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A B S T R A C T

Considering the importance of waste metals for the transition to circular economies, this study follows a bio-
inspired approach to evaluate their material and monetary global trade patterns for sustainability and equity.
Between 2000 and 2022, the global trade grew by 5 % in trading countries, by 37 % in trade links, by 71 % in
material flows, and by 569 % in economic flows. Driven by indirect effects, the average circulation of material
and monetary flows ranged between 21.8–34.9 % depending on the demand or supply perspective but showed a
declining trend. Due to homogenization, high network redundancy, and low network efficiency the trade
remained robust yet outside the "window of vitality" characterizing natural ecosystems. A few, mostly high-income
countries dominated the market, consolidating imports of high-value metal waste mostly from low- and middle-
income exporters. Policies should address circularity and trade inequities, accounting for environmental and
social ramifications throughout the lifecycle of products and materials.

1. Introduction

With a strong industrial and business emphasis, the circular economy
(CE) has in some cases been compared to a techno-economically opti-
mized machine (Fromberg et al., 2023) streamlined for extracting latent
economic value from a growing demand for commodified

socio-metabolic waste (Savini, 2023). The predominant focus on
end-of-pipe solutions has led many to conceptualize a CE as an advanced
form of waste management for maximizing recycling and energy re-
covery from incineration when in fact those are only patches on current
linear systems (Webster, 2021). This becomes evident when considering
that most policies related to CE roadmaps and strategies identified
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between 1976 and 2024 (see supplementary material: Appendix A),
have been addressing mainly waste management and recycling
(Chatham House and The Royal Institute of International Affairs, 2020).
Likewise, the corpus of publications on the CE issued by various in-
stitutions and bodies in the European Union since 2015 (when the first
Circular Economy Action Plan was released) has also been focusing
heavily (though not exclusively) on recycling activities (Baldassarre and
Saveyn, 2023). Even EU Member States considered as frontrunners in
CE, such as the Netherlands, have been targeting mainly improvements
in recycling and energy recovery processes which are at the bottom of
the waste hierarchy principles (PBL, 2022).

The current global patterns of increasing resource extraction, pro-
duction, consumption, and waste generation have been identified as the
main drivers of climate change, biodiversity loss, and pollution (United
Nations Environment Programme, 2024a). The CE emerged as a
response but instead of fundamentally rethinking the structure of
economies, it has been materializing across the world by attaching
substantial weight towards recycling and end-of-life strategies mostly at
the macro level (Stefanakis and Nikolaou, 2021), and often on top of
existing business models trapping organizations in the linear patterns
which they have built over time (Stucki et al., 2023). In this regard,
several authors have argued that not everything “circular” should be
considered as sustainable by default (Corvellec et al., 2021; Schau-
broeck, 2020), and that the CE still lacks an evidence-based theoretical
framework and an economic theory for pragmatic transition towards
sustainability which resonates with politicians (Velenturf and Purnell,
2021).

While much of the CE discussion has been centred on resource effi-
ciency gains, there are yet various angles to the concept. To facilitate
understanding among the readership, Table 1 lists a set of key concepts
that capture some perspectives related to the CE’s extended impact
(highlighted in bold). It has been proposed that a transition to a CE may

enhance the resilience of economic actors towards shocks (e.g., natural
disasters, pandemics, price volatility etc.), albeit not in a straightfor-
ward way as it may bring both congruences and contestations across
scales i.e., at the firm level, at the industry level, and at the socio-
ecological level (Kennedy and Linnenluecke, 2022). Interestingly, pre-
vious research on the network properties of the global commodity trade
suggests that countries may improve their economic resilience without
hindering their economic growth by seeking to expand the number of
trade links between them (e.g., diversification of import sources for
strategic commodities), for reduced economic losses and fast recovery
from economic shocks (Kharrazi et al., 2017). However, an excessive
number in trade connections may also facilitate shockwave transmission
and/or risk resource drainage in parts of the network due to insufficient
consolidation ability (i.e., inadequacy in bringing different sources of
inputs together into a more coherent flow), undermining resilience, and
resulting in node “necrosis” from limited cross-scale circulation and
distribution of resources (Fath et al., 2019). In some cases, stability in
resilience may even be undesirable, for example, when it comes in direct
conflict with sustainability values such as with the perpetuation of in-
equities in socio-economic systems (e.g., the introduction of
well-intended CE policies may benefit some actors but it may also create
unintended lock-in effects at the disadvantage of others) or with
eutrophication in natural ecosystems (Kharrazi et al., 2018). Other un-
desired side-effects may include the displacement of criticality risks
from one country to another (Schaubroeck, 2020), the potential of
increasing the “circularity divide” (i.e., the gap of competitive advan-
tage) between countries (Barrie et al., 2022), and the accumulation of
socio-metabolic risk in space and time (Singh et al., 2022).

Evidently, further research is necessary to explore whether the cur-
rent mechanistic understanding of a CE as an efficient recycling engine
may reduce or increase risks through trade-offs and avoid any potential
lock-ins of socio-economic systems into unsustainable resilience. In

Table 1
Key concepts and terms.

