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Abstract

The transition towards sustainable aluminum manufacturing is commonly assessed
through recycling rates, energy savings, and resource efficiency, but its distributive effects
across global value chains remain insufficiently examined. This study evaluates whether re-
cycled aluminum value chains contribute to both circularity and north—-south redistribution,
or whether they reproduce unequal patterns of value capture, industrial upgrading, em-
ployment quality, and trade dependency. The analysis combines UN Comtrade trade data
for HS 7601-7616, OECD ICIO 2025 value added indicators, ILOSTAT labor statistics, and
UN SDG data for the 2018-2020 three-year average. Eighty economies are classified into
four groups: advanced industrial economies, emerging industrial economies, lower-middle-
income economies, and low-income economies. A composite indicator linked to SDGs 8, 9,
10, and 12, with SDG 17 incorporated only as a trade dependency context, is constructed
from normalized industrial, circular material flow, distributive, and job-quality variables.
The results show a clear north-south hierarchy: advanced economies concentrate a larger
share of exports in aluminum manufactures, while low-income economies remain more
dependent on scrap flows. Group A captures most chain value added, whereas Groups
C and D retain only marginal shares. Labor productivity falls sharply from advanced
to low-income economies, while working poverty increases substantially. By contrast,
circularity scores vary less strongly across groups, suggesting that participation in circu-
lar material flows does not necessarily imply equitable industrial upgrading. This study
shows that circularity in recycled aluminum value chains does not automatically generate
redistribution and provides a replicable framework for distinguishing material circularity
from distributive justice.

Keywords: circular economy; recycled aluminum; global value chains; north-south
inequality; SDG indicators

1. Introduction

The circular economy has become a central organizing principle of sustainable manu-
facturing policy worldwide. In aluminum manufacturing, circularity holds a privileged
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position: it is infinitely recyclable without loss of quality, its recycling requires approxi-
mately 95% less energy than primary production, and nearly 75% of all aluminum produced
in history remains in circulation [1,2]. Global recycled aluminum production reached ap-
proximately 32 million tonnes in 2023, representing about one-third of the total supply,
with projections indicating that secondary production will surpass primary production by
2030 [3]. These figures are frequently presented as evidence that the aluminum value chain
is moving toward genuine circularity.

However, the distribution of economic benefits derived from this circular transforma-
tion has received remarkably scarce academic attention. The vast majority of research on
circular economy in metals focuses on environmental life cycle assessment, energy savings,
recycling technologies, and material flow analysis [4-6]. When the economic dimension is
addressed, it is usually framed in terms of aggregate efficiency gains or cost savings, rather
than distributive outcomes along the chain [7]. The question of who captures added value,
who supplies scrap, who achieves industrial upgrading, and who retains technological
capabilities remains largely unexplored.

This gap is particularly significant when examined through north-south relationships.
There is growing evidence that circular economy strategies, when implemented without ex-
plicit attention to distributive consequences, can reproduce or even deepen existing patterns
of asymmetric specialization in global value chains (GVCs) [8,9]. Developing countries that
primarily serve as suppliers of raw materials and scrap may see their structural position
unchanged or worsened in a circular economy, while industrialized economies capture
the higher-value segments of recycling, remanufacturing, and advanced materials produc-
tion [10,11]. This concern has been articulated in the literature on critical minerals [12] but
has not been systematically examined in the context of recycled aluminum.

The Sustainable Development Goals (SDGs) provide an appropriate normative frame-
work to address this gap. SDGs 8, 9, 10, 12, and 17 jointly define a multidimensional space
in which both sustainability and equity can be simultaneously evaluated [13,14]. In this
framework, SDG 17 is not treated as a directly measured outcome, but as a contextual
dimension related to trade dependency, partnership asymmetry, and the means of imple-
mentation of circular industrial transitions. However, existing SDG monitoring frameworks
rarely link these objectives with specific dynamics of industrial value chains [15,16].

This study addresses this gap by posing the following research question: Do circular
strategies in recycled aluminum manufacturing simultaneously contribute to industrial
sustainability and the reduction in north-south inequalities, or do they reinforce asymmetric
patterns of value capture, employment, and productive specialization? This article makes
three specific contributions. First, it characterizes the north—south structure of trade in
aluminum scrap, semi-finished products, and manufactures using bilateral data from
UN Comtrade. Second, it measures how value added, industrial employment, and trade
centrality are distributed using OECD ICIO tables and ILOSTAT data. Third, it constructs a
composite indicator linked to SDGs 8, 9, 10, 12, and 17 to identify synergies and trade-offs
between circularity and equity.

2. Literature Review
2.1. Circular Economy and Aluminum Manufacturing

The circular economy paradigm has gained substantial traction in academic and polit-
ical discourse since the early 2010s, driven by the work of the Ellen MacArthur Foundation
and its adoption by the European Union as a cornerstone of the European Green Deal [17].
In aluminum manufacturing, circularity is primarily operationalized through recycling [5].
Hageliiken and Goldmann [6] argued that advanced recycling technologies are essential
for a resource-efficient society, but significant technological and logistical barriers persist.
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Eisenreich et al. [7] examined how circular economy principles affect business value chain
processes, finding that integration requires systemic changes. The Circularity Gap Report
documented that the global circularity rate declined from 9.1% in 2018 to 7.2% in 2023 [18].

The distributive dimension of circularity in recycled aluminum remains insufficiently
explored. Zisopoulos et al. [9] provided one of the few analyses explicitly linking inequity
with circular economy outcomes in the metal waste trade, suggesting that structural
inequities in the global trade network actively impede the path toward circular economies
in developing countries.

2.2. Global Value Chains and North—South Inequality

Literature on global value chains has extensively documented that participation
in international production networks does not automatically lead to equitable develop-
ment outcomes [19,20]. Ponte, Bair, and Dallas [21] advanced the research agenda on
power and inequality in GVCs, arguing that governance structures systematically favor
firms in the Global North. Lang [22] developed a framework linking power dynamics to
three dimensions of inequality: within chains, along chains, and across chains.

Roberts and Tran [23] analyzed panel data from 96 countries and found that integration
into GVCs increases income inequality in both the Global North and the Global South.
Recent research on functional positioning within GVCs has demonstrated that countries
specializing in upstream activities systematically capture less value added than those in
downstream activities [24,25]. The aluminum value chain exhibits particularly marked
north—south asymmetries: developing countries rich in mineral resources frequently remain
anchored in the export of raw materials, while higher-value segments are concentrated in
industrialized economies [11,12].

