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Abstract

Circular economy and criticality assessments require comprehensive monitoring of

anthropogenic material flows and stocks at a regional level. Therefore, this study

presents a multiregional trade-linked dynamic MFA model for zinc. The model cov-

ers the entire life cycle from mining to recycling for the regions China, Europe, North

America, Latin America, and Asia. The dynamic approach allows the analysis of the

development of the cycles from 1995 to 2020. The interregional trade is quantified

at each life cycle stage by using the Comtrade database. Sensitivity analysis is applied

to account for uncertainties in the exogenous data. The results reveal large regional

disparities in the zinc industry. While China shows enormous growth, Europe has

already reached a steady state in zinc consumption and anthropogenic stock. The cur-

rent global consumption is strongly driven by China, leading to a strong increase of

its zinc stock in use. However, Europe has the largest zinc stock in use, especially on

a per capita basis. North America’s zinc consumption is decoupled from its economic

growth, as evidenced by the recent decline in its zinc stock in use. In terms of recycling,

Europe shows the highest volumes and the best circular performance, as indicated by

high recycling rates, partly due to the extensive use of more easily recyclable product

types. In all regions, there is potential for increased recycling by treatment of zinc-

bearing steelmaking dusts. China’s strict regulation successfully triggered large-scale

implementation of respective recovery processes, leading to increasing recycling rates.
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2 ROSTEK AND LOIBL

1 INTRODUCTION

Improving knowledge about material cycles is essential as a basis for debates on circular economy (Leipold et al., 2023), urban mining (Krook &

Baas, 2013), and criticality (Schrijvers et al., 2020). In addition to qualitative process knowledge, quantification of anthropogenic flows and stocks

is required to assess material systems. Regional policy sets aims with regard to the origin and recycling of raw materials (European Commission,

2023) as well as the recycled content in specific products (European Commission, 2020). By combining quantification with life-cycle thinking, such

factors can bemonitored and realistic target values defined at a regional level.

The work presented here examines the base metal zinc, which is required in many crucial sectors, for example, for elongating the lifetime of

steel parts through corrosion protection in buildings, infrastructure, and automotive. As a base metal with 14Mt of zinc production (ILZSG, 2023)

per year, zinc is connected to relevant amounts of resource consumption and GHG (greenhouse gas) emissions. Circularity can contribute toward

reducing environmental impacts associated with zinc production. However, material systems, consumption patterns, and recycling practices are

known to show regional differences.

Material flow analysis (MFA) has proven to be an appropriate methodology for tracking physical quantities on an economy-wide scale (Deng

et al., 2023) and is therefore the suitable method for answering the research questions posed. As early as 1993, Jolly (1993) investigated the zinc

cycle in the United States, being one of the first extensive MFA studies focusing on metal cycles. Since then, a few other MFA studies focused on

different parts of the zinc cycle with different temporal and spatial boundaries. Graedel et al. (2005) andMeylan and Reck (2017) present MFAs of

country-wide zinc cycles showing results for 1994 and 2010, respectively. Rostek et al. (2022) present a global MFAmodel focusing on circularity.

Rostek et al. (2023) adds a prospectiveMFA in order to assess the future availability of zinc resources. Besides zinc, multiregional and trade-linked

MFAbecamemore common recently, as these are capable of revealing global disparities. StaticMFAs can be found for cobalt (Houssini et al., 2023),

chromium (Gao et al., 2022), and manganese (Sun et al., 2020). Furthermore, there are dynamic trade-linked MFAs for gallium (Gao et al., 2024),

dysprosium (Eheliyagoda et al., 2023), and neodymium (Liu et al., 2022). However, an up-to-date trade-linked dynamic MFA of regional flows and

stocks as well as an evaluation of the evolution of regional circularity for zinc is so far missing in the literature.

Therefore, this study answers themain research question: How the value chain for zinc along the entire life cycle differs betweenworld regions.

In this broader context, twomore specific questions guided us:What are the regional mechanisms and dynamics of zinc consumption and disposal?

What is the status of circularity in different world regions and where is there potential for improvement? In using a comparison of regional raw

material cycles, lessons can be learned from individual regions. Subsequently, best practices can be transferred to other regions.