Capacity to develop: is a network property in ascendency analysis and process ecology describing the upper bound of a system’s potential to grow and develop when studied as a
network of nodes and links, the mathematical expression (and main assumption) of which is the sum of its network efficiency and its network redundancy (Ulanowicz, 2001). Since the
method is based on information theory, the capacity to develop, along with its corresponding complementary variables (ascendency and overhead), are expressed in bits and can be
scaled by the total system throughput of the corresponding flow medium to impart physical meaning (Ulanowicz, 2001).
Circular resource nationalism: is a policy approach where “a country prioritizes sovereign control over its secondary material resources (at all stages of their lifecycle) and asserts this control
through the principles of the circular economy” (Schröder and Barrie, 2024).
Network efficiency (or degree of order): is a (unitless) network property in ascendency analysis and process ecology capturing how well articulated, constrained, or ordered the
(conceptually reduced and modelled) system is due to its network structure (Ulanowicz et al., 2009).
Network non-locality: When the rate of (indirect) cycle paths is increasing (i.e., where “one species affects another through a “shared contact” species”), then pathway proliferation
occurs due to the tendency of indirect paths to grow geometrically and dominate (Albert et al., 2000; Borrett et al., 2007; Dunne et al., 2002; Dunne et al., 2002; Layton, 2014; Patten,
1985; Patten et al., 1982). This is considered to lead to a phenomenon called network non-locality whereby high indirect effects of asymmetric network structures may endow the
systemwith high cyclicity of retained resources and to increased robustness towards random node deletion due to shocks (Albert et al., 2000; Borrett et al., 2007; Dunne et al., 2002a,b;
Patten, 1985; Patten et al., 1982; Layton, 2014).
Network redundancy (and network resilience): Resilience has various definitions with a popular one being “the ability of a system to maintain its structure and patterns of behavior in the
face of disturbance” (Holling, 1986). In panarchy theory, it is “the capacity [of a system] to successfully navigate all stages of the complex adaptive cycle” (Fath et al., 2015). In ascendency
analysis and process ecology, network redundancy is a (unitless) network property capturing the “disordered” part of a network which endows it with flexibility through redundancy in
connections between nodes (Ulanowicz et al., 2009). It is expressed as flow path diversity which is sufficient for maintaining the system’s function during shocks (Ulanowicz, 2020). In
this context, network redundancy is a prerequisite for network resilience to emerge, and therefore, these two terms may not be fully interchangeable.
Number of roles: The analogy with natural ecosystems is that the number of roles relates to the number of trophic levels (Ulanowicz et al., 2009) describing specialized functions of
some nodes (e.g., species) in receiving, transforming, and transferring flows over to other nodes in the network (Zorach and Ulanowicz, 2003).
Planetary boundaries: This framework describes nine processes [1) climate change, 2) novel entities, 3) stratospheric ozone depletion, 4) atmospheric aerosol loading, 5) ocean
acidification, 6) biogeochemical flows, 7) freshwater change, 8) land system change, and 9) biosphere integrity] all of which are crucial for the stability and resilience of the Earth by
taking as a reference state the Holocene i.e., the interglacial state characterized by warm planetary conditions which allowed human civilization to evolve (Richardson et al., 2023).
Robustness: is a (unitless) network property in ascendency analysis and process ecology describing a balance between network resilience against disturbances and network efficiency
for streamlining resource throughput, a balance which is theorized to characterize sustainable natural ecosystems, at least the ones which have managed to survive and persist over
time (Ulanowicz, 2020, 2009; Zorach and Ulanowicz, 2003). It has been proposed that it is the variable in least supply which is expected to impact a system’s robustness the most,
meaning that in over-redundant networks robustness is determined more by changes in network efficiency whereas in over-efficient networks robustness is determined more by
changes in network redundancy (Kharrazi et al., 2017).
Socio-metabolic risk: It is a “systemic risk associated with the availability of critical resources, the integrity of material circulation, and the (in)equitable distribution of derived products and
societal services in a socio-ecological system” (Singh et al., 2022).
Sustainability: Being a contested concept, sustainability is often perceived from a weakly coupled perspective where the dimensions of economy, society, and the environment are
assumed to be independent from each other (Pelenc et al., 2015). Here, by sustainability we mean the ability of a socio-economic system to sustain itself over time from a strongly
coupled perspective where the economy is understood as a social construct embedded in society which in turn is embedded within the natural environment (Pelenc et al., 2015).
Window of vitality: is a concept describing the theoretical upper and lower boundaries of network properties within which natural ecosystems are theorized to exist, due to a balance
in network constraints (allowing for the efficient streamlining of resources among species across trophic levels) and redundancy in network connections (for enhanced resilience against
shocks) (Ulanowicz et al., 2009; Zorach and Ulanowicz, 2003).
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other words, CEs which are solely built on “business cases” to maximize
efficiencies for boosting the ratio of gross domestic product (GDP) per
unit of resource used without considering their contribution and impact
on systemic resilience and inequities, may compromise global sustain-
ability by increasing simultaneously both its numerator and denomi-
nator. This can be a precarious situation in a world of finite resources,
especially when six out of the nine identified planetary boundaries
have already been transgressed with evidence showing that the Earth is
“leaving its Holocene-like state” (Richardson et al., 2023), entering “un-
charted territory” (Ripple et al., 2023).