2.3. SDGs, Composite Indicators, and Distributive Assessment

The SDG framework provides 231 official indicators [26]. Several authors have noted
that these indicators do not always adequately capture structural inequalities within global
production systems [15,27], and that progress in environmental objectives (such as SDG 12)
can coexist with stagnation in equity objectives (such as SDG 10) [14,28].

Composite indicator methodologies have been widely applied to evaluate SDG per-
formance at the country level. Ricciolini et al. [29] proposed multi-criteria methods based
on multiple reference points to evaluate SDG implementation in European countries.
Blancas and Contreras [30] developed a global composite SDG indicator that combines
compensatory and non-compensatory aggregation rules. Kuc-Czarnecka, Markowicz and
Sompolska-Rzechuta [31] applied sensitivity analysis to composite SDG indicators in EU
countries. Kyn¢lovd, Upadhyaya, and Nice [16] specifically developed an SDG-9 index
focused on industrial objectives. However, none of these frameworks have been applied to
evaluate the circularity—equity nexus in a specific industrial value chain.

2.4. Synthesis and Research Gap

The literature reveals three distinct bodies of work—on circular economy in metals,
on inequality in GVCs, and on composite SDG indicators—that have largely evolved
in isolation. This study integrates these three perspectives: (a) applying GVC analysis
to the recycled aluminum chain; (b) linking trade and value added patterns with SDG
performance; and (c) constructing a composite indicator framework that explicitly evaluates
circularity and equity as potentially independent dimensions. The central hypothesis is
that material circularity does not automatically imply distributive justice.

The previous review shows that the relevant literature for this study has developed
along three relatively separate lines. The first, focused on circular economy and aluminum
manufacturing, has detailed the energetic, environmental, and technological benefits of
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aluminum recycling, but tends to treat circularity as an aggregate system improvement,
without disaggregating who captures the economic value generated by that circularity.
The second, focused on global value chains (GVCs), has shown that participation in in-
ternational production networks does not guarantee industrial upgrading or reduction
in inequalities, but rarely applies this approach to recycled material chains. The third,
focused on SDGs and composite indicators, provides useful tools for comparing national
performance, although it normally operates at the country scale and does not directly link
SDGs with functional positions within a specific industrial value chain.

The research gap, therefore, consists not only of the absence of studies on recycled
aluminum; it consists of the lack of an empirical framework that connects, within a single
value chain, three dimensions that are usually evaluated separately: material circularity,
value added capture, and distributive outcomes associated with employment and industrial
upgrading. This separation is problematic because a chain can improve its circularity
indicators related to SDG 12 and, at the same time, maintain or reinforce inequalities related
to SDGs 8, 9, 10, and 17. In other words, material circularity should not be automatically
assumed to be equivalent to a just industrial transition.

From this gap, the study formulates the following research question: To what extent
do circular strategies in recycled aluminum manufacturing simultaneously contribute to
industrial sustainability and the reduction of north-south inequalities, or do they reinforce
asymmetric patterns of value capture, employment, and productive specialization? To
answer this, the article evaluates three working hypotheses:

H1. Industrial capacity and value capture: Countries with higher industrial capacity export a
higher proportion of semi-finished aluminum products and manufactures, retain a higher share of
domestic value added, and depend less on scrap exports.

H2. Circularity—equity divergence: Differences between country groups are expected to be smaller
in material circularity indicators than in value capture, industrial upgrading, and employment
quality indicators.

H3. Circularity without redistribution: Some lower-middle- and low-income countries participate
actively in circular scrap flows while capturing limited value added and exhibiting lower-quality
employment.

This article’s contribution is threefold. First, it operationalizes the recycled aluminum
chain using Harmonized System (HS) trade codes and ISIC/TiVA industrial sectors, al-
lowing for comparison of upstream, midstream, and downstream positions. Second, it
links trade, value added, employment, and SDG indicators within a common framework
oriented toward simultaneously evaluating circularity and equity. Third, it proposes a
replicable procedure to identify whether a circular manufacturing strategy is associated
with inclusive industrial upgrading or with the reproduction of north-south asymmetries.
This contribution is formulated as an applied assessment of sustainable industrial value
chains, rather than an isolated environmental measurement of recycling.

3. Materials and Methods
3.1. Research Design and Analytical Logic

This study uses a quantitative comparative design based on open-access secondary
data. The primary unit of analysis is the country-group, which is subsequently aggregated
into four country groups to compare structural positions within the recycled aluminum
chain. The base period for the analysis is the 2018-2020 three-year average, selected
for two reasons: (i) it smooths annual variations in trade and employment; and (ii) it
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preserves comparability with the trade and employment tables used elsewhere in the paper.
The 2025 OECD ICIO edition used for the value added analysis extends to 2022, but the
2021-2022 years are used only as a robustness check. Because the base period includes
2020, the analysis explicitly considers the potential distortion introduced by the COVID-19
shock. The 2018-2020 average is retained as the main period because it preserves full
comparability across UN Comtrade, OECD ICIO, ILOSTAT, and SDG indicators, while
smoothing annual volatility. To assess whether the pandemic year drives the results,
two robustness checks were performed. First, trade and SDG-related indicators were
compared with the pre-pandemic period 2016-2019 and, where data availability allowed,
with the extended 2021-2024 period. Second, value added indicators were recalculated
using the 2021-2022 observations available in the OECD ICIO 2025 edition. These checks
did not alter the direction of the main north-south gradients in export composition, value
added capture, labor conditions, or composite scores. Therefore, the 2018-2020 period is
interpreted as a conservative baseline rather than as a pandemic-specific anomaly. A full
extension of the integrated GVC analysis to 2024 was not possible because OECD ICIO
value added data are not yet available for that year, and mixing ICIO and non-ICIO sources
would undermine methodological consistency.

The empirical strategy is organized into four steps. First, the chain is delimited
using HS codes corresponding to scrap, primary/secondary unprocessed aluminum, semi-
finished products, and manufactures. Second, countries are classified into four groups
based on income, institutional membership, and manufacturing capacity. Third, indica-
tors of trade, value added capture, GVC participation, and industrial employment are
calculated. Fourth, selected variables are normalized and aggregated into a composite
indicator linked to SDGs 8, 9, 10, 12, and 17. The goal is not to estimate causality, but to
identify consistent structural patterns between material circularity, industrial upgrading,
and distributive inequality.

Accordingly, the results are interpreted as descriptive associations and structural
patterns across country groups, not as causal estimates of the effects of circularity policies
on inequality.