2 METHODS

We assessed the dynamics and characteristics of regional zinc cycles by applying MFA (Brunner & Rechberger, 2017). The modeling approach is

dynamic and covers the retrospective time period until 2020. The scope of the model includes all anthropogenic zinc-containing flows and stocks,

including the life cycle stages of mining, refining, production and manufacturing, the use phase, as well as the generation, collection, sorting, and

recycling of scrap (see Figure S1 in SI). The focus is on zinc, which is present in a variety of products. Intermediates (first uses), finished goods (end

uses), and waste are further broken down into subcategories that determine the fate of the substance, such as process losses, useful lifetime, or

transfer to wastemanagement pathways.

The regions covered are China, Europe, Latin America, North America, and Asia excluding China (see Table S1 for definitions). These regional

cycles are embedded in a previously published global MFA model (Rostek et al., 2022). The rest of the world (RoW) is not explicitly modeled, but

implicitly present as it is the difference between the global cycle and the modeled regional cycles. RoW is the region consisting of all countries that

are not assigned to any of the specified regions. The flows and stocks of RoW are calculated by subtracting the specifically modeled regions from

the global flows and stocks, following the logic of an overall and globally closedmass balance at each node of the system.

2.1 Production data

Mine production, refined zinc production, secondary refined zinc production, and zinc usage are based on ILZSG (2023) data reported per country

from 1960 onward. Prior to 1960, production data are based on USGS (1932-2022) and Imperial Mineral Resources Bureau (1921-1932) reports.

Further down the value chain, six categories of first use can be distinguished: galvanizing, brass, die casting, sheet, compounds, and other. The

availability of production data at the first use level depends on the time and region. Table S2 in SI1 summarizes the data sources used in the model.

In some regions, there are periods for which sufficient and reliable data are not available. In these cases, the growth rate of zinc usage data was

assigned to first use production, as this data proved to be a reasonable proxy in the historical trend. Further exogenous assumptions utilized by the

model can be found in Section 2.4.
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ROSTEK AND LOIBL 3

2.2 Expert interviews

We conducted eight semi-structured expert interviews (Knott et al., 2022) to critically review our original modeling assumptions, to gain more

background knowledge, and to identify the regional characteristics of the zinc industry that could not be identified from the literature review.

The main topic of the interview was recycling, due to insufficient data availability in this phase of the material cycle. The experts have industry

affiliations (companies, consultancies, and local associations) and are located in China, Europe, North America, and Asia. The topic guide and open-

ended questions included (see SI1) were individually selected to match the expertise of the interviewee.Where possible, the information obtained

was cross-checkedwith additional experts or literature.

2.3 Trade analysis

The trade analysis aims at quantifying the interregional material flows of zinc. In contrast, quantification of intraregional trade flows is not required

as this material remains within the system boundaries of each region. The trade analysis covers zinc contained in commodities at any stage of the

life cycle, such as ores and concentrates, metal, first use goods, end use goods, andwaste. The network includes each region’s tradewith every other

region including RoW, allowing the assessment of interdependencies between regions.

A physical, mass-based method was applied to quantify trade flows, as generally described by Chen et al. (2019). The UN Comtrade database

(United Nations Statistics Division, 2022) was used for trade values from 1995 to 2020. In a first step, we collected a list of zinc-containing com-

modities representing 1243 6-digit HS codes. In a second step, a zinc concentration was assigned to each commodity. We carried out a literature

search and, in addition, manually screened the list of reported commodities in order to compile a list that is as complete as possible. While the

identification of relevant commodities is relatively uncontroversial for ores, concentrates, metals and partially wastes and intermediates, it is much

more complex for finished goods. As a result, we may miss zinc-containing commodities at the end use level, the so-called indirect or hidden trade.

Additional uncertainties arise from the material composition of the goods, for which data is rarely available. Nevertheless, the compiled list of

commodities, based mainly on the literature sources byWatari and Yokoi (2021), Bastein et al. (2015), and Meylan and Reck (2017), is sufficiently

exhaustive to cover the majority of traded zinc. A small proportion of codes listed are ores and concentrates (3 codes), metal (2 codes), and waste

(2 4-digit and 8 6-digit codes), while intermediates (2 4-digit and 71 6-digit codes) and, in particular, finished products (207 4-digit and 34 6-digit

codes) make up themajority of codes. SI2 contains the commodities, their assumed zinc concentration, and the corresponding references.

The trade data reported by UN Comtrade are overdetermined, as both the country of origin and the country of destination report the same

physical trade flow. There are discrepancies between these reported figures. Tominimize reporting errors, we applied the average of both reporting

countries as described by Tercero Espinoza and Soulier (2016). To further minimize data errors, we performed a reconciliation based on the mone-

tary value of physical flows, which is also reported by UNComtrade. This was done by screening the data for large deviations in the ratio of mass to

monetary value, as previously described by Tercero Espinoza and Soulier (2016).