The points above highlight an urgent need for identifying relevant
methods and indicators which can capture the complex in-
terdependencies of socio-economic and socio-ecological systems,
particularly in relation to their transitions towards CEs. During the past
decade a bio-inspired approach has been gaining traction in the CE
discourse focusing on the study of feedback loops of resources and in-
formation by using a plethora of indicators from network-basedmethods
to capture properties of socio-economic systems which may not be
directly measurable (Brehm et al., 2020; Chatterjee et al., 2021a, 2021b;
Chatterjee and Layton, 2020; Fath et al., 2019; Johnson and Webster,
2021; Layton, 2022; Layton et al., 2015; Lietaer et al., 2010; Panyam and
Layton, 2019; Reap and Layton, 2017; Ulanowicz et al., 2009; Webster,
2021). Each one of these properties addresses a different aspect of the
underlying system function where information is contained in the con-
nections of the network, and in combination they have the potential to
reveal deep structures which may not otherwise be obvious (Fath et al.,
2019; McNerney et al., 2013). For example, it has been proposed that it
is neither efficiency nor resilience but their balance (i.e., robustness)
which may be an important indicator for the sustainability of
socio-economic systems (Johnson and Webster, 2021; Layton, 2014;
Ulanowicz et al., 2009; Webster, 2021). The applications of
network-based methods have been numerous, and indicatively they
have been used to assess the resilience of cities (Galychyn et al., 2022),
of supply chains (de Souza et al., 2019), of economic systems (Huang
and Ulanowicz, 2014), and of large complex systems of systems
(Chatterjee et al., 2023).

The aim here is to explore the potential of network-based indicators
not only for assessing the sustainability of complex socio-economic
systems by benchmarking them against natural ecosystems but also for
illuminating systemic inequities which may emerge during their tran-
sition to CEs – an aspect that represents the novel contribution of this
work. The global trade of waste metals is selected as a case study by
using publicly available time series data from the Chatham House Cir-
cular Economy Trade Database (Chatham House and The Royal Institute

of International Affairs, 2020). Studying global trading patterns for the
potential existence of systemic inequities is important because they may
hinder the transition of countries towards circular economies, particu-
larly the ones in the Global South.

The paper is structured as follows: In Section 2 the methodology is
described. In Section 3 the results of network-based methods (i.e.,
ecological network analysis and ascendency analysis) are presented. In
Section 4 the findings are discussed along with implications for sus-
tainable circular economies and the limitations of the study. Section 5
concludes the paper.

2. Methods

2.1. Case study

The focus of this paper is on the international trade of metal waste
between 2000 and 2022 (Fig. 1) because relative to all other types of
waste this stream had the largest market share (~30 %− 48 %) it was
traded in substantial amounts (~22 %− 33 %), and it contained critical
rawmaterials, specialty metals, and rare earths which can be of strategic
importance. The global trade is studied as two distinct networks of
annual material and monetary flows (Fig. 2).

2.2. Data preparation

The dataset was downloaded from the Chatham House Circular
Economy Trade Database (Chatham House and The Royal Institute of
International Affairs, 2020) on the 15th of May 2024. The time series
data were formatted in tables where each year would have two corre-
sponding tables: one of annual material flows and one of annual mon-
etary flows. Any missing nodes in the raw dataset were identified and
inserted as additional rows or columns with elements of zero value to
ensure that the generated matrixes were symmetric. The rows i and
columns j of the matrixes corresponded to the export and import
countries, respectively, whereas their elements corresponded to the
annual trade flows of waste metals between countries and were sym-
bolized with Tij (in million tonnes per year for the material flows or
billion USD per year for the economic flows). Due to the nature of the
data, the network was closed meaning that any other boundary input
flows zi and output flows yi were not accounted for. The datafile along
with all calculations is available in the supplementary material.

Following the notation at the Chatham House database, it is stressed
that some of the network nodes were termed as “special categories” or
“areas not elsewhere specified” (Chatham House and The Royal Institute

Fig. 1. The annual material and economic flows in the global trade of different types of waste, scrap, and residues between 2000 and 2022 (Chatham House and The
Royal Institute of International Affairs, 2020) juxtaposed left: in absolute numbers, right: in relative terms (as shares of the total annual value of traded waste, scrap,
and residues i.e., the sum of the individual waste streams listed). Waste metals are shown as red squares. The various categories and sub-categories of metal waste
trade flows (considered here in an aggregate manner) and the list of trading countries are shown in the supplementary material (Appendixes B and C, respectively).
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of International Affairs, 2020). The former term “is used by countries
reporting trade flows if they do not want the trading partner breakdown to be
disclosed. The distinction between an ‘unknown partner country’ and an
‘undisclosed partner country’ can sometimes be mixed up when recorded"
(Chatham House and The Royal Institute of International Affairs, 2020).
The latter term covers “unknown trading partners, recorded when the
reporting country does not submit the details of their partner. This occurs (a)
for low value trades and (b) if the partner designation is unknown to the
reporting country, or if an error is made in assigning the trading partner.
Reporting countries sometimes withhold partner details to protect company
information. Different categories of areas not elsewhere specified are asso-
ciated with the world as a whole, with continents, and (prior to 2006) with
regions” (Chatham House and The Royal Institute of International Af-
fairs, 2020).

The formatted tables with the raw data were then analysed with
ascendency analysis and ecological network analysis, the results were
plotted on figures, and were interpreted.

