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The network properties of the global waste trade were assessed by using time series data of material and
monetary flows between 2000 and 2022 from the online experimental database of Chatham House. More spe-
cifically, indicators from ecological network analysis and ascendency analysis were used to identity patterns
which may not otherwise be directly identifiable, and to compare the network properties of the global waste
trade to those of natural ecosystems. Focus was given on the distribution of monetary and material flows, on
policy recommendations, and on future research avenues which we think are relevant for obtaining a more

comprehensive understanding of socio-economic systems such as trade networks. This work provides a solid
example of the application of network-based methods as an eco-mimicry approach for assessing the sustainability
and fragility of socio-economic systems which can be of relevance to researchers and policy makers interested on
transitions towards regenerative circular economies.

1. Introduction

Despite past efforts to transition to a circular economy, the global
circularity rate dropped from 9.1% in 2018 to 7.2% in 2023 (Circle
Economy Foundation and Deloitte, 2024). Meanwhile, it has been esti-
mated that the global resource use in 2060 could increase by 60%
compared to the levels of 2020 if production and consumption patterns
remain unchanged (United Nations Environment Programme, 2024).
This is unsurprising when considering that since 1971, humanity has
been progressively exhausting Earth’s annual biocapacity to sustain its
ecological footprint (Global Footprint Network, 2024). Evidently, the
global socio-economic metabolism has been geared towards consuming
unsustainably increasing amounts of non-renewable flows for creating
more flow-demanding structures (Hagens, 2020). But having already
transgressed six out of the nine identified planetary boundaries
(Richardson et al., 2023) we are now entering unknown climatic terri-
tory (Ripple et al., 2023), a development which warrants urgent further
investigation on global socio-metabolic patterns.

Here, in line with a recent call for more research demonstrating the

potential of circularity metrics on case studies (Shevchenko et al., 2024),
a dashboard of indicators from ascendency analysis (Ulanowicz, 2009)
and ecological network analysis (Fath et al., 2007) was deployed. The
synergistic application of these two methods simultaneously is in
assessing the sustainability of socio-economic systems by revealing
patterns which may not be otherwise apparent (Fath et al., 2019;
Mcnerney and Kryazhimskiy, 2009). The global trade of waste, scraps,
and residues was selected as a case study due to their important
contribution as secondary raw materials in the transition of countries to
circular economies, and it was analysed as two distinct networks of trade
flows: one of material flows and one of their corresponding monetary
flows. The aim was to examine whether there are any identifiable pat-
terns in changes in their sizes and complexity over time.

Section 2 describes the methods while section 3 presents and dis-
cusses the results, future research directions and policy recommenda-
tions, and chapter 4 highlights the conclusions.
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2. Methods

Time series data of annual trade flows of waste, scraps, and residues
between 2000 and 2022 were obtained from the publicly available
experimental database of Chatham House (Chatham House and The
Royal Institute of International Affairs, 2020). The time series data were
formatted in tables where each year would have two corresponding
tables: one of annual material flows and one of their corresponding
annual monetary flows. The rows i and columns j of the matrixes refer to
the export and import countries, respectively. Ty, T;, T;, and T repre-
sent the trade flow from country i to country j, the sum of trade flows
exported by country i, the sum of trade flows imported by country j, and
the total system throughput (i.e., the global annual trade in terms of
material flows or economic flows which here excludes boundary input or
output flows due to the nature of the data), respectively. Any missing
nodes (countries) 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. Table 1 lists the indicators used
from ascendency analysis (Ulanowicz, 2002, 2009, 2020) and ecological
network analysis (Fath, 2018; Fath et al., 2007; Fath and Scharler,
2018). Other indicators which were calculated include link density,
connectance, degree centrality, and degree distribution. The datafile
along with all calculations is available in the supplementary material.
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3. Results & discussion

In the context of this analysis, complexity relates to the qualitative
development of the networks in their structure (i.e., depending on the
number of links and on how they are connected) whereas size has two
interpretations. The first interpretation refers to the total system
throughput which is the sum of annual trade flows. This sum typically
accounts also for any input and output boundary flows but here they
could not be considered due to the nature of the analysed data. The
second interpretation is related to the total number of countries
participating in the trade each year which form the nodes of the
network.