3.2. Delimitation of the Chain

The analysis focuses on the recycled aluminum value chain, selected for three reasons:
(a) aluminum has one of the highest recycling rates among base metals; (b) the chain is
globally integrated, with significant north—south trade in scrap, semi-finished products,
and manufactures; and (c) data availability is robust. The chain is delimited using the
Harmonized System (HS) classification at the 4-digit level. Three segments are distin-
guished, namely, scrap (upstream), semi-finished products (midstream), and manufactures
(downstream), as detailed in Table 1.

Table 1. HS codes used to delimit the recycled aluminum chain.

Segment HS Code Description
Scrap (upstream) 7602 Aluminum waste and scrap
Semi-finished products (midstream) 7601 Unwrought aluminum
Semi-finished products (midstream) 7604-7608 Bars, profiles, wire, plates, sheets, tubes
Manufactures (downstream) 7609-7616 Pipe fittings, structures, tanks, containers, household articles, other article

3.3. Classification of Countries

To avoid the reductionism of a binary north-south dichotomy, which masks sub-
stantial differences in industrial capacity within each block, countries are classified into
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four groups based on the World Bank income classification [32], institutional membership
and manufacturing capacity indicators.

Group A includes advanced industrial economies with high income and consolidated
manufacturing capabilities, such as the EU countries, the USA, Japan, and South Korea.
Group B includes emerging industrial economies with upper-middle-income status and
significant manufacturing capacity, such as China, India, Brazil, Turkey, and Mexico. Group
C includes lower-middle-income economies, including countries in Southeast Asia, North
Africa, and Central America. Group D includes low-income economies, particularly Sub-
Saharan African countries and the least developed countries. This four-group classification
allows the analysis to capture the heterogeneity of industrial positioning within the re-
cycled aluminum chain, distinguishing, for example, between emerging economies with
secondary smelting and manufacturing capacity and countries that participate mainly as
scrap suppliers. China is retained in Group B because of its industrial capacity and its cen-
tral role in aluminum processing and manufacturing; however, its 2018 restrictions on solid
waste imports represent a major policy shift affecting global scrap flows. For this reason,
China is also considered as a specific contextual case in the trade analysis, and sensitivity
checks are performed using OECD/non-OECD membership as an alternative classification.
The final classification includes 80 economies: 41 in Group A, 21 in Group B, 10 in Group C,
and 8 in Group D. The full country assignment is reported in Supplementary Table S1.

3.4. Data Sources

The empirical strategy integrates four open-access data sources, summarized in Table 2.
Python 3.13 scripts for downloading and analyzing the open-access datasets are available
in the Supplementary Materials.

Table 2. Data sources, dimensions, and coverage.

Source Dimension Key Variables Coverage
UN Comtrade [33] International trade Bilateral export/import flows HS ~200 economies, >99% of world
7601-7616
80 individually represented
. Inter-country input-output tables; economies plus Rest of the World
OECDICIO [34,35] Global value chains value added (ROW), according to the ICIO SML
file used in the analysis
ILOSTAT [36] Industrial employment Employment by sector (ISIC 24-25), Comparable labor statistics

employment quality

UN SDG Database [37]

SDG indicators Official SDG 8, 9, 10, 12, 17 indicators  >210 indicators, 193 member states

3.5. Trade Analysis

The trade analysis seeks to characterize the north—south structure of the chain. From
Comtrade data, the following are calculated for each country and block: (a) export com-
position by chain segment; (b) trade balance by segment; (c) the Herfindahl-Hirschman
Index (HHI), calculated as the sum of squared trade-partner shares and normalized on a
0-1 scale, where higher values indicate greater concentration of trade relationships and
stronger dependence on a smaller number of partners; and (d) the scrap/manufactures
ratio, providing a synthetic measure of asymmetric positioning.

3.6. Global Value Chain Analysis

The GVC analysis uses the 2025 OECD ICIO edition. Following the decomposition
framework of Borin and Mancini [38], systematized by Feds [39], gross exports of the
non-ferrous metals sector (ISIC 242/243, C24B) and of fabricated metal products (ISIC

https://doi.org/10.3390/su18136909


https://doi.org/10.3390/su18136909

Sustainability 2026, 18, 6909

7 of 21

25) are decomposed into domestic value added (DVA), foreign value added (FVA), and
forward and backward GVC participation. The 2025 edition separates non-ferrous metals
from iron and steel, which the 2023 edition did not, allowing a closer approximation
to aluminum. Indicators are computed for each country through the global Leontief
inverse and aggregated by group. The base period is the 2018-2020 three-year average, for
comparability with the rest of the paper. The 2025 edition extends coverage to 2022, used
as a robustness check.

An inherent limitation of inter-country input-output data is sectoral aggregation. In
the 2023 ICIO edition, all basic metals are combined in ISIC Division 24, so aluminum
cannot be isolated. This analysis uses the 2025 ICIO edition, which splits basic metals into
iron and steel (C24A) and basic precious and other non-ferrous metals (C24B); aluminum
falls within the latter, which Eurostat structural business statistics (NACE 24.42 within
24.4) show to represent, on average, about two thirds of non-ferrous value added in the EU.
This Eurostat-based share is used only to justify C24B as a closer sectoral approximation
than full ISIC 24; it is not assumed to hold uniformly across all country groups. Non-
ferrous metals (C24B) are therefore reported as the base scenario, providing a closer sectoral
approximation to aluminum than the full basic-metals sector. Because the non-ferrous
aggregate is still wider than aluminum alone, every estimate is reported with a lower and
an upper bound spanning (i) the sectoral-aggregation uncertainty, from the non-ferrous
estimate (C24B) to the full basic-metals estimate (C24A + C24B), and (ii) the within-group
cross-country dispersion (export-weighted interquartile range). Value added in gross
exports is decomposed following Borin and Mancini, allocating value added by source
country via the global Leontief inverse; value capture is measured as the share of total
chain value added retained by each group. Because aluminum cannot be isolated within
the non-ferrous sector, each estimate is reported as a bounded range rather than a single
point value.

The ICIO SML file used in this study includes 80 individually represented economies
plus a Rest of the World (ROW) aggregate. All 80 economies assigned to Groups A-D are
individually represented in ICIO. ROW is retained in the global input-output structure
but is not treated as a country-level observation and is not included in group averages or
country-level figures.

3.7. SDG Composite Indicator Framework

A composite indicator is constructed with four dimensions, each linked to specific
SDGs, as detailed in Table 3.

Table 3. Composite indicator framework: dimensions, SDGs, and variables.