2.3. Network-based methods

Common network-based indicators such as link density, con-
nectance, degree centrality, and cumulative degree distribution were
used to study the global trade of waste metals as a network ofm nodes (i.
e., number of countries) and l edges (i.e., number of trade flows between

countries).
The link density of the network k and its connectance K were

calculated as k = l
m and K = l

m2, respectively. The former describes the
links per node, and the latter captures the number of trade flows
occurring in the network over all possible trade flows which could
theoretically occur if all countries would trade with each other.

The degree centrality of the network (a measure of trade relation-
ships between countries) was calculated for each country by accounting
for its imports (in-degree centrality din− degree as the sum of all its
incoming flows), exports (out-degree centrality dout− degree as the sum of
all its output flows), and total trade flow (dtotal degree = din− degree +
dout− degree).

The degree distribution P(di) was defined as the fraction of nodes
having in-, out-, or total degree di over the sum of in-degree nodes, out-
degrees, and total nodes m, respectively. The cumulative degree distri-
bution function is useful for identifying whether the data follow a power
law when plotting them against the degree distribution on a log-log
scale, and it was calculated by adding the proportion of nodes with a
certain degree and higher. For example, for nodes of degree one the
cumulative distribution would be the proportions of all nodes since all of
them considered in the analysis had at least one trade flow.

Fig. 2. a) Screenshot from the online database Chatham House Circular Economy Trade database (Chatham House and The Royal Institute of International Affairs,
2020), b) system boundary of the global trade of waste metals, analysed as a network of countries (i.e., nodes) where Tij represents the annual material or monetary
flow from country i to country j (i.e., edge or link), and where zi and yi are boundary input and output flows, respectively (which are not considered here). c) Example
of waste metals: reprocessed metal from dismantled End-of-Life ships.

F.K. Zisopoulos et al. Resources, Conservation & Recycling 212 (2025) 107958 

4 



2.3.1. Ascendency analysis
Here, indicators from ascendency analysis are presented (Ulanowicz,

2002, 2009, 2020). The total system throughput T.. describes the annual
global trade activity (million tonnes per year or billion USD per year)
and it was calculated by:

T.. =
∑

zi +
∑

Tij +
∑

yi (1)

Considering that this trade network was studied as a closed system:

T.. =
∑

Tij (2)

The capacity of the network for development H (bits) was calculated
by:

H = −
∑

i,j

(
Tij
T..

)

log2
(
Tij
T..

)

(3)

The average mutual information of the network X (bits) was calcu-
lated by:

X =
∑

i,j

(
Tij
T..

)

log2
(
Tij
Ti.

T..

T.j

)

(4)

Here, Ti. represents the sum of trade flows exported from country i,
and T.j represents the sum of trade flows that are imported by country j
during the same period (Ulanowicz et al., 2009). Assuming that the
network was at steady state, the sum of nodal imports and of exports
were considered equal (Fath, 2012):
∑

Ti. =
∑

T.j = T..

The network’s capacity to develop H (bits) and its redundancy Hc

(bits), were calculated by:

H = X+ HC (5)

Hc = −
∑

i,j

(
Tij
T..

)

log2

(
T2

ιj

Ti.T.j

)

(6)

The scaled properties (with T..) have units of million tonnes-bits per
year or billion USD-bits per year. The ascendency A, overhead Φ, and the
total (scaled) capacity of the network to develop C, were:

A = T..X (7)

Φ = T..Hc (8)

C = A+ Φ (9)

The degree of order a was calculated by:

a =
X
H

(10)

The robustness R was calculated by:

R = − αln(α) (11)

The number of roles n was calculated by:

n = 2X (12)

The number of links per node c was calculated by:

c = 2

(
Hc
2

)

(13)

2.3.2. Ecological network analysis
Here, indicators from ecological network analysis are presented

(Fath, 2018; Fath et al., 2007; Fath and Scharler, 2018). The elements of
the original data matrixes which represent the direct trade flows be-
tween two countries i and j, were normalized in an input-driven
perspective (gij,input) and in an output-driven perspective (gij,output)

while considering the absence of boundary flows:

gij,input =
Tij
T.j

or gij,output =
Tij
Ti.

(14)

The direct flow intensity matrix G was constructed in both cases:

G =
(
gij
)

(15)

Gwas raised to n powers and the producedmatrixes were summed up
to form the integral flow matrix N with elements nij in both cases:

N =
(
nij
)
= G0 + G1 + G2 + …Gn = (I − G)− 1 (16)

Each nij element in each one of those n matrixes represents the
probability of a trade flow to reach other countries in the network in n
steps.

The indirect effects DI were calculated in both cases by:

DI =

∑n
i,j=1

(
nij − gij − δij

)

∑n
i,j=1gij

(17)

where δij takes the value of one if and only if i = j or zero otherwise.
Finn’s Cycling Index (FCI) required the calculation of the total sys-

tem throughput for system cycling (TSTci) to capture the cycling of flows
through each one of the nodes.

TSTcj =
(nii − 1)

nii
T.j(input − driven) and TSTci

=
(nii − 1)

nii
Ti.(output − driven) (18)

FCI.j =
∑

TSTcj
T..

(input − driven) and FCIi.

