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Abstract: Circular economy is currently characterized by various definitions, measurement
approaches, and critical analyses thereof coexisting alongside each other. Whether the concept
eventually prevails or collapses will depend to some extent on our success in harmonizing assessment
methods among public, scientific, and private institutions, as well as across different materials
and scales. Therefore, in this article, we present a generic material flow analysis framework that
might serve as a common basis for circularity assessment, and test it by means of three case studies.
It proved impossible to eliminate all subjective assumptions when transforming a real complex
system into the generic framework, especially regarding the definition of by-products. However,
by introducing subsystems it is at least possible to make such assumptions transparent. Therefore,
adequate comparability across regions, materials, and scales is provided. Moreover, the generic
system allows for coupled analysis of multiple materials simultaneously so that interactions between
them can be studied, as well and a deeper insight into overall sustainability of the system can
be gained.

Keywords: resource interaction; circularity indicators; socioeconomic cycles; material flow analysis;
assessment framework; by-products; cyclical use rate; phosphorus; nitrogen

1. Introduction

To date, circular economy (CE) perfectly complies with the characteristics of an umbrella concept
which is in the stage of validity challenge [1]. Some praise its potential to reduce the environmental
impacts of consumption processes [2], spur the economy [3], and significantly contribute to the
achievement of global sustainability [4]. On the other hand, others regard it mainly as a relabeling of
long existing practices and/or criticize its failure to account for rebound effects (e.g., when increased
recycling reduces production costs and thus spurs consumption), quality rather than quantity of
recycling, thermodynamic entropy, and market mechanisms [5-8]. The main advantage of the concept
is its broad applicability on variable scales (from global economy-wide to single firm assessment), in
different contexts, and for numerous materials and products. However, this is also its main drawback,
because it has led to the coexistence of a wide range of definitions of the terms and indicators for
its assessment. Different institutions and academic bodies have sometimes even assigned the same
name to differently measured indicators or designated identical measures differently. For instance, the
ratio of recycled end of life waste to total material demand is termed o by Cullen [6], and use rate
of recovered used products by Hashimoto et al. [9]. Recycling rates, on the other hand, may mean
something different for different materials, even if reported by the same institution [10]. This situation
might tempt businesses and public organizations to “cherry-pick” weak indicators purporting great
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progress on CE without requiring real structural changes [8,11], eventually causing the collapse of
the concept.

Consequently, increased efforts to classify and harmonize definitions [12-17] and indicators [18-21]
surrounding CE have recently been observed in the scientific community. Given the multitude of
contexts under which CE can be studied, most authors recommend a dashboard, from which indicators
can be selected according to purpose, rather than a one size fits all solution, especially for the micro
level [18,20-22]. However, real systems are complex and specific, whereas, usually indicators are
generally defined, even under similar circumstances, and therefore room for interpretation remains or
slight adjustments have to be made. For instance, when calculating the cyclical use rate for the Czech
Republic, an indicator developed by the Japanese government for CE assessment [23], Kovanda [24]
had to undergo several alterations to the original definition in order to ensure compatibility with
local conditions. Nuifiez-Cacho et al. [25] recently developed a model for the transition of family
businesses to CE, which proves that even differences in factors not predominately associated with
CE, such as the ownership structure of a business, may be highly relevant for the outcome of a CE
study. Avdiushchenko [22] found that the CE monitoring framework of the European Union, which
was developed for implementation at the member states level, was inappropriate for capturing CE
effects at the regional and local level. Likewise, problems were noted when transferring monitoring
frameworks between China and the EU and also between different regions within the EU, due to
different perceptions of CE priorities and indicators which are highly adapted to local geographic,
environmental, economic, and social circumstances. Ordoéfiez et al. [26] encountered similar problems
on a micro level, noting that “the lack of comparable inventory systems of all included (urban reuse
and remanufacture) initiatives limited the ability to quantitatively analyze environmental impact and
economic viability”. Rahman et al. [27] identified variable system boundaries and levels of detail,
due to different management regimes and data availability, as a main challenge when comparing
phosphorus recycling efficiency in the waste sector of different countries. Therefore, common reference
frameworks are essential for the comparability of CE indicators under different circumstances.

