however, lacks a life cycle perspective because, for example,
material production is not environmentally assessed. Carbon reduction

(2017) described requirements that need to be measurable by CE indicators and mapped environmental assessments accordingly, highlighting material and substance ﬂow analysis as well as life cycle
assessment as the two most promising assessment methodologies
covering four out of ﬁve CE dimensions. Moraga et al. (2019) described
three different scopes of indicators: indicators on physical properties
from technical cycles with/without life cycle thinking and indicators
measuring effects from technical cycles regarding environmental, economic and/or social concerns. However, today most circular economy
strategies from countries, industries and research include only
mass-based targets for the recycling and re-use of materials to increase
the waste management’s contribution to a circular economy. There are
limited quantitative targets for the environmental performance and only
a few indicators which are able to include value retention processes and
end-of-life treatments (Moraga et al., 2019).
Material ﬂow data, widely used in traditional and new indicators,
provide a useful baseline to compare the circularity of products, ﬁrms
and countries (Jacobi et al., 2018; Haas et al., 2015; Elia et al., 2017).
Subsets of material ﬂow data may also provide useful indicators on ﬂows
of speciﬁc substances or elements, levels of reuse and recycling, methods
of waste disposal, and recycling indicators (EASAC, 2016). Material-ﬂow
based indicators, such as recycling rates, however, are often not
well-deﬁned and can describe various performance measures, e.g.
collection rates (mass ratio of collected material to material initially
consumed), intermediate recycling rates (mass ratio of sorted material to
material initially consumed), and ﬁnal recycling rates (mass ratio of mass
in secondary products to material initially consumed) (Haupt et al.,
2017). These rates are limited to collection or recycling and do not take
into account any other value retention processes or environmental impacts (Fig. 1).
To facilitate the comparison of waste management systems of

Fig. 1. Schematic representation of a production system. In grey, the collection rate (comparing consumed
to collected mass), the intermediate recycling rate
(comparing used to sorted mass), and the recycling
rate (comparing used mass to secondary material) are
indicated. Besides recycling, some value retention
processes are shown (remanufacturing, redistribution
and maintenance). For simplicity, the value retention
processes reuse and repair as well as losses from all
processes are omitted in the graph but taken into account below. The exchanges with the environment are
indicated to highlight the environmental impact of all
processes. Losses to the environment can occur in all
processes, but are not shown in the ﬁgure. The
Retained Environmental Value (REV) is further indicated, covering both the technosphere and the environment and modelling all value retention processes.
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More speciﬁcally, the REV compares the impact of the displaced product
or material (EIdisp) following any value retention process (after deduction
of the impact for recycling, remanufacturing, etc. (EIvrp)) to the impact of
the original product (EIoriginal). Differences in environmental impacts
during the use-phase can be included in the comparison to account for
changed efﬁciencies of a retained and an alternative primary product
(EIsurplus). The surplus environmental impact is assumed to cover the
whole life cycle of the displaced product. If a product consists of more
than one material, environmental impacts of the different materials are
added up (i ¼ materials in original product, j¼materials in alternative
product). As an example, in glass recycling the REV describes the impact
that would be necessary to produce a new glass bottle minus the impacts
associated with the recycling divided by the impact of the production of
the original glass bottle.