=

∑
TSTci
T..

(output − driven) (19)

Network homogenization (Fath and Patten, 1999) was calculated as
the ratio of the coefficient of variation of the G matrix CV(G) over the
coefficient of variation of the N matrix CV(N). This required the calcu-
lation of the sum of squared deviations (SSD) of all elements of the direct
(or the integral) matrix from their mean value, and of their standard
deviation (s):

CV(G) =
s(G)
g

and CV(N) =
s(N)
n

(20)

s(G) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

SSD(G)
#elements in G − 1

√

and s(N) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

SSD(N)
#elements in N − 1

√

(21)

SSD(G) =
∑(

g − gij
)2

and SSD(N) =
∑(

n − nij
)2 (22)

3. Results

3.1. Ascendency analysis

Between 2000 and 2022, the total system throughput (i.e., sum of all
trade flows for a given year) of the global trade of waste metals grew by
about 71 % in terms of materials and by 569 % in terms of economic
value (Fig. 3a). The amount of waste metals traded in 2000 was 75.5
million tonnes with a total value of 27.4 billion USD which peaked in
2021 to 144.7 million tonnes worth 186.2 billion USD. During these 22
years, both the economic andmaterial network of the global metal waste
trade expanded also by about 5 % in terms of size (i.e., number of nodes)
and by 37 % in terms of trade links (i.e., number of trade flows). This
quantitative growth and structural development of both networks ex-
plains the increase in their corresponding total capacity to develop (i.
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e., sum of network efficiency and network redundancy) from 587.1m
tonnes-bits and 234.1 bn $USD-bits in 2000 to 1067.3 m tonnes-bits and
1610.1 bn $USD-bits in 2022, or by about 82 % and 588 %, respectively
(Fig. 3b and c).

The connectance for both networks remained on average around
0.11 for all years studied. In other words, only 11 % of material and
monetary flows materialized from all possible m x m combinations
(where m is the number of nodes in the corresponding trade network)
which could theoretically manifest if all countries would trade with each
other. However, this sparsity is elusive since both networks had on
average about 229 nodes with about 5800 trade connections which
provided them with considerable network redundancy and conse-
quently, with high network resilience. This redundancy contributed on
average about 84 % and 77 % to the total capacity to develop of the
economic and the material network, respectively (Fig. 3b and c). The
remaining ~16 % and ~23 % were due to structural constraints indi-
cating that both networks had limited network efficiency in stream-
lining material and monetary flows. This stable balance between
network resilience and network efficiency suggests that the overall
structure of the global trade of waste metals was sustained at a relatively
high robustness (Fig. 3d) which converged around a narrow range of
values over the years (Fig. 3e).

Yet, despite the relatively high robustness, neither of the two net-
works were within the region of the “window of vitality” which is the
theoretical characterization of sustainable natural ecosystems
(Ulanowicz, 2009; Ulanowicz et al., 2009). This is possibly due to the
relatively large number of links per node in both networks (Fig. 3f)
which was three to four times higher than what was proposed for net-
works of robust (i.e., sustainable) natural ecosystems (Ulanowicz, 2009;
Ulanowicz et al., 2009; Zorach and Ulanowicz, 2003). Additionally, the
material network had a larger number of roles than the economic
network, suggesting that it exhibited more “trophic levels” (i.e., where
trading countries are analogous to “species” with different “functions”).

3.2. Ecological network analysis

The values of the Finn Cycling Index (FCI) for both networks showed
a decreasing trend and a converging pattern both from an input-driven
and an output-driven perspective (Fig. 4a). The former captures the
demand side (i.e., studying the fractions of direct trade flows normalized
by the sum of all imports per country) and the latter the supply side (i.e.,
studying the fractions of direct trade flows normalized by the sum of all
exports per country). This convergence was much more pronounced for
the economic network which also exhibited higher FCI values than the
material network. More specifically, the average FCI for the economic
network was 33.8 % from an input-driven perspective and 34.9 % from
an output-driven perspective whereas the average FCI for the material
network was 21.8 % from an input-driven perspective and 26.8 % from
an output-driven perspective. This is consistent with network redun-
dancy being higher for the economic network. The observable drops in
the FCI values of the material network in 2007 and 2020 were likely due
to the impacts of the global economic crisis and of the COVID-19
pandemic, respectively. Interestingly, the FCI values of the economic
network during both periods were seemingly unaffected.

An interesting outcome of the analysis is that the direct trade flows
contributed on average only 5 % to the total trade activity (Fig. 4b, c, d,
and e) which suggests that material and monetary cycling was largely
due to dominance of indirect effects, a phenomenon coined as network
non-locality (Fath, 2012). Additionally, the values of indirect effects
were very similar both from an input- and an output-driven perspective
which is in line with theory for systems at steady state (Borrett et al.,
2011). Moreover, both networks were homogeneous since the coeffi-
cient of variation (i.e., relative dispersion) of their direct flows was on
average about three times greater than the coefficient of variation of
their indirect flows (Fig. 4f).