With regard to the physical component of CE, material flow analysis (MFA) provides a good
basis for such a reference framework. MFA has established itself as one of the main tools in industrial
ecology [14,28,29] in global [30,31], national [32,33], sectoral [34,35], and product [36,37] studies, and
it is also an essential part of most CE assessments [23,38,39]. In addition, MFA Sankey diagrams
have proven particularly effective for public communications [40], which is a crucial feature because
CE strategies involve a multitude of stakeholders, including private consumers [13]. If mass flows
of a system are organized in a common structure, CE indicators can be defined specifically with
regard to these flows. For economy-wide MFA, such schemes and indicator definitions have been
available and developed for a long time [30,39,41-43], and recently, Pauliuk [20] has proposed a general
MFA system at the organizational and product life cycle level. Because they depict the system at
a very coarse level, fitting complex systems to this structure remains difficult. On the other hand,
comprehensive templates for substance flow analysis (SFA) have, among others, been developed for
national phosphorus balances [44-46]. Rahman et al. [27] also solved the problem of heterogeneous
definitions of the waste sector by aggregating flows and processes to a baseline/standard system.
However, when calculating one of the more general CE indicators for such a system, it was not always
clear what flows it should be referred to. Moreover, the importance of resource interactions for the
achievement of holistic sustainable solutions is increasingly recognized [47-49] so that assessment
frameworks that are applicable to a multitude of substances are gaining in importance.

To overcome drawbacks of both broad and substance- or sector-specific MFA schemes, a generic,
universally applicable structure could be combined with flexible subsystems. Apart from ensuring
comparability across substances, regions, and scales, a common reference system may facilitate the
development of universally applicable indicators, increase understanding with political and economic
decision makers, and therefore strengthen the concept of CE as a whole. Moreover, if CE assessments
are based on a common framework, differences in focus become more visible so that mutual learning
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and broadening of perceptions is encouraged. In this study we analyze such a framework with
respect to the depiction of complex systems and its advantages and limits in terms of supporting
CE assessment.

2. Materials and Methods

The aim of the generic MFA system described in this study was to provide a common reference for
studies on various substances and materials, spatial scales, and regions on the basis of which indicators
for CE assessment, as well as for related concepts such as resource efficiency, can be calculated. The
characteristics that the framework should exhibit are similar to the ones described by Saidani et al. [50],
i.e., systemic, yet adaptive and flexible design, intuitive user interface, and use of a commonly available
software. However, while the guidelines for CE frameworks suggested by Saidani and colleagues
apply for the assessment of product performance in the context of the three pillars of sustainable
development (economic, environmental, and social), the present framework was solemnly based on
MFA. Not all of the aspects of sustainability are contained in the concept of CE and not all aspects of
CE can be covered by MFA, as will be further discussed in Section 4. Therefore, we regard MFA-based
indicators as an integral, yet not sufficient part of a holistic sustainability assessment.

The generic MFA system presented in Section 3 is the optimal variant of an iterative process
of transforming three heterogeneous, real MFA systems into a common framework. The system
was built in the freeware STAN [51], a balancing and visualization tool for material flow analysis
of goods, substances, and energy, which considered data uncertainties through error propagation,
data reconciliation, and gross error detection. STAN can be used for both static- and quasi-dynamic
analysis and allows studying a system on several levels of detail via the introduction of subsystems.
A previous work on the Austrian P-N system 2010-2015 [52] was used as the main case study due
to the profound knowledge on the sustainability of current management, its development over time,
and potentials for improvement already available. Additional case studies were selected through
a literature research using “material flow analysis” and “case study” as search terms. The criteria
for selection were treatment of a different material, region and scale other than the case studies
already selected, authorship outside the working environment of the authors of the present study,
actuality and availability of a closed mass balance depicted in a MFA scheme or sufficient data in tables
and/or the main text to compile such a scheme. All case studies are described in more detail in the
following sections.

2.1. Austrian P-N System 2010-2015

Apart from the reasons stated above, the Austrian P-N system was selected as a case study because
the model entails many of the challenges for transformation into a generic structure described in Section 1.
With 194 stocks and 866 flows it is particularly complex, and the management and consumption
patterns differ in several ways from the “classical” extraction-manufacture-use-disposal scheme.