Dimension Related SDGs Variables
Manufacturing value added (% GDP);
Industrial SDGs 8. 9 manufacturing employment; value added in
’ medium- and high-tech manufacturing;
industrial value added per capita
Circular material flow SDGs 12 Share of scrap in total trade;
participation secondary/primary ratio
Share of scrap in total trade;
Circular material flow SDGCs 12 secondary/primary ratio; domestic material
participation + economic criteria consumption per unit of GDP; material

footprint per capita
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Table 3. Cont.

Dimension

Related SDGs Variables

Distributive and trade

Value added captured by sector (ICIO); Gini
coefficient of country-level value added

SDG 10; SDG 17-related trade capture within each group; normalized HHI

dependency dependency context of trade-partner concentration; vulnerable
employment in metals
Industrial employment (% of total);
Job quality SDGs 8 working poverty; informal employment in

manufacturing; labor productivity in metals

The Gini coefficient of value added distribution measures the inequality in value
added capture across countries within each country group. The unit of observation is
the country, and the variable used is each country’s domestic value added embodied in
gross exports of the non-ferrous metals and fabricated metal products sectors, calculated
as the 2018-2020 average. For each group, the Gini coefficient is computed across the
countries assigned to that group, excluding the Rest of the World aggregate. A value close
to 0 indicates a relatively even distribution of value added among countries in the group,
whereas a value close to 1 indicates that value added is concentrated in a small number
of countries.

The scrap-share variable is not interpreted as evidence of domestic recycling capacity
or domestic value retention. It is used more narrowly as an indicator of participation in
global circular material flows because aluminum scrap re-enters the global recycling chain
even when it is processed outside the exporting country. This distinction is important: a
high scrap export share may indicate active participation in circular material flows while
simultaneously reflecting a low-value upstream position. For this reason, the circular
dimension is interpreted as circular material flow participation, whereas distributive equity
and value capture are evaluated separately.

The HHI of trade-partner concentration is not used as an official SDG 17 indicator.
Rather, it is included as a structural trade dependency variable that captures the extent to
which a country’s position in the recycled aluminum chain depends on a small number
of external partners. This is relevant to the SDG 17-related dimension of means of imple-
mentation because highly concentrated trade relationships may reduce bargaining capacity,
limit diversification of industrial partnerships, and increase vulnerability within circular
value chains. For this reason, the HHI is interpreted as a contextual indicator of asymmetric
trade dependency, not as a direct measure of SDG 17 performance.

For each variable, a min—-max normalization is applied to the [0, 1] interval, where
1 represents the best performance. For variables where higher values indicate worse results
(e.g., Gini coefficient), the direction is reversed. Aggregation within each dimension is
performed via arithmetic mean with equal weighting; aggregation between dimensions uses
the geometric mean, following OECD/JRC [40] recommendations for composite indicators
where total compensation between dimensions is undesirable. In this analysis, the circular
material flow participation dimension is computed directly from country-level data (UN
Comtrade and the UN SDG database, 2018-2020 average) using two variables: the share
of scrap in total aluminum trade and the secondary-to-primary ratio. The first variable
captures participation in global scrap flows, while the second provides a closer indication
of secondary aluminum transformation relative to primary aluminum. The consumption-
inclusive version is retained only as a robustness check, and the interpretation explicitly
distinguishes participation in circular material flows from domestic value retention or
domestic recycling capacity.
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Robustness is checked through: (i) aggregation with arithmetic mean (to evaluate
the effect of allowing compensation); (ii) weightings derived from PCA instead of equal
weighting; and (iii) the TOPSIS method as an alternative ranking technique [29-31].

4. Results
4.1. Trade Structure of the Recycled Aluminum Chain

The analysis of bilateral trade flows from UN Comtrade for HS codes 7601-7616,
calculated as a three-year average for 2018-2020, reveals a clear north—south asymmetry
in the chain structure. Table 4 shows export composition by segment and block, while
Figure 1 visualizes these patterns.

Table 4. Export composition by chain segment and block (2018-2020 average); percentage of total
aluminum exports.

Semi-Finished Products

Group Scrap (HS 7602) (HS 7601, 7604-7608) Manufactures (HS 7609-7616)
A—Advanced manufacturing 10.1% 47.2% 42.7%
B—Emerging industrial 14.8% 53.6% 31.6%
C—Lower-middle income 31.2% 49.1% 19.7%
D—Low income 52.4% 38.3% 9.3%
World 18.4% 49.8% 31.8%
60 | mmm Adv. industrial (A) Lower-middle (C)

Share of total aluminium exports (%)

wu
o
1

S
o
1

w
o
L

N
o
1

=
o
1

B Emerg. industrial (B) B |Low-income (D)

15%

54%
52% -

31%

Scrap Semi-finished Manufactures

(HS 7602) (HS 7601, 7604-7608) (HS 7609-7616)

Figure 1. Export composition by chain segment and country group (average 2018-2020).

As observed in Table 4 and Figure 1, export composition shows a gradual pattern
across the four groups. Group A economies concentrate a larger share of their aluminum
exports in semi-finished products and manufactures, including 42.7% in manufactures,
whereas Group D economies show a much higher relative concentration in scrap exports,
reaching 52.4%. Group B occupies an intermediate position, with a particularly relevant
share of semi-finished products (53.6%), which is consistent with its role as a processing
and transformation group. However, its share of manufactures remains lower than that of
Group A, suggesting that emerging industrial economies have not fully converged with
advanced economies in downstream aluminum manufacturing. This gradation would be
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largely invisible in a binary north—south classification and constitutes one of the analytical
advantages of the four-group categorization.

The intermediate position of Group B should also be interpreted in light of China’s
2018 restrictions on solid waste imports, including metal scrap. Since China is included
in Group B because of its large aluminum processing and manufacturing capacity, this
regulatory shift is particularly relevant for interpreting the 2018-2020 average. Rather
than treating Group B as a homogeneous category, the trade results suggest that China
represents a specific case within the group: it combines strong downstream and processing
capacity with a policy-driven reconfiguration of scrap inflows. Accordingly, the observed
Group B pattern reflects both the industrial upgrading capacity of emerging economies and
the effect of national policies that can redirect circular material flows away from traditional
waste-importing destinations.

Table 5 reveals that the asymmetry is not simply binary but stepped. Groups A and
B are net importers of scrap and net exporters of manufactures, but with very different
magnitudes: Group A captures the bulk of the manufacturing surplus. Groups C and D
are net exporters of scrap and net importers of manufactures, but Group D presents a pro-
portionally much higher dependence. The normalized HHI of trade-partner concentration
increases from Group A (0.12) to Group D (0.38), suggesting that lower industrial capacity
is associated with greater dependence on a narrower set of external trade partners. In the
composite indicator, this variable is therefore interpreted as a contextual measure of trade
dependency asymmetry, rather than as a direct SDG 17 indicator.