When examining the data between 2000 and 2022, a considerable
growth in the global trade activity for waste becomes evident (Fig. 1a).
The total system throughput in 2000 was 264.4 million tonnes of waste
worth 90.5 billion $USD whereas in 2022 it increased to 564.4 million
tonnes of waste worth 450.5 billion $USD. Even though the annual
growth rate of trade activity fluctuated both in terms of material and
monetary flows it showed an overall increasing trend where there was a
particularly noticeable expansion of the total economic value traded
between 2002 and 2012 (i.e., by 277%) and between 2020 and 2022 (i.
e., by 34%). The observed drops in global trade activity in specific years
(i.e., in 2009, 2016, and 2020) may be due to shock effects such as the
covid-19 pandemic and the financial crisis of 2007-2008 [e.g., see a
study on modelling the implications of the “great trade collapse” for the
declining imports of the United States during that period (Yilmazkuday,

Table 1
List of indicators used.
Method Indicator Symbol or Formula Meaning
Ascendency Ascendency 4T Z (E) log (Q l) The “ordered” part of the trade network due to structural constraints
analysis AV 2\T. T responsible for streamlining trade flows efficiently (scaled with the
total system throughput to impart physical meaning).
Overhead T; lej The “redundant” part in the trade network responsible for sufficient
¢=-T Zi.j (T_> log, T.T; flow path diversity and, consequently, network resilience (scaled with
: ! the total system throughput to impart physical meaning)
Capacity to develop C=A+9o The ability of a trade network to grow and develop calculated as the
sum of its “ordered” part and its “redundant” part
Degree of order a= A The ability of the network for streamlining/consolidating trade flows (i.
Cc e., network efficiency)
Robustness R = —aln(a) The balance between network efficiency and network redundancy
Number of roles n=2% The distinct roles of countries in attracting, transforming, and
distributing trade flows or, in other words, the number of transfers of a
trade flow
Number of links ( H, The number of trade links per country
c=2 2
Ecological Normalized flows Ty d Ty The normalized trade flows for an input-driven (demand side) and an
network Sijinpur = T_J and gjouput = T output-driven (supply side) perspective (here excluding boundary
analysis flows)

Direct flow intensity
matrix

G = (gij)

Integral flow matrix N = (n;) =G°+G' + ..G"

Indirect effects

i (nij — 8- 5ij)
) i i e S
Zu;lgij

Fi ling I 18T, =
inn Cycling Index ZTS 9 where TST, — (nun 1)ij

i

FCI; =

Matrix which considers all (normalized) direct trade flows g;
(constructed both for an input-driven and an output-driven
perspective)

Matrix where each element n; represents the probability of a trade flow
to reach other countries in the network in n steps (constructed both for
an input-driven and an output-driven perspective)

The degree of indirect effects in the trade network where §; takes the
value of one if and only if i = j or zero otherwise (calculated both for an
input-driven and an output-driven perspective)

The proportion of flows circulating in the network due to the presence
of cycling structures and feedback loops from an input-driven
perspective

FCI, = S TSTg where TST, — (ni — 1) T The pr(-)portion of flows circulating in the network due to ﬂ-le presence
T nii of cycling structures and feedback loops from an output-driven
perspective

Homogenization Homogenization — CV(G) where The ratio of the coefficient of variation of the G matrix CV(G) over the
CV(N) coefficient of variation of the N matrix CV(N) which considers the sum
s(G s(N’ of squared deviations (SSD) of all elements of the direct (or the integral)

cv(G) % 5(G) cviN) = 2Ll SN) = matrix from their mean value, and of their standard deviation (s)