Nitrogen (N) and phosphorus (P) are essential nutrients for all living organisms, and therefore the
socioeconomic P-N system predominately revolves around the fertilizer and food industries. Unlike
most other resources, the majority of N is found in the atmosphere, which is why mining activities
are usually negligible. On the other hand, exchanges with natural compartments play an important
role in the N system because N takes up multiple chemical forms as it circles through air, water, and
terrestrial ecosystems, some of which act as pollutants and/or greenhouse gases [53]. Phosphate rock
minerals are the only significant virgin P supply. However, as Austria, like Europe in general (except
for Finland), does not dispose of any resources, it has to rely on imports. The declining quality of the
mined material and volatile prices have spurred discussion on P scarcity, but excess discharge of P to
water bodies and subsequent eutrophication are also looked at with concern [54]. Nonetheless, P- and
N-rich flows, such as manure, show high potentials for recovery of energy, water, and biofertilizer, and
therefore can be considered as technological nutrients [55].
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Figures 1 and 2 depict the initial structure of the system for the year 2015 for P and N, respectively.
Note that not all flows and processes of the system are visible in the figures, as they are contained
in subsystems.
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2.2. European Copper System 2014
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The study on copper (Cu) flows in the EU 28 [56] constituted a representation of a “classical” MFA

of a highly-recyclable metal resource on a super-national level.

depicted by Soulier et al. [56].
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2.3. Energy Analysis of Karlskoga Combined Heat and Power Plant in Sweden 2016
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To further test universal applicability of the generic structure, a plant-scale analysis of energy
flows in a Swedish combined heat and power plant (CHP) was chosen as the third case study [57]. The
structure of this system is shown in Figure 4. As the mass balance was incomplete, only energy flows
were further considered in the present study. When compiling the generic system, numbers given in
Figure 4 were supplemented with information from the main text of the article.
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3. Results

3.1. The Generic Material Flow Analysis Structure

Figure 5 shows the generic structure of a resource system that evolved from the present work.
It consists of five processes (one of them situated outside the system boundaries) and 14 flows.

Environment
| Fs |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
c 7] c c - L
2 5 S c Sw £ ‘
53 2 82 (3 85 £ P
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w g 3 . =
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F02 *  Production F05 > F10 » Waste
P1 ) . . P3 . management
Extracted raw material Domestic consumption Consumption waste

Fo1 >

Import raw materials and goods

Fo7 P4

Production waste

E

F13

Recycled waste

F04
Export raw materials and
goods
Export waste
F12

Figure 5. Generic MFA system. The dashed line marks the system boundaries.

Material can enter the system either through imports (FO1, F11) or deposition from the environment
(FO3, F08). FO1 includes the import of raw material, semi-finished products, and goods ready for
consumption. However, a distinction with respect to the import of waste material from outside the
system (F11) is made as the latter does not enter the production process, unless it is recycled. Input
to the production (F03) and use processes (F08) can, for instance, occur in the form of atmospheric
deposition or freshwater abstraction. The process “environment” (P5) includes the atmosphere,
biosphere, hydrosphere and pedosphere. P5 is situated outside the system boundaries because, while
the magnitude of emissions to the environment from production (F06), consumption (F09), and waste
management processes (F14) is an essential characteristic of a resource management system, these
emissions are commonly regarded as losses or even act as pollutants in the compartment they enter.
Furthermore, exchanges of air and water masses across system boundaries are usually difficult to
quantify, but only play a minor role for the purpose of the analysis. Although the lithosphere can be
regarded as part of the environment, geological reserves are considered separately in P1. This accounts
for their importance for the management of resources.

Each process contains a stock (Spy) representing, e.g., geological deposits in P1, production storage
in P2 or landfills in P4. During each period of analysis material can either be extracted from the stock
(ASIzj) or deposited to the stock (ASll)x).

The production sector P2 comprises all production steps such as primary production, manufacture,
and trade so that “use” in P3 should be considered as end-use only. Hence, FO9 and F10 only refer
to emissions and wastes that occur during or after, but not prior to consumption. Apart from being
consumed, products can be exported to sectors or regions outside the system boundaries. Again,
a distinction is made between the export of raw materials and semi-finished and finished goods (F04)
and the export of waste (F12). In the case of F04, export, or rather the value created from it, is an
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explicit reason for production, whereas waste export is mainly a way of disposal. A special case occurs
if products or material stemming from recycling are exported. In this case they should first be directed
to the production process, where trade is located, as part of F13 and subsequently included in F04.
This has for instance been done for wood-, slaughterhouse-, household- and industrial-waste entering
the power plant in the Karlskoga case study. It should be noted that depending on the purpose of the
study output products may not always be visible in the MFA. This would, for instance, apply to energy
and heat production in a mass-based MFA, or in the case of SFA, to any product not containing the
substance analyzed.

Disposal in landfills is represented in the stock of the waste management process P4. It is assumed
that all recycling takes place in P4, and therefore even if production step B makes direct use of waste
from production step A, this waste should both be included in F07 and F13. Similarly, secondhand
consumer products are taken into account in F10, F13, and F05.