Table 5. Net trade balance by segment and group (2018-2020 average, billions USD).

Group Scrap  Semi-Finished Products Manufactures
A—Advanced manufacturing —3.8 +6.2 +12.1
B—Emerging industrial -0.9 +3.4 +4.2
C—Lower-middle income +2.6 —-1.8 —6.1
D—Low income +1.7 —-04 —3.8

4.2. Distribution of Value Added in the Chain

The value added analysis uses the 2025 OECD ICIO edition, which, for the first time,
separates non-ferrous metals (ISIC 242 /243, where aluminum is the dominant component)
from iron and steel. Table 6 reports, by group, the share of chain value added captured,
the domestic value added (DVA) share of gross exports, and forward and backward
GVC participation, each with lower and upper bounds. A methodological clarification is
warranted: the DVA share of gross exports, taken in isolation, is mechanically high for
economies that export raw or barely processed materials and import few intermediate
inputs, and is therefore not a valid measure of value capture. Value capture is instead
measured by the share of total chain value added retained by each group. Group averages
in the value added analysis are calculated from the 80 individually represented economies
classified in Supplementary Table S1. The distribution by group is A =41, B =21, C =10,
and D = 8. The ROW aggregate is excluded from group averages and from country-level
plots. Because ICIO does not isolate aluminum-specific value added, the non-ferrous metals
estimates should be interpreted as a sectoral approximation rather than as direct aluminum-
only estimates. This qualification is particularly relevant for Groups C and D, where the
composition of the non-ferrous sector may differ from the Eurostat pattern and may include
a larger contribution from copper or other non-ferrous metals. For this reason, the results
for these groups are interpreted as evidence of non-ferrous metal-related value capture
within the recycled aluminum trade framework, rather than as precise aluminum-specific
value added estimates. Consequently, the interpretation of value capture in this section
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is based primarily on the “share of chain value added captured” rows in Table 6, while
the DVA share of gross exports is reported only as a domestic content indicator and is not
interpreted as evidence of higher value capture.

Table 6. Distribution of value added in non-ferrous and fabricated metal sectors by country group
(2018-2020 average): base estimate and lower/upper bounds.

Indicator/Scenario Group A Group B Group C Group D

Share of chain value added captured—mnon-ferrous metals

(ISIC 242 /243); base (non-ferrous ISIC 242 /243)) 63.1% 34.0% 1.6% 1.2%
Lower bound (sector + cross-country range) 58.1% 34.0% 1.6% 0.8%
Upper bound (sector + cross-country range) 63.1% 39.4% 1.8% 1.2%
Share of chain value added captured—fabricated metal o o o o

products (ISIC 25); base (fabricated metals ISIC 25) 59.5% 40.0% 0.5% 0.0%
Lower bound (sector + cross-country range) 59.5% 40.0% 0.5% 0.0%
Upper bound (sector + cross-country range) 59.5% 40.0% 0.5% 0.0%
DVA share of gross exports—non-ferrous metals (ISIC o o o o

242,/243); base (non-ferrous ISIC 242/243) 64.4% 72.9% 67.5% 97.1%
Lower bound (sector + cross-country range) 52.0% 57.2% 60.0% 94.3%
Upper bound (sector + cross-country range) 78.8% 86.6% 74.4% 98.5%
DVA share of gross exports—fabricated metal products (ISIC o o o o

25); base (fabricated metals ISIC 25) 74.4% 79.3% 68.0% 75.9%
Lower bound (sector + cross-country range) 69.0% 76.0% 63.2% 68.0%
Upper bound (sector + cross-country range) 78.5% 84.9% 75.0% 83.3%
Forward GVC participation—non-ferrous metals; base o o o o

(non-ferrous ISIC 242,/243) 19.6% 33.5% 24.9% 17.4%
Lower bound (sector + cross-country range) 11.2% 15.7% 15.4% 12.3%
Upper bound (sector + cross-country range) 25.0% 51.9% 34.5% 21.9%
Forward GVC participation—fabricated metal products (ISIC o o o o

25); base (fabricated metals ISIC 25) 25.0% 13.6% 22.0% 28.7%
Lower bound (sector + cross-country range) 21.3% 12.3% 17.0% 16.2%
Upper bound (sector + cross-country range) 29.6% 14.1% 28.3% 39.0%
Backward GVC participation—non-ferrous metals; base o o o o

(non-ferrous ISIC 242,/243) 35.6% 27.1% 32.5% 2.9%
Lower bound (sector + cross-country range) 21.2% 13.4% 25.6% 1.5%
Upper bound (sector + cross-country range) 48.0% 42.8% 40.0% 5.7%
Backward GVC participation—fabricated metal products o o o o

(ISIC 25); base (fabricated metals ISIC 25) 7% 207% 32.0% 241%
Lower bound (sector + cross-country range) 21.5% 15.1% 24.9% 16.7%
Upper bound (sector + cross-country range) 31.0% 24.0% 36.8% 32.0%

Note: Group means are calculated using countries individually represented in the ICIO SML file: Group A =41;
Group B = 21; Group C = 10; and Group D = 8. ROW is excluded from group means. For Groups C and D,
C24B estimates should be read with additional caution because the non-ferrous aggregate may include a higher
relative contribution from copper or other non-ferrous metals. The “share of chain value added captured” rows
report each group’s share of total domestic value added generated in the observed chain and are used as the main
value-capture measure. The “DVA share of gross exports” rows report the domestic content ratio of each group’s
exports and should not be read as a direct measure of value capture.

As shown in Table 6 and Figure 2, value capture is highly concentrated, and Group
B occupies an intermediate position that is not merely transitional or residual. In non-
ferrous metals, Group B captures 34.0% of chain value added, second only to Group A
(63.1%) and far above Groups C (1.6%) and D (1.2%); in fabricated metal products, it
captures 40.0%, against 59.5% in Group A and below 1% in Groups C and D combined.
By contrast, the DVA share of gross exports does not decrease stepwise from north to
south: it is highest in Group D (97.1% in non-ferrous metals) precisely because these
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economies export unprocessed materials with little imported content, which is why value
capture is measured by the share of chain value added rather than by the DVA ratio. GVC
participation completes this intermediate profile: in non-ferrous metals, Group B records
the highest forward participation (33.5%), while its backward participation (27.1%) lies
below Group A (35.6%); in fabricated metal products, its GVC linkages are weaker (forward,
13.6%; backward, 20.7%). These results confirm that emerging industrial economies have
developed relevant processing and manufacturing capacity and have upgraded beyond the
role of scrap supplier, while still capturing less domestic value than advanced economies.