SSD(G) SSD(N) (calculated both from an input-driven and an output-driven

#telementsin G — 1

ss06) =Y (8- &)

#telementsin N — 1

SSD(N) = Y (7 — ny)?

perspective).
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Fig. 1. Assessing the network properties of the global trade of waste with network-based methods (Fath et al., 2007; Ulanowicz, 2009) by using time series data from
Chatham House (Chatham House and The Royal Institute of International Affairs, 2020) downloaded on the May 16, 2024. The analysis was done on the (aggregate)
annual trade flows: i.e., economic flows (blue) and material flows (red) to calculate the following indicators: a) total system throughput (excluding boundary input
and output flows), b) Finn Cycling Index (20-step), c) capacity to develop expressed by the sum of ascendency (A) and overhead (®) for the economic network, and d)

similarly for the material network, e) robustness where each data point represents a network for one full year (the blue points correspond to the economic flow
CV(G)
V)
of roles (n) juxtaposed with number of links per node (c), i) cumulative probability distribution of in-degree nodes for the material network in 2022, and for j) the
economic network for the same year. The values characterizing the range of the “window of vitality” have been reported elsewhere (Ulanowicz et al., 2009; Zorach

and Ulanowicz, 2003).

network, and the red points to the material flow network), f) number of nodes juxtaposed with number of edges, g) degree of homogenization (ratio: ), h) number
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2019)]. Other reasons may include the adoption of extended producer
responsibility (EPR) schemes (Compagnoni et al., 2024) and of waste
related policies with stricter standards and a reportedly global impact
such as China’s initiatives Operation Green Fence and Operation National
Sword which were implemented to improve the monitoring and the
quality of its imported recyclables, and which led many countries to seek
either for alternative markets to export their waste or for other ways to
manage them domestically (Li and Mu, 2024; Meng, 2019; Tran et al.,
2021).

The proportion of waste, scraps, and residues that have been circu-
lating annually between countries due to the existence of network cycles
in the global trade activity can be tracked by the Finn Cycling Index
(FCI). Despite the observed increase in the total system throughput
during these 22 years, the FCI showed a relatively stable and converging
pattern in terms of demand and supply in both networks, an effect which
was more pronounced in the economic network (Fig. 1b). The FCI for the
material network was on average 27% from an output-driven (supply)
perspective and 24% from an input-driven (demand) perspective. The
corresponding average FCI values for the economic network were
higher, at 31% and 30%, respectively. Disruptions in the annual cycling
of trade flows are evidenced from the observed decline of the FCI of the
economic network in 2021 and its consecutive recovery in 2022, along
with a corresponding lag in its drop in 2022 for the material network.
These recent fluctuations of the FCI for both networks could be the
consequence of side-effects of the covid-19 pandemic such as the
reduced demand for secondary raw materials in countries like China
(Mahyari et al., 2022; Zhou et al., 2021). Other minor drops observed in
the FCI in 2009, 2011, 2014, and 2017 may be related to the ripple ef-
fects in the waste market due to the global economic crisis and the
implementation of EPR schemes and of waste related policies.

The ability of the global trade to self-organize and evolve in
complexity can be described by information-based indicators from
process ecology (Ulanowicz, 2006, 2009; Ulanowicz et al., 2009). In this
regard, a network’s capacity to develop is the sum of its “ordered” part
due to structural constraints (i.e., the “ascendency”) and its “redundant”
part due to residual network connections offering flexibility for re-
sources to flow through diverse pathways (i.e., its “overhead”)
(Ulanowicz, 2006, 2009; Ulanowicz et al., 2009). In the studied period,
the material and economic networks grew their capacity to develop (i.e.,
the scale of the overall waste trade operation) by 123% and 417%,
respectively (Fig. 1c and d) where ascendency contributed on average
with 13% and 17%, respectively. This suggests that there was only a
mild articulation in the configuration of both networks, in other words,
there was limited network efficiency (e.g., between specialized bilateral
partners) for consolidating waste trade flows (Ulanowicz, 2009; Ula-
nowicz et al., 2009). The remaining 87% and 83%, respectively, were
due to overhead, indicating that there was sufficient flow path diversity
in trade connections for enhanced resilience against shocks (Ulanowicz,
2009; Ulanowicz et al., 2009).