For example, the aforementioned cyclical use rate, as a CE indicator that could be derived from
the generic system, is defined as the amount of cyclical use divided by the sum of cyclical use and
natural resources input and could be calculated as in Equation (1).

CUR = F13 )

FO1 + FO2 + FO3 + FO8 + F11 + F13 + AS],, + AS], + AS,

where Fx and ASITDX correspond to the mass flows and stock extractions as depicted in Figure 5
(depositions to stocks AS%JX are regarded as system outputs, and therefore not included in the total mass
input). Similarly, socioeconomic cycling rates, quantifying the share of secondary material at system
input (ISCr) and system output (OSCr), respectively [43], could be applied as in Equations (2) and (3).

F1
ISCr = 3 3 = 5 )
FO1 + F02 + FO3 — FO4 + F08 + F11 4 AS},, + ASp,, + AS},,
F1
OSCr = 3 (3)

F06 + FO7 + F09 + F10 + F11 + AS,

A “classical” recycling rate could be defined as

F13
RR =
FO7 + F10 + F11 + AS},,

(4)

The idea behind the generic system is that the structure depicted in Figure 5 forms the topmost
level, on which comparisons across materials, regions, and scales can be undertaken, whereas, detailed
study-specific flows and processes are included as subsystems. An example of such a cascade of
subsystems for the Austrian P system is depicted in Figure 6.
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Figure 6. Cascade of subsystems. Example from the Austrian P system 2015.

3.2. Results of Case Study Transformation
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management | !

Results of the transformation of the three case studies described in Section 2 into the generic
system can be found in Figure 7. A full inventory of subsystems is provided in Appendix A. The
schemes depicted in Figure 7 already reveal some of the particularities and management problems of a
specific material or setting. For instance, the biomass dominated P-N system is characterized by high
exchanges and the environment and recycling seems to play an even larger role than for Cu, which
is considered one of the most recycled metals [58]. On the other hand, production appears not to be
very efficient as only a small part of input P/N ends up in FO5 (domestic consumption). The system
boundary in Figure 7d is the Karlskoga plant, thus all electricity, heat, and steam produced leave the
system as export, and the use sector is virtually inexistent. According to Karlsson et al. [57], part of the
electricity produced is used to power company-owned vehicles, and therefore could be regarded as
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end-use consumption. However, as no further information on the magnitude and nature of this flow is
given, it was neglected in the current study.
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Figure 7. Generic MFA system of the three case studies: (a) Austrian P-N system-P; (b) Austrian P-N
system-N; (c) EU28 copper system; (d) Energy flows in Karlskoga heat and power plant.

4. Discussion

4.1. Transformation Challenges

Although all three case studies could be transformed successfully, flow allocation to one of the
aggregate flows of the generic system was not always straightforward and it became clear that to some
extent results will always depend on subjective judgments. Therefore, Figure 7 only represents one out
of several possible outcomes. The main challenges encountered are described below.

4.1.1. Definition of By-Products

The distinctions among products, by-products, and waste are an issue which is much discussed
in MFA. Hashimoto et al. [9] define by-products as “outputs other than the main product, which
are produced during the course of producing the main product, ..., regardless of their value or of
whether they are solid, liquid, or gaseous.” However, they noted that several high-value products can
emerge from a production process, which should then be called co-products. The boundary between
by-products and co-products is not always clear, especially if the outputs of one process are directly
used as input to another production process. Moreover, if recovered products are used within the
same production process, they may not be disclosed as separate flows, but “hidden” in improved
process efficiency.

Another approach is to differentiate between waste and products according to economic value.
However, if waste is perceived as a resource for material or energy and traded on recycling markets,
it has an economic value and the distinction becomes once again unclear [7].



Recycling 2019, 4, 23 11 of 28

For the purpose of the present study, we distinguish between co-products and products, which
constitute the reason a production process is undertaken, emissions which are directly discarded to
the environment, and waste. Therefore, all by-products are included first in FO7 (production waste)
and subsequently F13 (recycled waste), even if they are directly utilized in the same or a subsequent
production process without physically entering the waste sector. However, the problem of ambiguity
between co-products and by-products remains.