(a) Non-ferrous metals (ISIC 242/243)

97% Emm Adv. industrial (A) Lower-middle (C)
mm Emerg. industrial (B) B Low-income (D)

33%

3%

2% 1%
Share of chain DVA share of Forward GVC Backward GVC
value added gross exports participation participation

(b) Fabricated metal products (ISIC 25)

100 1

80 1

()]
o
1

N
o
1

20 A

79% 76%

Share of chain DVA share of Forward GVC Backward GVC
value added gross exports participation participation

Figure 2. Chain value added capture, DVA share of gross exports, and GVC participation in non-
ferrous and fabricated metal sectors by country group, 2018-2020 average. Whiskers indicate lower
and upper bounds.

4.3. Employment and Labor Indicators

ILOSTAT data for employment in metal manufacturing (ISIC Divisions 24-25) reveal
substantial differences between the four groups, as shown in Table 7. The four indicators
are computed directly from open data for the 20182020 average: metal sector employment
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and value added per worker combine the ILOSTAT employment at the ISIC 2-digit level
(divisions 24-25) with the OECD ICIO 2025 value added of the same sectors; vulnerable
employment is derived from the ILOSTAT status-in-employment statistics for manufac-
turing; and working poverty comes from the ILO modeled estimates of employment by
economic class.

Table 7. Selected employment indicators in metal manufacturing by group (2018-2020 average).

Indicator Group A Group B Group C Group D
Share of sample metal sector employment (ISIC 24-25, %) 44.5% 43.7% 10.1% 1.7%
Productivity (VA per worker, USD) 85,500 16,600 9200 9100
Vulnerable employment (% of manufacturing employment) 6.0% 19.1% 21.4% 36.2%
Working poverty (<3.65 $/day PPP, % of employed) <1% 7.6% 20.5% 44.0%

Table 7 is computed from ILOSTAT and OECD ICIO 2025 (2018-2020 average; Python
3.13 scripts in the Supplementary Materials). ILOSTAT publishes 2-digit employment for 62
of the 80 sample economies; the gaps affect developing economies (China, Indonesia, Russia,
South Africa, Bangladesh and DR Congo, among others) and high-income economies
(Canada, New Zealand, Singapore, Taiwan and Hong Kong) alike, and employment shares
refer to the covered sample. Status in employment is not published below section level, so
vulnerable employment refers to total manufacturing (ISIC section C); group values are
unweighted country means. Working poverty is economy-wide; the ILO does not publish
economic-class estimates for high-income economies, so Group A is reported as below 1%
rather than as a computed value.

The labor indicators reinforce the intermediate position of Group B. Its productivity
level, USD 16,600 of value added per worker, is roughly twice that of Groups C (USD
9200) and D (USD 9100), but barely one fifth of Group A (USD 85,500). A similar pattern
is observed in employment quality: vulnerable employment in manufacturing in Group
B (19.1%) is lower than in Groups C (21.4%) and D (36.2%), but more than three times
higher than in Group A (6.0%). Working poverty follows the same gradient, with Group
B (7.6%) positioned between the negligible levels of Group A (below 1%) and the much
higher levels observed in Groups C (20.5%) and D (44.0%). These results suggest that
Group B has achieved partial industrial upgrading, but this upgrading has not yet trans-
lated into labor productivity and employment quality comparable to those of advanced
industrial economies.

4.4. SDG Composite Indicator Results

The composite indicator, constructed according to the methodology described in
Section 3.6, produces scores for each dimension and a global score for each block. The
results are summarized in Table 8 and illustrated in Figure 3.

Table 8. Composite indicator scores by dimension and group (scale 0-1; 1 = best).

Dimension Group A Group B Group C Group D
Industrial (SDGs 8, 9) 0.76 0.58 0.34 0.18
Circularity material flow participation (SDG 12) 0.46 [0.41-0.51] 0.38 [0.27-0.47] 0.39 [0.25-0.51] 0.59 [0.48-0.71]
Circular material flow participation + economic
criteria (SDG 12) 0.60 0.49 0.49 0.58
Distributive and trade dependency (SDG 10; SDG 0.69 0.48 0.29 015
17-related context)
Job quality (SDG 8) 0.81 0.52 0.26 0.12
Global (geometric mean) 0.67 0.48 0.32 0.21
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Figure 3. SDG composite indicator by dimension and country group (0-1 scale). The circularity
dimension is recomputed from circular variables (see Section 4.4).

The most revealing finding in Table 8, interpreted through the indicator framework pre-
sented in Table 3, is the contrast between the circular material flow participation dimension
and the remaining industrial, distributive, and job-quality dimensions. Table 3 distin-
guishes between a strict circularity indicator, based only on circular variables—the share
of scrap in total aluminum trade and the secondary-to-primary ratio—and an extended
circularity indicator that also incorporates broader economic criteria, namely, domestic
material consumption per unit of GDP and material footprint per capita. This distinction is
important because Table 8 shows that circularity behaves very differently from the other
dimensions. Under the strict circular material flow participation indicator, scores range
from 0.38 in Group B to 0.59 in Group D. This does not mean that Group D has the strongest
domestic recycling capacity or the highest level of domestic circular upgrading. Rather, it
indicates that low-income economies are strongly embedded in global circular material
flows, especially through scrap-related trade. The result therefore supports the article’s
central distinction between participation in circular flows and retention of economic value:
the countries most involved in scrap flows are not necessarily those capturing the highest
value added or achieving stronger industrial upgrading.

The result is even more revealing when the two circularity specifications are compared.
In the strict circularity indicator, Group D records the highest score, 0.59 [0.48-0.71], while
Group A reaches only 0.46 [0.41-0.51]. This suggests that low-income economies participate
intensively in circular material flows, particularly through scrap-related trade. However,
when circularity is combined with broader economic criteria, Group A slightly exceeds
Group D, with scores of 0.60 and 0.58, respectively, while Groups B and C both stand at 0.49.
Therefore, the central finding is not that circularity eliminates structural inequality, but
rather that circular material participation is much less unevenly distributed than industrial
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capacity, value added capture and job quality. This is also reflected in the global geometric
mean, where Group A remains clearly ahead at 0.67 and Group D falls to 0.21. In other
words, the poorest countries may be strongly embedded in circular aluminum flows while
still capturing the least economic and social value from the global value chain.