2.4 Material flow model

The regionalMFAmodels are based on the framework of a previously published globalMFAmodel by Rostek et al. (2022) and depicted in Figure S1

in the SI. They are top-down and inflow driven by the production data described in Section 2.1. Production and manufacturing processes generate

new scrap, some ofwhich is available for recycling processes (see SI1 for detailed description). Process yields (available in SI2) define the ratio of the

material contained in a product to thematerial input into the production process and thus determine the generation of new scrap. The consumption

C of a particular good g results from the domestic production of region r1 and includes imports I and exports E from the other regions r:

Ct,g,r1 = Pt,g,r1 +
∑
r
It,g,r −

∑
r
Et,g,r (1)

The index t describes the year, which starts with the earliest historical production data and the latest available data, so that 1900 ≤ t ≤ 2020.

The consumed first use goods (intermediates) enter the production processes of the finished goods. An accounting matrix distributes the first

uses to 18 different end uses (see Table S3 in SI1 and SI2). In the results presented here, these end uses are aggregated into six sectors. The infor-

mation regarding the first use fu composition remains within the end use eu goods, as it subsequently determines recycling practices. Both are part

of themore general term goods:

fu ∈ g and eu ∈ g (2)
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4 ROSTEK AND LOIBL

The anthropogenic stock of goods in use S is driven by the consumption of end uses Cfu,eu and the end of life (EoL) of goods in use:

St =
∑
fu

∑
eu

t

∫
1900

[
Ct,fu,eu −

∑
a

(
St−1,fu,eu,a ∗ 𝜆eu,a

)]
(3)

The positive part within the integral corresponds to the stock inflow, while the negative part corresponds to the stock outflow. The latter is

defined by the failure rate 𝜆eu,a, which depends on the end use application and the age a of the product. The failure rate is based on a normal dis-

tribution and is derived through average lifetime and standard deviation (see SI2). Exclusively dissipative applications bypass the stock in use and

enter directly into the EoL phase, as they do not have a long service life and aremostly consumedwithin a year.

A scrap matrix (see SI2) distributes the EoL goods into eight different waste categories, while preserving information on the composition

according to first use. Two of these waste categories are dissipation and abandoned in place, both permanent losses which are not collectable.

EoL collection rates (CR) are calculated endogenously by applying mass balance, as described by Glöser et al. (2013). This mechanism, originally

described globally, is applied in each region and for eachwaste type individually. The required old scrap input for recycling is calculated by balancing

the scrap export and input of secondary raw materials into zinc recycling on the one hand and the new scrap and imported scrap on the other. The

remainingmaterial recycled has to come from old scrap, for which separation efficiencies are applied, which depend on both the scrap type and the

first use category. The difference between the actually collected old scrap for recycling and the theoretically collectable old scrap is the flowwhich

is labeled as “not account for recycling” in Figures S2 to S11 in SI1.

A variety of recycling processes are available for zinc, which are technically described byAntrekowitsch et al. (2024) andMartens andGoldmann

(2016). The developed MFA model distinguishes two different recycling pathways. Zinc recycled via smelting and refining re-enters the material

cycle through metal production processes. The size of this flow is directly derived from the data of ILZSG (2023). The second recycling pathway

leads to the first use production stage and is called direct reuse. The quantity of the direct reuse recycling flow is calculated by subtracting the input

of refined zinc in the first use production processes from the total amount of zinc used in first use production. Recycling indicators can be derived

as described by Rostek et al. (2022).

In addition to the finished goods stock, themodel includes stocks of concentrates, refined zinc, and scrap. The stocks of concentrates and refined

zinc are taken at the global level, as the available data does not allow to allocate the location of these stocks. In contrast, the scrap stocks are

calculated regionally and are assumed to cause a 3-year smoothing of the EoL CR, assuming that previously stocked material is further processed

within this period. This leads to less short-term fluctuations of the EoL CR as additionally recycled or collected waste may originate from stocking

and destocking flows.

2.5 Sensitivity analysis

We conducted a sensitivity analysis with symmetric uncertainty intervals (Laner et al., 2014) to analyze the impact of uncertainties on the key

results. The exogenous datawith themost relevant uncertainties are the first use production (see Section 2.1) and the product lifetime distribution.