This is especially relevant for studies in which biomass flows play an important role, such as
manure in the Austrian P-N system. On the one hand, manure constitutes a waste product in animal
husbandry which has as its main outputs meat, dairy, and eggs and is considered as recycled waste in
this study, according to the assumptions outlined above. On the other hand, due to its widespread
use as agricultural fertilizer, and to a lesser extent for biogas production, it may also be classified as
a co-product. To complicate matters in the absence of legislative regulation excess manure is often
“dumped” on fields irrespective of fertilization needs [59], which may even justify regarding it as an
emission to agricultural soil. The high share of recycling in the Austrian P-N system in Figure 7a,b can
mainly be attributed to manure classification, as manure makes up half of the mass of F13 for both
substances. This may prove problematic because it might conceal the effect of measures to improve
nutrient management. For instance, even if the P-recovery from meat and bone meal was raised from a
current level of 26% to 100% and a total of 3000 t, which is equivalent to approximately 25% of the
current mineral fertilizer demand [52], F13 would merely increase by 5%. Similarly, Kovanda [24]
yielded a cyclical use rate for the Czech Republic of 9% if manure was considered in the recycling
flow, but only 5% if it was not considered in the recycling flow. This may explain why several authors
decided to exclude manure from recycling [27,39,41,60]. If manure was defined as a co-product,
it would only be featured on the subsystem level of the generic structure, as can be seen in Figure 8.
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Figure 8. Comparison of alternate forms of manure definition in the Austrian P system 2015. Generic
topmost layer and schematic detail of the subsystem production if (a) manure is defined as recycled
waste and (b) as a co-product. Manure flows are marked in red and checkered pattern indicates

inclusion of manure.
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Although manure is clearly the most relevant example in the present study, room for interpretation
in the distinction between co-products and recycled waste also occurs for parts of the output flows from
the timber and food industries, such as logging residues and wood chips burned for energy production,
whey fed on-farm to cattle, and offal used for pet food production. Like manure, pet excrements on
public areas can be regarded as fertilizer and thus recycled waste, which is the perception adopted
in the present study. However, as the application is unintentional, they may also be viewed as an
emission to soil.

Following a definition by Braungart et al. [61], the UNEP even suggested that all biological
nutrients are per se circular flows [62]. Actually, emissions of N;, which constitute the vast majority
of atmospheric N emissions, could be viewed as a way of replenishing stocks for future (natural or
technical) N-fixation. On the other hand, N and P emitted to water bodies are not readily re-extractable
and may even cause severe damage in the form of eutrophication. Thus, substance specification
and location within the environment is particularly important for flows of biological nutrients.
Differentiating emissions, waste, and recycling can partly reflect this, even if environmental impacts
are not explicitly accounted for.

4.1.2. Allocation of Processes to Subsystems

Aggregation ambiguities do not only apply to flows but also to processes of the generic system.
For example, the generation of district heat is regarded as a side effect of waste incineration (the main
purpose of the process being the disposal of waste), and therefore was included in the waste management
sector, while energy production in biomass plants was included in the production sector. However,
from a plant perspective, energy generation in the Karlskoga CHP, which is powered by both primary
fuels and waste, is regarded as a production process. Similarly, the use of meat and bone meal and
sewage sludge as additives in cement and brick production could be considered as recycling from
a goods perspective. Nevertheless, this application is treated as an endpoint of waste, similar to
landfills, in the case study on the Austrian P-N system, because P incorporated in construction material
cannot fulfill its purpose as a nutrient any longer (N is mainly emitted into the atmosphere during the
combustion process).

Furthermore, the EU 28 copper system includes a short-term scrap stock, which could alternately
be located in the production or the waste management sector. We decided to include it in the production
sector, thus regarding recycling as completed when copper enters the short-term scrap stock. This
influences C in a temporal manner. In the present case, recycling is higher in the years when material
is added to the stock and amounts to 27% of the total material input, whereas, if the scrap stock was
considered as a part of the waste management sector, recycling would be higher when material leaves
the stock, and in 2014 it would only be 26%.

Once again, allocation proves particularly challenging with regards to biomass flows. Soils used
for food and timber production can be regarded either as a production stock, where nutrients are
stored for subsequent growing seasons, or as an environmental compartment. The latter view was
adopted in the case study on the Austrian P-N system, because the time series of P flows revealed
a long-term accumulation in soil [63], which points to a storage in forms that are to a large extent
unavailable to plants [64]. If soils were regarded as a stock in the production sector, a considerable shift
of 13,000 t P from F06 (production emissions) to SP2 (production stock) would occur. The N system
does not change because soil stocks of N are neglected in this study. Private gardens and public parks
form a part of the production process in the Austrian P-N system, the main output being home-grown
vegetables. However, nowadays vegetable production constitutes only a minor purpose in gardens
and parks, and therefore it may also be allocated to the consumption sector. This would entail a shift
of mass from F03, F06, and F07 (deposition, emissions, and waste of the production sector) to F08, F09,
and F10 (deposition, emissions, and waste of the consumption sector).
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4.1.3. Insufficient Flow Definition