and other ecological indicators are part of the low carbon economy
development project in China (in place since 2010) and are therefore not
included among the indicators for a circular economy (Geng et al., 2012).
However, an emergy-based indicator was proposed by Chinese researchers to take up- and downstream impacts of consumption into account (Geng et al., 2013).
Given that circular economy should also target a reduced environmental impact, the need for an impact-based indicator becomes obvious
(e.g. Pauliuk (2018) and Haupt et al. (2017, 2018a)). Life cycle impact
indicators for monitoring a circular economy include the emergy indicator for China (Geng et al., 2013), the indicator dashboard outlined in
Pauliuk (2018), and the circular economy performance indicators proposed by Huysman et al. (2017) and Huysveld et al. (2019). While
Pauliuk (2018) refers more generally to previously established methods,
such as greenhouse accounting as one indicator of life cycle assessment,
Huysman et al. (2017) calculates the ratio of the actual obtained environmental beneﬁt (i.e. of the currently applied waste treatment option)
over the ideal environmental beneﬁt according to the resource quality of
the respective ﬂow. For this, knowledge on the best treatment option
needs to be available. The ideal treatment for a waste stream, however, is
subject to change based on technological developments and markets for
secondary materials. The indicator is, therefore, not suitable for a
continuous monitoring, as the baseline would change over time. The
indicator by Huysveld et al. (2019) comprises the full life cycle impacts,
but is limited to recycling and presupposes knowledge on a products
entire life cycle (cascading use including ﬁnal disposal). The retention of
“value” in the system, i.e. omitting the ﬁnal disposal, however, is of key
importance in CE (Nasr et al., 2018) and mentioned as ﬁfth principal of
CE in BSI, 2017 8001:2017 (i.e. “keep materials at their highest value and
function”). Most previous indicators neglect the maintenance or change
of value in the system (Parchomenko et al., 2019) with a few exceptions
that measure ﬁnancial value retention (Di Maio et al., 2017; Linder et al.,
2017). Therefore, we aim at providing an indicator to measure the value
retention in the system in environmental terms, considering i) the life
cycle impacts of an individual product or material, ii) all value retention
processes and iii) the use-phase and potentially changed use-phase
impacts.

Pn 
REV ¼

j¼1


EIdisp;j  EIvrp;j  EIsurplus

Pn 
i¼1 EIoriginal;i

1

An REV of 0% means that no net environmental value is retained in
the product and 100% means that the full original environmental value
is contained in the material available for further use, i.e. the higher the
REV, the better. The possible range of REV depends on the application.
For comparisons of closed-loop reuse, remanufacturing and recycling
processes, values of up to 100% can be reached. The difference to 100%
denotes the losses and the efforts spent for the value retention processes.
Open-loop recycling processes often have REVs much smaller than
100% but can yield REV values over 100% if recovered materials substitute other materials with a higher environmental value. Negative
values of REV occur if the use-phase emissions of the retained products
are higher than the emissions of the displaced product (i.e. for high
EI_surplus). An example of this would be when the energy efﬁciency of
an immature technology improves over time, so that the energy efﬁciency of the retained product is lower than that of a new product.
Hence, the REV quantiﬁes on an absolute scale in which situations a
circular process is not sustainable (i.e. negative values). However, it can
also be used to compare various circular processes for the same material. In this case, the best option is the one with the highest REV. Finally,
REV can be monitored over time to assess progress in terms of the
environmental sustainability of circular economy solutions. Fig. 1
shows, in addition to the mass-based indicators, the extended perspective of the REV, in which the material production and the
manufacturing of goods as well as the interactions with the environment
are taken into account. The inclusion of the primary production allows
for quantifying the retained value compared to the initial value.
Compared to mass-based indicators, the REV considers all technical
inputs (e.g. energy and ancillaries) along the supply chain as well as the
exchanges with the environment, i.e. natural resource use and emissions
and the resulting impacts.
The REV indicator requires data about the life-cycle based environmental impacts of production and recycling processes as well as the usephase of products. This data and the impact modeling frameworks come
from the ﬁeld of Life Cycle Assessment (LCA). The life cycle inventory
and the impact assessment are based on databases covering the upstream
supply-chain data. The most consistent and transparent database,
ecoinvent (Wernet et al., 2016), was used for this study (version 3.3
cutoff system model). As an indicator, the REV can be set to refer to
various, relevant impact or damage categories (e.g. climate change,
biodiversity loss, human health effects, cumulative energy or exergy
demand). While in some cases one impact category may be sufﬁcient (in
case impacts correlate), in other cases a range of impact categories may
be used to reveal trade-offs between different environmental impacts
(Steinmann et al., 2016). Related to the political targets and its importance for material resources (IRP, 2019), the impact on climate change
should be considered but can be supplemented with as many impact
categories as necessary. For impacts on climate change, REV targets could
further be derived from national climate goals.