3.3. A joint outlook on the indicators

The FCI values for the economic network were relatively higher and
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more uniform than the FCI values of the material network both from an
input and an output perspective (Fig. 5a). This suggests that circulation
of monetary flows was more intense than of material flows, but it
showed a decreasing trend over the years despite an observed growth in
total trade value. The lower variability in the FCI values of the economic
network compared to those of the material network (Fig. 5b, c, d, and e)
may be due to its relatively larger number of trade links resulting to a
higher network redundancy and consequently to a higher network
resilience which remained stable over the years. The material network
exhibited higher yet more dispersed values of network efficiency
(Fig. 5b) and robustness (Fig. 5c) than the economic network sug-
gesting that it had a more articulated structure. This may also explain its
more pronounced sensitivity to the shocks of the global economic crisis
and the COVID-19 pandemic.

The homogenization values for the material network were similar
both from an input- and an output-driven perspective (Fig. 6a). They
also seemed to not be affected much by the degree of order (i.e.,
network efficiency) (Fig. 6b), the robustness (Fig. 6c), the number of
roles (Fig. 6d), or the number of links (Fig. 6e). A weak positive relation
between homogenization and the FCI was observed mainly for the ma-
terial network from an input-driven perspective (Fig. 6f).

A visual inspection of the cumulative frequency distributions of in-,
out-, and total-degrees of nodes in both networks for all the years studied
(supplementary material: Appendixes D and E), gave the impression of
power-law distributions where a few countries had the role of central
hubs with many trade links while the largest share of countries were at
the periphery of the network having few trade links. This was observed
mainly for regions of the networks including high-degree nodes (i.e.,
countries with more than 100 trade connections such as China, the US,
the Netherlands, Germany, France, and others), and it was more pro-
nounced from an in-degree (import) perspective.

4. Discussion

4.1. Robust circulation due to redundancy, network non-locality, and
homogeneity

Between 2000 and 2022, the global trade for waste metals grew
mainly in terms of complexity (i.e., number of links) and of size in terms
of total system throughput (i.e., size of material and monetary flows) but
less so in terms of the number of countries participating in the trade.
Interestingly, the circulation of the trade flows was substantially higher
than estimations of previous studies on other types of trade networks
(Iskrzyński et al., 2021) but showed a decreasing trend. We theorize that
the combination of an increasing total annual economic value with a
decreasing Finn Cycling Index may imply a growing dependence of the
economic network on a few highly connected countries responsible for
sustaining a growing trade activity for waste metals. However, it is also
noted that the interpretation of the FCI is context dependent as it merely
captures the proportion of flow from the total system throughput which
recirculates back into the nodes of the network without accounting for
residence time or storage (May, 1981), and in some cases high cycling
may even indicate a system under stress (Fath, Asmus, et al., 2019).
Also, the FCI should not be confused with other circularity indicators (e.
g., the circular material use rate of Eurostat). Due to the aggregate na-
ture of analysed trade data, it is not possible to clarify which types of
metal waste have been recirculating without resorting to manual
filtering of individual trade flows on the online database of Chatham
House. Whereas the FCI quantifies the flow activity due to the presence
of feedback loops and cyclical structures in the network, a closer
analogue to the multiplier effect in economics is the average path length
(APL). This indicator quantifies how many units of flow activity are
generated per unit of input flow, and in economic context it would
capture “how many times a unit of currency entering a market will be
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exchanged before exiting that market” (Fath et al., 2019). However, the
calculation of the APL was not possible because both studied networks
were closed (i.e., not accounting for any input or output flows).

Even though both networks were outside the “window of vitality”,
their robustness values were relatively high and stable. This was likely
the combined result of a high redundancy in trade flows, of network
non-locality, and of homogeneous (i.e., similarly valued) indirect flows.
While the stabilizing effect of high network redundancy on robust-
ness may be intuitively straightforward, this may not the case for the
effect of homogeneous indirect flows. A plausible explanation can be
found in research on the operation of resilient power systems where it
was proposed that between two power grids of equal total system
throughput and of the same structure (i.e., network efficiency), the one
where the flows between its nodes are of equal size is expected to exhibit
higher robustness and network resilience than the one where the
same connections have unequally distributed flow sizes (Huang et al.,
2022, 2024). This reasoning may help explain the contribution of indi-
rect flow effects (i.e., unobservable network of asymmetric connections)
to the stability in the robustness of the global metal waste trade
network since they were more evenly distributed (i.e., “well-mixed”)
than the direct flows (i.e., observable network) (Fath and Patten, 1999).
Also, it is not unlikely that the indirect flows may have also been of
lower economic value than the “first-pass” direct flows.

Interestingly, the “ecosystem” of countries in the material network
was more “species”-rich than the economic network in terms of number
of roles. The analogy with natural ecosystems here is that countries may
be adopting roles analogous to producers (i.e., exporting countries of
metal waste), primary consumers (i.e., importing countries of metal
waste), secondary consumers (i.e., importing countries of processed metal
waste as secondary raw materials), and decomposers (i.e., importing
countries of relatively low value metal waste which may or may not re-
enter the formal or the informal economy or which may end up in
controlled or uncontrolled landfills).

It is also important to note that, following theory (Ulanowicz et al.,
2009), it was proposed that natural ecosystems “can be either strongly
connected across a few links or weakly connected across many links, but
configurations of strong connections across many links and weak connections
across a few links tend to break up or fall apart, respectively (May, 1972)”. If
this theory holds also for socio-economic systems, then the large number
of trade links between countries in combination with the annual
“shuffling” of trading partners (which is visually observed on the Sankey
diagrams in Appendix F of the supplementary material), implies that the
global trade of waste metals was a highly connected but volatile
network.