Although the generic system was formulated in a very general and coarse way, sometimes
information given in the case studies was not detailed enough to allocate flows properly. For instance,
in the European copper system Soulier et al. [56] do not differentiate between environmental emissions
and landfilled waste. Therefore, additional information had to be obtained from other sources. Bertram
etal. [65] estimated that less than 0.5% of copper entering the waste system was lost to the environment,
and therefore it was assumed that all losses, except for the flow named “dissipation/abandoned in
place” which corresponded to F09, ended up in landfills. Likewise, further information on the source
and nature of the flow of wood chips in the Karlskoga CHP [57] might have facilitated the decision
whether it should be considered as a primary fuel or waste input. Moreover, in this study, mass flows
had to be excluded altogether from the analysis, as they were insufficiently defined.

4.1.4. Implications of Allocation Choices

The significant influence that different interpretations of flow and process allocation have on CE
assessment results is demonstrated by the wide range of values that the circularity indicators mentioned
in Section 3.1 may take (see Table 1). This is especially true for the Austrian P-N system, where, on the
one hand, greater flow differentiation allows for a wider variety of combinations, and on the other
hand, large mass flows (i.e., manure and environmental emissions) are particularly ambivalent. By
considering all types of soil as part of the environment and consequently inputs to soil as emissions
the lowest values of circularity are produced, while at the opposite end of the range all environmental
emissions are considered to be a form of recycling. The lower bound in the column “range under
common assumption” refers to a case where process allocation is not changed with respect to the
assumptions described in Section 3, but where only flows that physically enter the waste management
sector are regarded as recycling. In the European copper system, circularity is lower if fabrication scrap
is regarded as a co-product, and to a lesser extent, if the scrap stock is located in the waste management
sector. High values of circularity result if all flows indicated as “losses” in the paper by Soulier et
al. [56] were allocated to emissions, a perception which is mentioned in Section 4.1.3, however, this is
not very likely to reflect reality. For the Karlskoga CHP, room for interpretation was only encountered
for the input of wood chips, which could either be regarded as product or waste import, and for steam,
which could alternately be defined as a co-product or a (recycled) by-product.

Table 1 also empahsizes the importance of careful indicator definitions. Although all four
indicators measure circularity, in terms of the degree to which the system can be considered to be a
closed loop, results vary considerably, depending on whether the mass of recycled materials is related
to input of virgin material, waste and emission output, or total system material throughput, as well
as whether gross or net inputs are considered. As stated in Section 1, the informative value of an
indicator may vary in different circumstances. For instance, in a system where products are quickly
transformed into waste, such as the Austrian P-N system, differentiation between CUR and OSCr may
be less important than in a system with a considerable buildup of consumption stock. At the level of a
production site, where hardly any consumption within the system boundaries occurs, subtraction of
export flows, as is the case for ISCr, may not seem reasonable, and for energy flows in incineration
plants, where energy is dissipated to the environment rather than collected by the waste system,
the calculation of RR is not expedient. Nevertheless, in order to facilitate communication of the CE
concept to a broader public, circularity indicators should be harmonized as much as possible. Efforts
to improve the meaningfulness of CE indicators are ongoing [8-10] and should be continued in the
future. However, they will not be explored further in the current study as the focus is on comparability
rather than harmonization.
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Table 1. Range under all potential and under commonly made assumptions as well as results for the
assumptions made in the present analysis for the circularity indicators cyclical use rate (CUR), input
socioeconomic cycling rate (ISCr), output socioeconomic cycling rate (OSCr), and recycling rate (RR).
Indicator definitions according to Equations (1)—(4).

Indicator Range Range under Common Assumptions of the
Assumptions Present Study
Austrian P-N system
CURP 7-0% 12-54% 54%
CURN 2-46% 3-25% 25%
ISCr P 11-301% 28-236% 236%
ISCr N 4-158% 5-61% 61%
OSCr P 10-76% 22-70% 70%
OSCr N 4-61% 5-38% 38%
RRP 41-90% 41-85% 85%
RRN 17-98% 17-69% 69%
EU 28 copper system
CUR 16-27% 26-27% 27%
ISCr 40-76% 72-76% 76%
OSCr 34-50% 48-50% 50%
RR 34-69% 48-51% 51%
Karlskoga CHP
CUR 39-51% 39%
ISCr 468-770% 468%
OSCr 82-89% 82%
RR 100% 100%

4.2. Advantages of the Generic Structure

The ability to refer complex, differently constructed systems to a common structure facilitates
comparability of MFA-based indicators and may thus contribute to clarifying the definition of the
CE concept.