We have adjusted the uncertainty interval for each case depending on the spatial and temporal availability of first use production data. The level of

uncertainty depends on the additional assumptions that had to bemade due to lack of data:±1% for no additional assumptions,±2% for additional

assumptions for individual countries within a region, and ±5% for regions where zinc usage data was used as a proxy variable (see Table S2 in SI1).

For Asia, reducing the mean first use production by 5% is not realistic, as this leads partially to negative recycling flows. Therefore, the first use

production proved to be minimally 1% lower than the originally estimated first use production. As for the global model, the uncertainty of the

average product lifetimewas set to 30% (Rostek et al., 2022).

3 RESULTS

The results of the MFA models comprise the regional flows and stocks of the entire zinc cycle from 1995 to 2020. Figure 1 provides an overview

of the regional flows aggregated for each life cycle stage. It includes domestic production, interregional trade and consumption, while permanent

losses and new scrap are not shown. Zinc mining takes place in all regions. China mined just over 4 Mt zinc in 2020, representing with 33% the

largest part of the global mine production. The mining in RoW (2.1 Mt/year), Latin America (2.0 Mt/year), Asia (1.7 Mt/year), and North Amer-

ica (1.7 Mt/year) have a similar magnitude, while Europe has the lowest production of ores and concentrates globally with only 0.8 Mt/year in

2020. Zinc smelting and refining is more concentrated, as 46% of the global refined zinc production (6.3 Mt/year in 2020) takes place in China.

Asia (2.7 Mt/year) and Europe (2.3 Mt/year) play also a significant role, while North America (1.2 Mt/year), RoW (0.7 Mt/year), and Latin America

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13588 by Fraunhofer ISI, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ROSTEK AND LOIBL 5

F IGURE 1 Sankey diagram of regional zinc production, trade, and consumption throughout the entire material cycle in 2020 (data available in
Figures S1-S5 in SI1). The recycling flows comprise the total recycling originating from new and old scrap and recirculated via bothmetal
production and first use production.

(0.6 Mt/year) show significantly lower refined zinc production in 2020 (ILZSG, 2023). A similar distribution can be observed for the production

distribution at the level of first use and end use goods.

3.1 Interregional trade flows

The total amount of zinc included in foreign trade increased strongly from 4.7 Mt/year in 1995 to 9.4 Mt/year in 2020. Most trade takes place in

the form of ores and concentrates (3.4Mt/year in 2020), representing a significant share of the globally minedmaterial (12.3Mt/year in 2020). The

further downstream products are in the life cycle, the less trade takes place between the defined regions. While the share of trade to production

is rather stable for ores, metals, intermediates, and scrap, significant changes occurred at the finished goods stage. In 1995, only 3% (0.2 Mt/year)

of the world’s finished products were traded between the world regions; by 2020, 11% (1.4Mt/year) of the world’s finished products were traded,

representing a six-fold increase in the amount of zinc contained in traded end use products.

During the 26 years of observation, significant spatial shifts in trade patterns took place, as shown in Figure 2. A detailed visualization of the

intraregional trade is available in Figures S11-S15 in SI. The increase in exports of ores and concentrates comes from the largest exporters Latin

America and RoW, while North America has a constant export level. In 1995, the main importers of concentrates were Europe (1.0 Mt/year) and

Asia (0.9 Mt/year). While Asia has maintained a constant level of net imports, Europe’s imports of concentrates halved, reaching 0.5 Mt/year in

2020. While China was not relevant to the trade of zinc concentrates until 2000, it became the largest importer from 2007 onward and reached a

maximum in net imports of 1.9Mt/year zinc content in 2019.

In addition to concentrate, China is increasingly importing zinc metal (440 kt/year in 2020). In contrast, the rest of Asia decreased its net imports

of refined zinc from 280 kt/year in 1995 to a balanced trade in 2020.

Net imports of zinc in finished products increased slightly in all regions except China. China shows a huge increase in net exports of zinc contained

in finished goods, from being irrelevant in the 1990s (30 kt/year in 1995) to around 670 kt/year in 2019.

When it comes to zinc inwaste and scrap, Europe (230 kt/year in 2020) and North America (160 kt/year in 2020) are the main exporting regions,

but there are also significant exports fromRoW (60 kt/year in 2020). Themajority of thewaste tradedwent toChina, reaching a peak of around 550
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6 ROSTEK AND LOIBL

F IGURE 2 Imports (positive) and exports (negative) of zinc contained in traded goods per region and life cycle stage. Underlying data are
available in spreadsheet “Figure 2 Trade” of Supporting Information S2.

kt/year in 2007. Since then, there has been a significant decrease of Chinese waste imports, reaching 160 kt/year in 2019. A shift of global waste

imports from China to other Asian countries took place, so that Asia is now the largest importer of zinc within waste, reaching around 260 kt/year

in 2019.