The excess overhead skewed the balance of the global trade of waste
outside the “window of vitality” (Fig. 1e), a range which is theorized to
characterize sustainable natural ecosystems (Ulanowicz, 2009; Ulano-
wicz et al., 2009). Nevertheless, the robustness of both networks was
maintained throughout the studied period within a narrow range of
relatively high and stable values. This stability may have been the
combined result of two reasons. Firstly, due to a growth both in the
number of countries participating in the trade and in the trade con-
nections between them (Fig. 1f). Secondly, due to the dominating in-
direct effects which accounted for approximately 95% of the total flow
activity (data not shown) and which were largely homogeneous (i.e.,
more similar) compared to the more heterogeneous direct (i.e., “first
pass”) flows. This becomes evident from the coefficient of variation of
the direct flow intensity matrix was about three times larger than the
coefficient of variation of the integral flow matrix (Fig. 1g). The main
benefit of homogenization as an indicator is that it measures how re-
sources are shared among network nodes (Fath and Patten, 1999; Fath
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and Scharler, 2018) where more evenly distributed flows are presumed
to lead to more resilient systems (Huang et al., 2024). In other words,
even though the robustness values of both networks were lower than
those of sustainable natural ecosystems due to higher flow pathway
redundancy, it is plausible that their observed stability was mainly due
to evenly distributed (homogenized) indirect flows. Yet, it remains un-
clear why there was a convergence and consecutive divergence of ho-
mogenization in 2013 both from a demand and a supply perspective for
both networks.

In previous research it has been proposed that the “window of vital-
ity” can also be described by the area enclosed when plotting the min-
imum and maximum values of the (average logarithmic) number of roles
against the minimum and maximum values of the (average logarithmic)
number of links per node which have been hypothesized to characterize
the network structures of natural ecosystems (Ulanowicz et al., 2009;
Zorach and Ulanowicz, 2003). Following this eco-mimicry perspective,
countries in the trade market may be regarded as analogues of “effective
trophic levels” or “species” having different roles in an “ecosystem”, an
analogy which may allow for the examination for structural re-
semblances with natural ecosystems. Results showed that the structures
of both studied networks were different than those of natural ecosystems
in terms of their relatively higher number of links per node (Fig. 1h).
Interestingly, the material network exhibited more roles on (logarithmic
average) over the years studied than the economic network, but it also
had a lower (logarithmic average) number of links per node. In other
words, the countries participating in the trade may have had higher
diversity in socio-economic processes (or “effective trophic levels” at an
aggregate level) for streamlining material flows of traded waste than
their accompanying monetary flows. In contrast to natural ecosystems
where different species may be taking more distinct roles (e.g., primary
producers being different from detritivores), in trade networks countries
may be adopting multiple roles simultaneously (since they may include
several diverse socio-economic actors as collectors, processors, traders,
recyclers etc.) which may also differ per material traded and perhaps
even across different years. Here, it is noted that due to the format of the
downloaded (aggregated) data, it was not possible to distinguish the
composition of each individual trade flow without resorting to manual
filtering on the website of the online database of Chatham House.