2. Methods
2.1. Indicator for retained environmental value of circular solutions
The environmental value of a product or material is at the core of the
new methodology proposed below. To measure the environmental value
retention, the environmental value of a good or product is described here
as the environmental impact used in its production (material production
and manufacturing in Fig. 1). This represents the previous efforts put into
a product and represents a benchmark of what can be maintained in the
system by value retention processes and recycling.
We therefore suggest using the retained environmental value (REV)
as an impact-based measure for circular economy. This measures the
share of the environmental impact (EI) from the production of a material
or product that is retained in products and materials recovered from
reuse, remanufacturing, or recycling, i.e. the REV (Eq. (1)) quantiﬁes the
share of the original environmental impact that can be retained in the
technosphere through value retention processes. Since the substitution of
primary material plays an important role in terms of environmental impacts of recycling systems (Haupt et al., 2018a; Rigamonti et al., 2018),
the REV indicator also accounts for the displaced products or materials.
While some value retention processes (i.e. reuse, repair, refurbishment,
remanufacturing, and redistribution) maintain a product’s value in the
system, only the material’s value is recovered in recycling processes. This
is taken into account by choosing the point of substitution based on the
value (i.e. material or product) retained. Hereby, the type and amount of
displaced primary material is identiﬁed considering functional equivalence, available amounts and market preferences (Vadenbo et al., 2017).
3
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paper ﬁbers to corrugated board (EIREC_cardboard), i.e. to linerboard and
ﬂuting medium for the corrugated board production (Eq. (7), EIcardboard).
The resource recovery efﬁciency was assumed to be 92% (Haupt et al.,
2017). In scenario 2c, the use of paper ﬁbers as cellulose insulation
material is modeled (Eq. (8), recycling effort: EIREC_insulation). It is assumed
that primary cellulose insulation using thermo-chemical pulp is replaced
(EIcell_insul) and that no ﬁbers are lost in the production of insulation
material. Life cycle impacts of all recycling processes were taken from
Haupt et al. (2018a, 2018b).

2.2. Application examples
The proposed REV indicator is tested in three case studies. For each
material and product, different value retention processes or different
secondary products are considered. Substitution for all materials and in
all scenarios was modeled using the framework provided by Vadenbo
et al. (2017). Where not stated otherwise, full substitutability of the
primary material or product is assumed.
The assumptions and respective application of the REV as deﬁned in
Eq. (1) are described below. The code for the calculation of the REV for
all examples, containing also more detailed description of the underlying
assumptions, can be downloaded as a jupyter notebook (python code) or
as PDF from the journals homepage.

REV REC newsprint→cardboard ¼

2.2.1. Packaging glass
Packaging glass, collected from households, can be washed and
reused, recycled to new packaging glass, or be processed into foam glass,
used as an insulation material, or glass sand, used as a sand replacement.
The REV is calculated for these four utilization processes. Colorseparated green packaging glass was assumed as the input to all scenarios (EIprim_glass). Reuse of glass bottles after a washing process was
modeled in scenario 1a. In this scenario, it is assumed that the washed
bottle substitutes a new glass bottle, therefore substituting the original
material value (EIdisp ¼ EIprim_glass). The efforts of the washing process are
subtracted from the substituted material (Eq. (2), EIREU). In scenario 1b,
secondary packaging glass is assumed to substitute primary packaging
glass after a melting process (Eq. (3), EIREC_glass). Scenario 1c describes the
recycling of packaging glass to foam glass (Haupt et al., 2018a, EIREC_insul),
which is assumed to substitute primary foam glass and extruded polystyrene (XPS) (25% primary foam glass, 75% XPS based on Stettler et al.
(2016)) (Eq. (4), EIinsul_mat). For scenario 1b and 1c, the material recovery
efﬁciency (i.e. amount of resources after recycling per amount collected)
was assumed to be 95% (Haupt et al., 2017) and life cycle impacts for
collection, sorting, and recycling were taken from Haupt et al. (2018a,
2018b). In scenario 1d, the crushing of glass to glass sand (EIREC_sand) is
modeled (Haupt et al., 2018b), assuming glass sand would replace sand
(Eq. (5), EIsand).
REV REU glass→glass ¼