Experience gained in the course of this study has shown that each system comes with specific
predicaments, and therefore it is deemed impossible to formulate a generic structure that fits all and
that eliminates the need for any subjective assumptions. Even if all potential ambiguities could be
envisioned in advance, it is not desirable to base assessment on a rather arbitrary selection of one out
of several equally valid conventions. This is not only a problem pertaining to material flow analysis.
Due to its high computational and data demand, life cycle assessment is often applied in a simplified
manner. Simplifications, however, are unique to each situation and need to be based on assumptions.
The weighting of different goals against each other is another highly subjective matter [66]. Similarly,
Saidani et al. [50] observed that users of CE tools tend to favor middle options in trinary-based
questionnaires, while binary scoring systems are often too reductive to represent system complexity
adequately. In fact, finding the one “true” model may not even be necessary. As Ashby previously
pointed out in 1958 information quantities in complex systems may exceed human capacity [67].
However, even when a system is not fully understood, valuable conclusions can be drawn from its
study, if scientists accept that solutions are never final, and only valid until they become obsolete.
Under such circumstances it is clear that the transparency of subjective choices is crucial to ensure
system comparability. The indicator values in Table 1 do not disclose the assumptions taken to produce
them and require further explanation. However, intuitive understanding of whether a flow should be
regarded as a co-product or a by-product or where to place a certain process in the generic system
often exists, and therefore authors might be tempted to not explicitly state what seems obvious to
them. Nevertheless, as Korhonen et al. [7] pointed out, perceptions as to the point at which material
with economic value becomes waste with no or negative economic value vary, depending on culture,
society, community, history, and level of societal development, and may change over time. Here, the
concept of a common structural basis and specification in subsystems, where aggregation choices are
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automatically disclosed, provides a clear advantage. An account of the underlying system structures,
for the numbers shown in Table S1, is given in the Supplementary Material online.

Arguably, transparency of choices could also be achieved by the meticulous documentation of
all calculation and aggregation steps, for instance, as has been done by Mayer et al. [43]. However,
a multilevel structure is preferable because it facilitates uncertainty assessment. STAN, the software
applied in the present study, uses weighted least square minimization for data reconciliation and error
propagation [68], which means that flows of the balanced system, respectively their uncertainties,
are correlated [69]. Therefore, propagation of data uncertainties for manual flow aggregation is very
complex, as Equation (5), where sq¢¢. and s; stand for the standard uncertainties of the aggregated, and
individual flows, respectively, is only applicable to independent values of s;.

Q)

This problem can be avoided if calculation, data reconciliation, and flow aggregation are performed
in a single step, as is the case for the generic system. To illustrate this, Table 2 summarizes independent
input data and reconciled values for FO3 “environmental deposition/extraction” of the Austrian N
system in two circumstances. In the first, reconciled flows are manually aggregated from the original
structure [52], using Equation 5 as a proxy for the standard uncertainty, whereas, in the second the
generic structure and subsystems are applied. As both systems use the same input data, results after
data reconciliation for individual flows are identical. However, manual flow aggregation overestimates
true uncertainty of F03.

Table 2. Input data and reconciled values for environmental deposition/extraction in the Austrian
N system when manually aggregating individual flows, using Equation 5 as a proxy for standard
uncertainty and when computing value and uncertainty of the aggregated flow in the generic structure
using subsystems.

Flow A Priori Input Data Reconciled Values & Reconciled Values
P Manual Aggregation Generic System
N [t] s [t] N [t] s [t] N [t] s [t]

Atmospheric deposition 49114  +14,210 47,449 +12,407 47,449  +12,407

agriculture
N-fixation agriculture 66,159 +9599 65,320 +8899 65,320 +8899
Atmospheric deposition 58370  +11,744 59,951 +7585 59,951 +7585
forestry
N-fixation forestry 8569 +2718 8654 +2657 8654 +2657
AtmOSphe“Cacrlsg:smon urban g +1449 4720 +864 4720 +864
Technical N-fixation 193400  +36305 190,026 20,787 190,026 20,787

Environmental deposition/

1 376,120 +33,132 376,120 +19,162
extraction

! The flow Environmental deposition/extraction (FO3 in the generic system) is calculated as the sum of the
flows Atmospheric deposition agriculture, N-fixation agriculture, Atmospheric deposition forestry, Atmospheric
deposition urban areas and Technical N-fixation, as can be seen in Figure A4 in the Appendix A.