Moreover, it was shown that the material network was less redun-
dant in trade connections than the economic network, suggesting that it
had lower network resilience (also in line with Fig. 1c and d). It may
seem counterintuitive to observe a difference in network redundancy
when studying a single interconnected system (here, the global trade of
waste) as two overlayed networks of material and monetary flows. Be-
sides, if one of the two networks collapses so will the other. For example,
the breaking of partnerships between countries due to tariffs or other
policies will have a cascading effect on the material flow network, and
vice versa, if the material network fails for some reason (e.g., due to a
pandemic) it will also affect monetary transactions. Yet, this observed
discrepancy in network redundancy is likely due to the probabilistic
approach of ascendency analysis for studying the information contained
in the structure of a network as well as in the magnitudes of its flows,
since it is largely based on information theory (Ulanowicz, 2009; Ula-
nowicz et al., 2009). An example which highlights such disparity is the
trade of waste metals which is a subset of the global trade of waste in the
same database (Chatham House and The Royal Institute of International
Affairs, 2020; Zisopoulos et al., 2025). On the one hand, some types of
waste metals may be traded in very small amounts, but they may have
high economic value due to their content in valuable resources such as
critical raw materials. On the other hand, some scrap metals may be
traded in large quantities but have very low economic value. This sug-
gests that the corresponding probabilities of material and monetary
flows for the same type of waste metals that are traded between two
countries may be dissimilar since they are calculated by division with
their associated total system throughput (the values of which may also
differ). This also explains why the numerical values of ascendency and
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overhead may also differ between the two networks of the same system
since they are the products of the total system throughput with the
average mutual information and the aggregate indeterminacy, respec-
tively (Ulanowicz, 2009; Ulanowicz et al., 2009).

Results also showed that in both networks there were few highly
connected countries which have been dominating the market, particu-
larly the ones with more than 100 trade connections and mainly from an
in-degree (import) perspective (e.g., China, France, Germany, the
Netherlands, United Kingdom, United States among many others). This
distribution is illustrated on Fig. 1i and j for the year 2022 as an example
while similar patterns were observed for all the years studied. The
detection of unevenly distributed trade flows is important because it
implies that countries with few trade links (located at the periphery of
the network) may have limited accessibility to secondary raw materials
while being dependent on relatively fewer yet highly connected hubs
(located at the core of the network), making their transition to circular
economies more challenging. This periphery-core distinction may also
suggest that the former contributes more to network efficiency and the
latter more to network resilience.

3.1. Future research directions

The current analysis examined the structural dynamics of the global
waste trade. Future studies may focus on causal relation analysis on the
factors that may have led to such changes to provide deeper insights into
the drivers and consequences of the observed patterns. This may also
help explain further any differences in the results when studying the
patterns of a single resource flow (here aggregate waste) through a
system (i.e., global market) from two different perspectives (i.e., mate-
rial and monetary flows). Further research is also needed to understand
the actual impact of indirect flows, of FCI, and of homogenization (or
lack of it) on the global trade of waste across diverse socio-economic
contexts, as well as the reasons for convergence or divergence from an
input-driven and an output-driven perspective (for example, conver-
gence of the FCI values over the years from an input- and output-driven
perspective may suggest improved reporting processes). Another
methodological aspect which deserves a closer examination in the
analysis of socio-metabolic systems as networks is the interpretation of
the (logarithmic) average number of roles either as “effective trophic
levels” in an economy (when studied from an ecosystem perspective) or
as distinct socio-economic processes (when studied from a socio-
metabolic perspective). This is important because the a priori perspec-
tive taken on the assumed underlying system structure before con-
ducting the analysis matters since the system can be very linear (e.g.,
socio-metabolic system) or very interconnected (e.g., trade network),
an aspect which is indicative of an anticipated performance in terms of
robustness (Fath et al., 2019; Layton et al., 2015). Another aspect
worthwhile of consideration is that the material network may be a more
suitable choice for following an eco-mimicry perspective when the
intention is to design sustainable systems since monetary flows are
subject to arbitrary weighing factors shaped by complex economic
behaviour. On a broader level, it would also be interesting to explore if
other types of sustainable systems balance differently than natural
ecosystems, since such possibility has not been excluded (Ulanowicz,
2020).