REV REC glass→glass ¼

EIprim glass  EIREU
EIprim glass
EIprim

REV REC glass→insulation ¼

REV REC glass→glassand ¼

 EIREC
EIprim glass

glass

EIinsul

 EIREC
EIprim glass

mat

EIsand  EIREC
EIprim glass

REV REC newsprint→insulation ¼

sand

insul

 EIREC
EIprim newsprint

newsprint

newsprint

6

EIcardboard  EIREC cardboard
EIprim newsprint

7

 EIREC insulation
EIprim newsprint

8

EIcell

insul

2.2.3. Cast iron engine
Value retention processes of vehicle motors were investigated as a
case study in Nasr et al., (2018), containing data on several value
retention processes (Nasr et al., 2018). The simpliﬁed composition of
the steel motor block, taken from Nasr et al., (2018), consists of steel,
cast iron, and aluminum (i ¼ steel, cast iron, aluminum in Eqs.
(9)–(11)). The environmental impact of the energy and the materials
used in remanufacturing are integrated into the assessment of the REV
(based on Nasr et al., 2018; EIRMF). It is assumed that no material
removed during the remanufacturing process is recycled (worst-case
assumption). The content and calculation of the REV is outlined in more
detail in Fig. 2.
In scenario 3a, the remanufactured motor replaces a new equivalent
motor. In scenario 3b, a lightweight aluminum motor (EIALmotor,
composition from Nasr et al., 2018) was considered as an alternative,
which have in the last decade gained market share (Heuss et al., 2012).
The change to lightweight motor results in different use-phase impacts:
the higher weight of the remanufactured iron motor compared to an
aluminum based lightweight motor causes additional fuel use. Per 100 kg
weight saving, the fuel consumption is reduced by 0.15–0.7 l/100 km
(Wohlecker et al., 2007). An additional 0.43 l/100 km per 100 kg additional weight for 200,000 km leads to an additional environmental
impact from the fuel supply chain and combustion emissions (EIfuel). A
fuel mix of 40% diesel and 60% low-sulfur petrol was assumed (if the
REV is used for monitoring purposes, some of these assumptions would
need to be modeled time-speciﬁc).
During recycling (scenario 3c), it is assumed that the motor block is
dismantled into individual metals, which are then individually recycled
(melting processes) (Eq. (11)). The same material was used for the production and substitution of cast metals, although recycled steel is often of
lower quality and substitutes cast iron instead of primary steel. Resource
recovery efﬁciency of iron and steel is assumed to be 95% for the
dismantling and 88% in recycling and for aluminum 90% for the
dismantling and 94% in recycling (recycling yields based on Haupt et al.
(2017)).

2

glass

EIprim

REV REC newsprint→newsprint ¼

3

4

5

2.2.2. Newsprint
Newsprint collected from households is mostly used to produce secondary newsprint in Switzerland (Haupt et al., 2017). Paper ﬁbers,
however, are damaged in the recycling process and have limited reuse
potential. Closed-loop paper recycling is therefore only possible for a
limited number of cycles, and requires the addition of primary ﬁbers to
compensate for the share of lost ﬁbers too short for recycling. In comparison to a collection rate, the REV considers the value of the recovered
ﬁbers as well as the amount of energy and primary material needed to
produce secondary newsprint. Scenario 2a describes the use of paper
ﬁbers in the secondary newsprint production (Eq. (6), recycling effort:
EIREC_newsprint). Secondary newsprint substitutes primary newsprint
(EIdisp ¼ EIprim_newsprint) produced from thermo-chemical pulp. The
resource recovery efﬁciency was assumed to be 75% based on the loss of
short ﬁbers (Haupt et al., 2017). Scenario 2b describes the recycling of