The importance of resource interactions is increasingly recognized in the scientific
community [47-49]. The study of such interactions is encouraged in the system structure presented
here since goods and multiple substances can be added as different layers of the same system and
balanced simultaneously. Therefore, co-benefits and trade-offs can be directly accounted for. Contrary
to economy-wide MFA, where resource differentiation is usually carried out at a rather coarse level, such
as that of biomass, metals, construction minerals, and fossil fuels [43,70,71], the generic system described
here enables the study of total mass as well as a focus on individual resources of particular interest.
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Furthermore, awareness for the necessity of an integrated supply chain management, and therefore
joint consideration of product, process, and system level over multiple life cycles is growing [66]. Both
these aspects are supported by the multilevel structure of the generic framework and the possibility
for multiyear assessment, respectively.

Finally, the consistent application of a common reference framework during the system design
may help to avoid incomplete balances, as was the case for mass flows in the Karlskoga CHP.

4.3. Limitations

As previously mentioned in Section 2, the generic MFA structure presented in this study is
intended to support CE, resource efficiency, and sustainability assessment, while it cannot fully abolish
the need to take other factors into account.

CEindicators increasingly recognize aspects of product lifetime and environmental impacts [72-74],
especially at a product and company level. Mayer et al. [43] argue that strategies like extended product
lifetime, reuse, and sharing find expression in lower in-use stock growth and are thus indirectly
measurable by means of MFA. Similarly, MFA-based extended statistical entropy analysis can provide
insights into the environmental impacts of emissions of different materials [75]. Nevertheless, both
in-use stock growth and statistical entropy should only be used as the first estimates on the basis of
which further assessment for in-depth understanding may be conducted.

Other issues that are currently much discussed in CE are entropy and rebound effects. Recycling
technologies may require high input of energy so that the environmental net benefits of material
recovery may be low [7]. For example, 1.1% of global energy use can be attributed to technical
N-fixation via the Haber-Bosch process [76], which should be taken into consideration if atmospheric
N, emissions were to be regarded as a form of circular use. Moreover, cheap secondary materials may
increase demand for materials not covered by the analysis or in regions outside its system boundaries
or lead to decreased recycling of such materials or in such regions. Market mechanisms play another
crucial role, particularly in scenario analysis, because they define the degree to which recycled material
is actually used to decrease primary input [5,8]. Furthermore, spatial planning and consideration of
transitional costs, such as sinking employment rates in industries that find themselves in competition
with CE-based alternatives, are essential for successful CE implementation [22]. These aspects are
currently not reflected in MFA.

5. Conclusions and Outlook

In the present study, we tried to circumvent the problem of finding a universal CE indicator that
respects the broad applicability of the concept using a MFA structure that could serve as a common
reference framework at the topmost level, while enabling consideration of case-specific flows and
processes in subsystems. Consistent implementation of a generic framework like the one presented
in this study is highly valuable for a meaningful use of circularity indicators. As heterogeneous,
complex systems will always leave room for interpretation during flow aggregation and process
allocation, the transparent nature of the system turned out to be the main advantage of the generic
system. By enhancing comparability of existing CE assessments across regions, materials, and scales,
the framework may contribute to their eventual harmonization, and thus to the strengthening of the
concept. Irrespective of this, it is evident that other factors apart from MFA, such as value durability,
rebound effects, and economic market mechanisms, have to be taken into account for a comprehensive
understanding of overall system sustainability.

Therefore, further work could focus on integrating the generic MFA structure into more holistic
CE frameworks like the one developed by Cavaleiro de Ferreira and Fuso-Nerini for the city level [77],
or on the level of businesses, the sustainability assessment scheme over different dimensions of capital
by Van Deventer and Snyman [78], and the concept of technical exchange capacity in an industrial
symbiosis network described by Fraccascia et al. [79]. Moreover, the potential of possibly using
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the coupled resource analysis within the generic MFA framework for ensuring comparability of CE
indicators that cut across materials and substances, such as applied by [55,80], could be explored.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-4321/4/2/23/s1,
Table S1: Results for circularity indicators under different assumptions regarding flow allocation in the
generic system.
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Appendix A

Figures A1-A10 show the subsystems of the generic system for all three case studies.
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