4.5. Country Profiles

The analysis identifies four country profiles within the chain, which correspond largely
to the defined groups. Table 9 summarizes these profiles and Figure 4 positions them in the
circularity—equity space.

Table 9. Country profiles according to chain position and typical group.

Profile Typical Group Export. Structure Chain Value Added Capture  Circularity Equity
Value Capturer A >35% manufacturing High, concentrateod in Group 0.40-0.50 0.60-0.75
A (60-63%)
Intermediate >50% semi-finished
. goods; lower High-intermediate, mainly g g
procsssc;l;i/d}:;rtlal B manufacture share Group B (34-40%) 0-30-040 040-0:55
P& than Group A
Dependent supplier C 25-40% scrap Marginal chain share (<2%) 0.35-0.45 0.20-0.35
Scrap supplier D >50% scrap Marginal chain share (<1.2%) 0.55-0.70 0.10-0.20
® Low-income (D)
® Emerg. industrial (B)
0.8 - @® Adv. industrial (A) C/‘rcg/ar &
' Lower-middle (C) ER S
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Circularity Index (variables: scrap share, secondary/primary)

Figure 4. Circular material flow participation index (scrap share and secondary-to-primary ratio)
vs. distributive equity index by country and group. Scrap share is interpreted as participation in
global circular flows, not as domestic recycling capacity. Only economies in the A-D classification are
plotted; ROW is excluded.

Figure 4 positions countries in the two-dimensional circularity—equity space, with the
four groups differentiated by color. With circularity now measured by circular variables,
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Group A economies are equitable but no longer the most circular; many low-income (D)
and lower-middle (C) economies populate the lower-right “circularity without redistri-
bution” quadrant, combining high scrap-based circularity with low distributive equity.
This quadrant illustrates the central pattern examined in this article: active participation in
circular material flows without proportional value capture.

5. Discussion
5.1. Circularity Without Redistribution: Empirical Evidence

The results presented in Section 4 provide descriptive evidence that circularity and
distributive equity are partially independent dimensions in the recycled aluminum value
chain. The active participation of the Global South in the collection, sorting, and export
of scrap contributes to global circular material flows, but this should not be confused
with domestic recycling capacity or domestic value retention. However, this participation
does not appear to translate into proportional gains in value added, industrial capacity, or
employment quality. The observed pattern suggests increasing material circularity without
comparable evidence of greater equity. The value added evidence should be read as sectoral
evidence from non-ferrous and fabricated metal activities, not as aluminum-only value
added, especially for lower-income groups.

This finding aligns with and extends the theoretical arguments of Zisopoulos et al. [9],
who identified structural inequities in the global metal waste trade network, and Ponte,
Bair, and Dallas [21], who documented how power asymmetries in GVCs generate per-
sistent inequality. Our contribution is to document these patterns empirically in the recy-
cled aluminum chain and provide a quantitative framework—the SDG-linked composite
indicator—to measure the gap between circularity and equity.

The finding is also consistent with the “smile curve” documented in GVC research [41],
according to which higher value added tends to concentrate in upstream activities such
as R&D, design, process engineering, and standard-setting, and in downstream activities
such as branding, certification, distribution, and access to final markets, while lower-
value processing functions occupy a weaker position. In the recycled aluminum chain,
scrap collection and export can be interpreted as a low-value upstream position, whereas
advanced secondary smelting, alloy design, quality control, certified recycled content, and
high-specification manufactured products are more closely associated with higher-value
functions. This pattern is consistent with the interpretation that advanced economies
may reinforce asymmetric value structures through their stronger position in technology-
intensive recycling stages, environmental and quality standards, product certification
systems, logistics networks, and downstream market access. Therefore, the evidence should
be read as showing a structural association between functional position and value capture,
not as a causal test of the mechanisms through which those asymmetries are maintained.

5.2. Implications for Industrial Policy and Sustainable Manufacturing

For developing countries, the results suggest that participating in circular material
flows is a necessary but insufficient condition for industrial upgrading. Scrap collection
and export can generate employment and foreign exchange in the short term, but they
may not, without complementary industrial capabilities, build the capacities needed for
long-term development. UNCTAD [12] has argued that resource-rich developing countries
must urgently advance within value chains, and our findings extend this argument to the
recycled materials economy.

The position of Group B suggests that differences in industrial upgrading are asso-
ciated not only with participation in circular aluminum chains, but also with the type of
participation achieved. Emerging industrial economies have developed relevant processing
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and secondary transformation capacity, but their convergence with advanced economies
appears to be associated with several structural constraints: lower labor productivity,
stronger dependence on imported inputs, weaker control over high-value downstream
segments, limited technological ownership in advanced sorting and secondary smelting
systems, lower capacity to define product standards, and reduced access to final markets
where branding, certification, design, and high-specification aluminum components cap-
ture greater margins. In this sense, Group B represents a form of partial upgrading: it has
moved beyond scrap supply and basic transformation, but remains below Group A in the
functions where the largest shares of value added and employment quality are generated.

For industrialized countries, the results call for a more nuanced interpretation of circu-
lar economy regulation. The EU Waste Shipment Regulation [42] should not be read only as
a protectionist restriction on secondary raw materials. It also responds to legitimate policy
concerns: increasing domestic resource scarcity, the need to retain strategic secondary mate-
rials within European production systems, stronger traceability of waste flows, prevention
of illegal shipments, and the objective of avoiding the externalization of waste-management
burdens to third countries. In this sense, European circularity policies can be interpreted as
part of a broader geopolitical shift in which countries increasingly seek to close domestic
resource loops and reduce dependence on uncertain external flows. However, these policies
may also generate distributive trade-offs if they improve circularity and resource security
in advanced economies while limiting access to high-quality secondary raw materials in
countries that need them for their own industrial upgrading. Policy coherence between cir-
cular economy strategies and development cooperation objectives would therefore benefit
from explicit attention to both environmental safeguards and distributive consequences.

From this perspective, the results suggest that circular aluminum strategies should
not be evaluated only through domestic recycling rates or material retention indicators.
If the higher-value functions of the recycled aluminum chain remain concentrated in the
north, circular economy policies may improve domestic resource security while leaving
existing value-capture asymmetries largely unchanged. A more equitable circular transition
is therefore likely to require complementary mechanisms that facilitate technological up-
grading, access to certified recycling technologies, transparent quality standards, industrial
partnerships, and investment in secondary processing capacity in lower-income economies.
Without these complementary measures, the smile-curve structure of the chain may be
reproduced under a circular economy narrative.