Pn
REV RMF

FEmotor→FEmotor

¼

REV RMF

FEmotor→ALmotor

¼

REV REC

FEmotor→metals

i¼1 ðEI FEmotor;i  EI RMF Þ
Pn
i¼1 ðEI FEmotor;i Þ

Pn

i¼1 ðEI ALmotor;i  EIRMF Þ
Pn
i¼1 ðEIFEmotor;i Þ

9
 EIfuel

10

Pn

4

¼

i¼1 ðEIsec:metals  EI REC Þ
Pn
i¼1 ðEIFEmotor;i Þ
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Fig. 2. Schematic representation of the application of
the REV on the case of motor-block remanufacturing.
EIFE-motor ¼ environmental impact of primary motor
production, EIRMF ¼ environmental impact of remanufacturing, EIalt_motor ¼ environmental impact of the
production of an alternative motor (either an ironbased motor block (EIFE-motor) or a lightweight
aluminum motor block (EIAL_motor)), EIfuel ¼ environmental impact of additional fuel consumption
including additional emissions from increased fuel
use.

3. Results and discussion

these case studies as impacts on climate change based on the related
political targets and its importance for material resources (IRP, 2019) as
well as in terms of cumulative energy demand. The analyzed impact
categories yield numerically different results for the REV but lead to the
same ranking among the value retention processes. Furthermore, previous studies on paper and glass have shown that the ranking of different
recycling processes according to impacts on climate change correlated
well with a ranking based on toxicity impacts (Haupt et al., 2018a).
For the case of packaging glass, the REV of glass washing and reuse
clearly surpasses the REV of all recycling options. The REV is, however,
higher for the open-loop recycling of glass to foam glass insulation
compared to closed-loop recycling to packaging glass. This reﬂects previous results, stating that recycling glass to foam glass in Switzerland is
environmentally preferable to a closed-loop recycling system due to the

To provide guidance for policymaking and industry, a holistic view on
circular economy strategies is needed. The circular economy is often
perceived to be environmentally friendly by default and to lead to
increased resource efﬁciency compared to a linear economy. However,
the environmental perspective is usually not explicitly assessed, which
leads to badly informed and sometimes erroneous decisions. For
example, following the hierarchy of value retention processes does not
always result in the highest environmental beneﬁt: Closed-loop recycling
is not always more beneﬁcial than open-loop recycling, and remanufacturing is not always environmentally preferable to recycling.
Below, the results of the application of the REV indicator on the case
studies is described (Fig. 3). The environmental value was deﬁned in

Fig. 3. Retained Environmental Value (REV)
of various value retention processes and three
different material streams. REV ¼ 100%
marks a full retention of the environmental
value. The higher the REV, the more favorable the retention process. The REV was
calculated for impact on climate change
based on the IPCC, 2013 methodology (100
year time horizon, striped) and with regard
to the cumulative energy demand (CED, full
color). (For interpretation of the references to
color in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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fact that severe impacts may be caused and improvement potentials
missed. Therefore, to make sure that the full potential of the circular
economy is reached, quantitative assessments of environmental beneﬁts
and impacts are required.
The REV indicator can address questions along the whole life cycle: at
the design level (“How much value can be retained at a later life-cycle
stage?”), when choosing value retention processes (“Should the product undergo maintenance or be remanufactured?”) and at the end-of-life
(“In which recycling process can most environmental value be recovered?”). Furthermore, a shift towards renewable energy (as essential part
of a CE (Ellen MacArthur Foundation, 2013)) can be taken into account
by adapting the life cycle impacts of the electricity consumption in the
REV calculation.
A sustainable circular economy should not only adopt an environmental perspective, but also consider economic and social performance.
With regard to these, several indicators are being discussed (e.g. Di Maio
et al. (2017), Horbach et al. (2015) and Linder et al. (2017)). To allow for
the analysis of trade-offs between environmental impacts and related
costs or social impacts, the REV indicator could also be adapted to cover
these pillars of sustainability. For example, the economic value retained
in the system could be compared to the ﬁnancial amount invested on the
original production of a product and compared among treatment options
(Linder et al., 2017). Similarly, existing quantitative social indicators,
e.g. from the emerging ﬁeld of social life cycle assessment (Andrews
et al., 2009), could be applied to consider and compare social impacts as
well.
Transitioning towards a sustainable circular economy requires
assessment methods that can be applied at all levels: from individual
products, to larger systems, to entire economies. The REV indicator can
cover all of these levels and help to quantitatively compare circular
economy strategies and other resource efﬁciency measures as well as
support material choices. Complementing mass-based indicators, it can
also assess the environmental sustainability of cross-material substitutions, i.e. materials replacing other materials in open-loop applications. The application of the REV may provide additional and sometimes
unexpected insights, which can help to understand a system better and
identify optimal solutions. Complementing ﬁnal recycling rates, the REV
indicator would enable the integration of a life cycle perspective, material quality aspects, and quality-related market mechanisms in
policymaking.