3.2. Policy recommendations

Policy measures that could be considered vary. On the one hand, and
in line with the proposal of previous research (Iskrzynski et al., 2021), to
improve further the material and monetary cycling of secondary raw
materials worldwide, future policies may focus on activities which boost
“local” (in network terms) resource circulation based on reciprocity, a
strategy which may not require individual economic actors having
detailed knowledge of the global system, in contrast with an orches-
trated top-down global optimization process that is complex, fragile, and
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potentially intractable. On the other hand, future policies may also need
to pay more attention to the adoption of indicators from network-based
methods because they can be valuable complements in the development
of early warning mechanisms for assessing the fragility and sustain-
ability of socio-economic systems such as trade networks. Towards this
end, it will be crucial to implement transparent monitoring processes
over diverse resource flows (e.g., material, energy, monetary, and in-
formation) across various levels of spatio-temporal granularity (e.g.,
world, country, region, city, district, neighbourhood) to allow for the
construction of harmonized multi-level databases which resemble
input-output tables. A recent study showed that these network-based
methods have the additional benefit of capturing organizational and
operational characteristics of ecosystems designed on the principles of
industrial symbiosis without the need of proprietary or sensitive data
(Chatterjee et al.,, 2024). Having access to such databases,
decision-makers will be able to obtain a more comprehensive under-
standing of the underlying complexity of socio-economic systems and
their directional tendencies for change, an aspect which has already
been used for tracking the development of natural ecosystems (Ito et al.,
2023; Scotti et al., 2022; Smit et al., 2021). Particularly relevant for
policy making would be the comparison of alternative circular strategies
for shifting the global waste trade towards the “window of vitality” while
identifying potential gains and losses during such a transition across
different dimensions (i.e., social, environmental, and economic) and
scales (i.e., global, national, regional, local). This implies additional
reporting requirements on boundary input and output flows where en-
viron network analysis may find fertile ground as a holistic approach for
accounting for the effects of coupled processes and feedback loops (Fath,
2012).

4. Conclusions

In summary, the global trade of waste evolved both in terms of size
and of complexity between 2000 and 2022, exhibiting considerable
annual cycling of material and monetary flows, network resilience, and
homogeneity but also having limited robustness (i.e., balance between
network efficiency and network resilience). During this period many
countries had relatively few trade connections and remained at the pe-
riphery of the material and economic networks whereas a relatively
smaller number of countries were located at their core as highly con-
nected hubs of trade activity.

Future research may focus on causal relation analysis, on studying
the effects of homogenization (or lack of it) on the overall sustainability
of the global trade network, and on interpreting the analogies made with
natural ecosystems when adopting an eco-mimicry perspective. Future
policies may focus on boosting “local” (in network terms) reciprocity, on
the adoption of network-based indicators for assessing systemic prop-
erties, and on enabling the conditions for developing the necessary
infrastructure to collect and analyse time series data on diverse types of
resources flows across space and time throughout their life cycle. Such
efforts will facilitate the development of early warning mechanisms on
trade shocks.

From a thermodynamic perspective it is evident that even if a system
can self-organize (or is designed) to an effective (i.e., robust) trade-off
between network efficiency and network redundancy, it will seize to
exist if its input flow stops. Then, perhaps one of the biggest challenges
in the transition to regenerative circular economies will be to minimize
their susceptibility to socio-metabolic collapse (Singh et al., 2022) by
attaining context-specific bio-inspired designs (de Souza et al., 2019;
Fath et al., 2019; Johnson and Webster, 2021; Jgrgensen et al., 2015;
Layton, 2014; Ulanowicz et al., 2009) which will allow them to adapt
effectively their balance between efficiency and resilience under dy-
namic conditions for inclusive prosperity while simultaneously main-
taining and improving their accessibility to reliable (i.e., renewable)
inputs.
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