The above points highlight that network-based indicators need to be
considered simultaneously for obtaining a more holistic understanding
of systemic network properties rather than being considered individu-
ally. For example, a network which is very robust for one type of
resource may not necessarily be the most robust for another type of
resource or more equitable otherwise.

4.2. Inequity aspects in the trade of waste metals

It is reasonable to expect a further increase in waste generation
(United Nations Environment Programme, 2024b) along with an
intensification of recycling efficiencies with reduced specific impact (per
kg) and a fiercer competition between countries for different resources
(Harpprecht et al., 2024). This concerns, in particular waste metals, in
anticipation of an increasing future demand and volatile supply of
metals (Harpprecht et al., 2024) and potentially of other critical raw
materials which are necessary for achieving carbon neutrality. For
copper, for example, it has been proposed that circularity strategies
complementary to improved recycling will need to be deployed to
reduce its rising future demand while mitigating the negative impacts of
primary metal production (Born and Ciftci, 2024). In the case of the
Japanese steel sector, research suggested that its decarbonization will

depend on its ability to shift its current steel scrap downcycling practices
towards improving material efficiency and upcycling to avoid over-
dependence on innovative production technologies (Watari et al.,
2023b). Another issue pertains directly to the smelting process and
maximum input of metal scrap. For example, blast furnaces can take a
maximum of only 25 % scrap steel load while electric arc furnaces can
use 100 % scrap steel yet require six times more energy (Steuer et al.,
2021). In China, the focus was originally set on developing the former
(which has also higher emissions) impairing the scale of recycling and
creating a backlog to large-scaled generating sources such as End-of-Life
ships (Steuer et al., 2021). The impending future scarcity of scrap
metals, and the lack of technological means to reprocess these, may
further exacerbate the disparity in the accessibility and distribution of
waste metals as secondary rawmaterials between countries of the Global
North (having abundant access) and countries of the Global South
(lacking access), a phenomenon which was coined as “scrap endowment”
(Watari et al., 2023a). This global inequity could also worsen the situ-
ation of low-income countries facing financial crisis such as Lebanon
where it was reported that armed gangs affiliated with political parties
have taken control of the scrap metal industry (Saleh, 2024).

Previous research on the global waste metal trade showed that it is a
highly complex and hierarchical network shaped over decades by
geopolitics and economic unrest (Hu et al., 2020). The researchers
identified scale-free properties where a small number of countries from
three identified groups (East Asia-America-Oceania, Europe, and South
Asia-Middle East) were found to dominate the export market, monop-
olizing most of the trade flows and most of the total value, while
importing countries were found to be competing (Hu et al., 2020). In our
case, the deviation of the global waste metal trade network from a strict
power law may be due to a variety of reasons such as preferential node
attachments (i.e., where highly connected nodes are more likely to form
new links) as well as growth mechanisms in sub-distributions of the
network or systemic constraints (e.g., as a direct or indirect result of
international trade agreements or national policies).

Interestingly, when the raw data were examined in terms of eco-
nomic value per kg traded (i.e., sorted in a descending order where the
first hundred largest annual trade flows were illustrated on Sankey di-
agrams on Appendix F of the supplementary material), it became visu-
ally evident that a relatively small number of (mostly) high-income
countries have been consolidating imports of high-value metal waste in
low quantities from many (mainly but not exclusively) low- and middle-
income exporting countries. Such an example is that of Switzerland
which, over the years studied, has been accumulating high-value waste
metals in small amounts by diversifying its imports from Indonesia,
Malaysia, Lebanon, Armenia, and Chile among many others. A further
search on the online database revealed that for several of the years
studied, a very large part of the imported value from scrap metals by
Switzerland was due to their content in gold, platinum, or other precious
metals. The observed disparity in the accumulation of economically
valuable waste metals may have been due to a selective bias of some
countries for securing critical raw materials and for increasing their
circularity rates, a phenomenon which was coined as circular resource
nationalism (Blot et al., 2024; Schröder and Barrie, 2024). Perhaps this
was not the case for less valuable scrap metals which may have ended up
leaking to the environment (mainly but not only) in countries of the
Global South.

From a socio-metabolic point of view, material circularity is of pri-
mary relevance considering that higher circularity rates lower the input
and output pressures on the environment. When material circularity is
accompanied with high connectivity between different actors for
improved circulation of resources and resilience, one may rush to
conclude that it is a well-functioning CE. In this regard, network
resilience and robustness (i.e., balance between efficiency and resil-
ience) resulting from emerging network non-locality have already
been proposed to be considered as public goods based on the assumption
of non-excludability and non-rivalry, as well as on the expectation of
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generating positive externalities (Kharrazi et al., 2020). Yet, any
perceived beneficial role of network resilience (or of robustness and
circularity for that matter) as a driver and as an outcome of CE transi-
tions may not hold automatically (Perramon et al., 2024). This may be
the case particularly when inequities in the accessibility of primary re-
sources and secondary raw materials (such as waste metals) persist or
even become exacerbated over time, increasing the socio-metabolic
risk of countries.