replacement of high-impact materials such as XPS insulation (Haupt
et al., 2018a). The case study on newsprint highlights similar patterns: in
closed-loop newsprint recycling more environmental value is retained
than in newsprint-to-cardboard recycling schemes. The highest environmental value, however, can be retained in the system if paper is
instead processed to cellulose insulation material that is assumed to
substitute primary cellulose insulation. The lower losses in the recycling
scheme lead to higher beneﬁts from cellulose substitution than in the
other scenarios and therefore to a higher REV.
In the case of the motor block remanufacturing and substitution of a
lightweight motor block, the remanufacturing initially has a higher potential for retaining environmental value due to small process efforts
needed. The results highlight this environmental beneﬁt of remanufacturing in the ﬁrst case (replacement of new iron-based motor). If a
lightweight motor block is the alternative, the environmental savings in
impacts are, however, over-compensated by additional impact through
increased fuel use in the use phase of the car: due to the heavier weight of
the remanufactured motor in comparison to the new lightweight alternative (REV ¼ 0.11 to 0.20). It is, therefore, preferable to remanufacture the iron-based motor only if an iron-based motor will be replaced.
When the alternative is an aluminum lightweight motor block, it is better
to recycle the iron-based motor and use a more efﬁcient lighter
aluminum motor. This example illustrates that when technologies are
still undergoing signiﬁcant development in terms of efﬁciency gains in
the use phase, circular solutions need to be evaluated with care as they
may slow-down the phase out of low-efﬁciency technologies. This calls
for remanufacturing processes that help to achieve similar efﬁciency
gains as the evolving base technology. The REV indicator is able to
capture all these effects and provides reliable decision support on the best
circular solution available.
Although the assessment of value changes was found highly relevant
by Parchomenko et al. (2019) it is absent in most previously published
indicators. The deﬁnition of the environmental value as the life cycle
impacts is of key importance, as all life cycle stages are considered.
Compared to other indicators, the REV takes material consumption and
the emissions (air, water, soil) in all life cycle stages into account. The
parametrization of the REV indicator requires an in-depth systems understanding, in particular for realistic modeling of substituted products
and impacts. The inclusion of substitution is necessary to quantify the
retained environmental value and was based on the reporting framework
of Vadenbo et al. (2017). The reporting framework includes the technical, institutional and user functional equivalency and market responses. As CE aims at limiting primary resource use, there is a general
need to enhance understanding of substitution of primary or secondary
resources in the ﬁeld of circular economy. This aligns well with the
needed information to assess the substitution for the REV indicator.
Systems understanding is not only important when assessing circular
economy strategies but also key for sustainable development in general:
For example, the shifting of waste material for recycling from highincome countries to emerging economies, which is particularly prevalent for plastic waste (Brooks et al., 2018), may result in high local
environmental and social impacts far away from the location of the
original material use. The implementation of the REV indicator would
enforce knowledge creation on international waste trade ﬂows and
monitoring of related environmental implications. Such information
systems are already in place for hazardous wastes (UNEP, 2014) and will
be extended to mixed, unrecyclable and contaminated plastic waste
(BRSMEAS, 2019), but they are also essential for other waste materials.
Material ﬂow transparency is needed also to assess a ﬁnal recycling rate
(i.e. applying a mass-based perspective), but assessing the environmental
performance further requires information on the supply chain of materials, which can be data intensive if applied to entire countries. More
transparency with regard to the location of value retention processes
would also allow considering regional sensitivities (i.e. energy mix and
transport distances). Today, however, recycling processes are rarely
questioned and often assumed as “environmentally benign”, ignoring the
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