China’s 2018 restrictions on solid waste imports are consistent with this interpretation.
They illustrate how large industrial economies may seek to avoid operating as global
waste sinks and may redirect circular material flows according to domestic environmental,
industrial, and resource-security priorities. This shift is especially relevant for the recy-
cled aluminum chain because it alters the geography of scrap availability and processing
opportunities. The implication is that circularity cannot be understood only as a techni-
cal question of recycling rates; it is also shaped by national strategies regarding resource
control, industrial capacity, and the location of environmental burdens [43].

The question of whether developing countries can establish domestic resource
loops can be further interpreted through the Environmental Kuznets Curve (EKC) lit-
erature [44,45]. In its conventional formulation, the EKC suggests that environmental
pressure may initially increase with economic growth and later decline once income, reg-
ulation, technology, and institutional capacity reach sufficient levels. Applied to circular
aluminum chains, this does not imply that economic growth automatically produces cir-
cularity. Rather, it suggests that the ability to close domestic resource loops depends on
the stage of development and on complementary capabilities: investment in sorting and
collection systems, secondary smelting capacity, environmental enforcement, access to
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cleaner technologies, technical standards, and stable demand for recycled-content prod-
ucts [45,46]. From this perspective, Groups C and D may participate in global circular flows
through scrap collection and export without yet having the industrial and institutional
conditions required to retain, process, and upgrade these materials domestically. Therefore,
circular economy policies aimed at equity should combine restrictions on harmful waste
displacement with support for technological upgrading and domestic loop formation in
lower-income economies.

At a multilateral level, these findings point to the relevance of integrating distributive
assessments and domestic-loop capacity indicators into circular economy monitoring
frameworks. Current monitoring tends to focus on material flow indicators (recycling
rates, material footprint) without considering who benefits from the resulting economic
activity. The composite indicator framework proposed in this article offers a practical tool
for this assessment.

In this sense, circular economy monitoring should evaluate not only whether materials
remain in circulation, but also whether countries acquire the technological, regulatory, and
industrial capacity to retain value from those materials.

5.3. Comparison with Existing Literature

The findings are consistent with documentation regarding north-south asymmetries
in GVC participation [19,21,23,24]. The specific pattern of scrap-for-manufactures exchange
reflects dynamics described in other commodity chains [9,12,47]. The partial decoupling
between circularity and equity coincides with findings in SDG literature on trade-offs
between environmental and social objectives [14,28,31,48].

5.4. Limitations

Several limitations must be acknowledged. First, the OECD ICIO/TiVA data still
do not isolate aluminum-specific value added. The 2025 edition separates non-ferrous
metals (ISIC 242/243) from iron and steel but not aluminum specifically. Non-ferrous
metals are therefore used as an aluminum-dominant sectoral approximation, and all value
added estimates are reported as bounded ranges. However, the Eurostat evidence that
aluminum accounts for a large share of non-ferrous value added refers mainly to Euro-
pean economies and is not assumed to apply uniformly across all groups. For Groups
C and D, the C24B aggregate may include a larger relative contribution from copper or
other non-ferrous metals; consequently, their value added results are interpreted as non-
ferrous metal-related estimates within the recycled aluminum trade framework, rather
than as precise aluminum-only estimates. Second, the circularity dimension relies on trade-
based proxies: the secondary-to-primary ratio is approximated by the share of aluminum
alloys (HS 760120) in unwrought aluminum exports, and for a few small low-income
exporters this ratio rests on very low trade volumes. Material footprint per capita, one of
the four variables originally listed, is published by the UN only at regional aggregation and
could not be used at country level. In particular, the scrap-share variable captures partici-
pation in global circular flows rather than domestic recycling or domestic value retention.
Therefore, countries with high scrap export shares may score highly in circular material
flow participation while still occupying low-value positions in the chain. Third, group
sizes are small and uneven (Group D, n = 8), so group means are reported with bootstrap
confidence intervals (Table 10) and should be read as descriptive structural patterns rather
than precise point estimates. Fourth, the composite framework involves normative choices
(equal weighting) that affect results, although sensitivity analysis demonstrates robustness.
Fifth, the analysis is cross-sectional. Future research could improve these estimates with
firm-level data and more detailed national supply-use tables.
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Table 10. Within-group dispersion and bootstrap 95% confidence intervals of the circular material
flow participation index (country-level data, 2018-2020). Cls overlap across groups, consistent with
the narrow circularity gap. The index measures participation in circular material flows, not domestic
recycling capacity or domestic value retention.

Group n Mean 95% CI (Bootstrap) SD Min Max
A 40 0.46 0.41-0.51 0.15 0.05 0.75
B 21 0.38 0.27-0.47 0.24 0.00 0.73
C 10 0.39 0.25-0.51 0.22 0.01 0.62
D 8 0.59 0.48-0.71 0.18 0.35 0.84

6. Conclusions

This article has examined whether circular strategies in recycled aluminum manufac-
turing contribute to a more equitable distribution of value, employment, and development
opportunities across north-south supply chains. The evidence presented suggests that they
do not do so automatically.

The recycled aluminum chain shows a clear pattern of structural asymmetry: the
Global South participates actively in material circularity through the collection and export
of scrap, but Groups C and D capture only a marginal share of total chain value added in
the ICIO sectors analyzed. As revealed by Table 8 and Figure 3, the circularity dimension
is where north—south performance is most similar, while industrial, distributive, and
employment quality dimensions show persistent and wide gaps. In summary, the results
suggest circularity without proportional improvements in equity.

This finding has three main implications. First, it challenges the implicit assumption
in much of the circular economy discourse that environmental sustainability and social
equity advance in tandem. Policymakers should not treat circularity metrics as proxies
for equitable development outcomes. Second, it provides a replicable framework—based
on open-access data from UN Comtrade, OECD ICIO, ILOSTAT, and the UN Global SDG
Database—to evaluate the circularity—equity nexus in other industrial value chains (steel,
copper, critical minerals). Third, it contributes to growing evidence that GVC participation
may need to be accompanied by deliberate industrial policy if circular transitions are to
avoid deepening existing north-south inequalities.

Future research should extend this analysis in several directions: longitudinal eval-
uation of changes in the circularity—equity relationship; firm-level analysis to capture
intra-sectoral heterogeneity; and comparative application of the framework to other metal
chains. Integrating environmental life cycle indicators with the distributive framework
developed here would provide a more complete picture of the sustainability—equity nexus
in aluminum manufacturing.
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