It is proposed that a bio-inspired approach has the potential to
inform CE policies in the following two ways. Firstly, network-based
methods can extend the toolkit of policy makers with an eco-mimicry
perspective for examining the global distribution patterns of waste
metals and for improving their effective cross-scale circulation by
benchmarking against natural ecosystems. These methods can build
upon and complement socio-metabolic research by identifying socio-
metabolic risks. They do so by offering a dashboard of indicators which
can provide a more holistic overview of systemic network properties
including the proportion of resources cycling (i.e., FCI), network
resilience, robustness, and network non-locality among others.
Secondly, nature-based solutions (Stefanakis et al., 2021) can comple-
ment this effort by offering a set of practical and scalable strategies for
restoring, conserving, and protecting natural ecosystems and biodiver-
sity (Tsalis et al., 2022) with applications ranging from the embedded-
ness of constructed wetlands as detrital actors within steel industrial
ecosystems (Malone et al., 2018) to the remediation of contaminated
soil, water, and leachate in landfills (Abiriga et al., 2021; Hale et al.,
2022).

4.3. Limitations

The analysis should be considered only in the context of the down-
loaded dataset at the obtained date (since the online database is
experimental and subject to periodic updating). Moreover, the analysis
focuses on the trade of metal waste which is only but a subset of a global
CE. This means that it omits any other relevant flows in the total life
cycle of the studied material streams which typically includes the pro-
cesses of extraction/mining, production, fabrication and manufacturing,
use, waste management, and landfilling (Kullmann et al., 2021).
Furthermore, the aggregation of the material and monetary flows in the
downloaded dataset misses the level of detail on the exact type of ma-
terials traded. Additionally, both networks are studied under a steady
state assumption representing “static pictures” of the total volumes
traded over a year, overlooking any in-between dynamics. In natural
ecosystems shocks are absorbed in a seemingly static manner but which
may occur via dynamic processes over long periods of time as the result
of natural cycles and of the diversity of internal mechanisms of a vast
number of species. In human-made systems, the evolution of post-shock
modulation of material, energy, monetary, and information flows for
tolerating disturbances may be too fast to capture. Future work could
focus on obtaining spatio-temporal data of higher granularity to enable a
more comprehensive analysis of socio-economic robustness across
various levels, sectors, and actors.

Since all relevant structural information which may affect the results
of our analysis is contained in the network flows, it is also important to
note the following limitations due to data issues similar to the work of
McNerney et al. (2013): a) any possible conflation of prices and quan-
tities of waste metals may mean that any changes in their sizes may be
due to various indistinguishable mechanisms, and b) quantities smaller
than a minimum cutoff value may have been reported by countries as
zeros due to country reporting requirements leading to an impression of
incomplete network topology. The collective size of all those
non-reported small flows of metal waste may be substantial considering
that in both types of networks studied the flows of zero value represent
on average about 89 % of all possible m x m links between countries.
Typically, analyses focus on mapping and quantifying only the large
flows, but the small ones that are missed or that fall below the detection

threshold (reporting), could eventually (singly or cumulatively) have
important systemic repercussions.

Finally, it is stressed that the two types of networks assessed are in
fact two different viewpoints of the same system. No complex system can
be observed in its entirety or at a resolution that captures all the detail of
all types of flows. Perhaps the inability to generate a complete
description is inherent in the definition of a complex system. Hence,
these systems are unpredictable by their very nature, since it is assumed
that their dynamics are sensitively dependent on initial conditions (or
arbitrarily small fluctuations).

5. Concluding remarks

Network-based indicators are valuable for obtaining a comprehen-
sive overview of the sustainability of socio-economic systems. Here,
ascendency analysis and ecological network analysis have been
employed to explore their potential for studying trading patterns of the
global metal waste trade and for identifying inequities in resource
accessibility of countries between 2000 and 2022. Results show that
during this period, the global trade of waste metals has been stable at
relatively high levels of network resilience. This was likely due to the
synergistic effect of high network redundancy, network non-locality
(i.e., dominance of indirect effects), and homogenization of indirect
flows. The values of robustness (representing the balance between
network efficiency and network resilience) were also relatively high and
stable, but they remained outside the “window of vitality” character-
izing sustainable natural ecosystems. Within these 22 years, waste
metals became progressively a more valuable resource where material
and monetary circulation was considerable but with a decreasing trend
and in a market dominated (mainly but perhaps not exclusively) by a
small number of countries from the Global North. Additionally, the trade
links in the network of countries may have been volatile as suggested by
the large number of links and the annual “switching” of trading partners.

Addressing inequities in the accessibility of primary resources and
secondary raw materials such as waste metals is important because if
they persist over time, they may worsen the socio-metabolic risk of
countries with weak economies. Therefore, besides boosting circularity
rates, CE policies for waste metals will also need to address global in-
equities in their accessibility while accounting for environmental and
social implications occurring throughout the complete lifecycle of
related products and materials. To this end, a bio-inspired approach
which builds on network-based methods for improved decision making
and nature-based solutions for practical, regional, and scalable actions,
can be invaluable for supporting countries’ transition towards regener-
ative circular economies. It is reasonable then to expect that the adop-
tion of such bio-inspired CE policies by socio-economic actors will be
easier and faster if they are developed and presented as opportunities
rather than as constraints.
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