3.2 Stock of zinc in use

Anthropogenic metal stocks have been shown to be unequally distributed around the world (Watari & Yokoi, 2021). Besides the mere stocked

volumes, the underlying dynamics show different characteristics due to different product allocations and age compositions. The stock of goods in

use is driven by the consumption of zinc-containing goods and the outflow due to the EoL of goods as well as dissipation. Figure 3 illustrates the

inflow and outflow of each regional stock. The difference between the inflow and outflow gives the increment of the stock.

Figure 4 shows the different dynamics of total and per capita zinc stocks, which is driven by inflows and outflows as shown in Figure 3. The total

stock of zinc in use is highest in Europe (69.9 Mt in 2020). Only marginal changes in the European stock can be observed over the last decade,

whereas therewas a significant yearly increase before. In contrast, theNorthAmerican zinc stock is significantly lower (33.2Mt in 2020) and shows

a different dynamic than the European stock. In fact, the per capita stock decreased by 12 kg/cap during the observation period, reaching about half

of the European per capita stock. The Chinese zinc stock increased massively from 7.1 Mt in 1995 to 65.4 Mt in 2020. From the lowest per capita

stock in 1995 (5.6 kg/cap), China exceeded the global average in 2013 and continued to grow reaching 44 kg/cap in 2020. The highest growth is in

the building and infrastructure sector, which accounts for 67%of China’s zinc stock.Meanwhile, the pace of growth declined in China due to a slight

decrease of consumption within the past decade. Asia and Latin America have a comparable stock of zinc in use per capita (10.1 and 13.9 kg/cap),

although Asia is a region with a larger population, resulting in a higher total stock of 32.0 Mt compared to 7.3 Mt in Latin America. In both regions,

overall stocks are steadily growing, but there are no significant changes in the per capita stock over the period considered.

3.3 Scrap availability and recycling practice

The availability of secondary resources depends on the generation of new scrap and old scrap (see Figure 5) and the trade of zinc-bearing scrap

and residues. New scrap generation is a function of production volumes and associated process efficiencies and new scrap collection rates. Europe,
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ROSTEK AND LOIBL 7

F IGURE 3 Stock inflow (positive) by end use and stock outflow (negative) by waste type. C&D, construction and demolition; ELV, end of life
vehicles; IW, industrial waste; MSW,municipal solid waste;WEEE, waste electric and electronic equipment. Underlying data are available in
spreadsheet “Figure 3 Stock inflow and outflow” of Supporting Information S2.

F IGURE 4 Stock of zinc in use per region. Left: overall stock, right: stock per capita. Underlying data are available in spreadsheet “Figure 4
Stock” of Supporting Information S2.

North America, Latin America, and Asia show little variation in the generation of new scrap. In China, these material flows increased significantly

from 40 kt/year in 1995 to 950 kt/year in 2020, which is due to the massive increase in production volumes. The old scrap generation equals the

outflow of the stock in use as shown in Figure 3minus the dissipated fraction, which is in practice not collectable for recycling.

New scrap is easy to collect and has a known composition, so that it is readily available for recycling. The conducted expert interviews revealed

that in China large amounts of these secondary resources are preferably recycled internally in the company where the production scrap is

generated. By contrast, in other regions production and manufacturing waste is sold and subsequently recycled by specialized external recycling

companies. The company-internal recycling flows are not quantified in the results presented here, but are reflected in higher material efficien-

cies of the production sites. In North America (especially in the United States), internal recycling of skimmings is common within galvanizing

plants.

The regional distribution of old scrap recycling is very heterogeneous. Europe is the largest region for old scrap recycling, reaching 1240 kt/year

in 2020. This leads to an EoL RR of 49%–59%, which is significantly higher than the global average (15%). The comparatively low EoL RRs in the

remaining regions (see Table 1) reveal high amounts of zinc contained in post-consumer waste that is currently not collected for zinc recycling. As
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8 ROSTEK AND LOIBL

F IGURE 5 Waste generation and recycling within the regions. Range results from sensitivity analyses due to uncertain production data.
Underlying data are available in spreadsheet “Figure 5Waste and recycling” of Supporting Information S2.

the collection of old scrap is calculated endogenously within the models by applying a mass balance over the regional cycles, the exact fate of this

material remains unknown. Potentialmajormaterial sinks are landfills and theuse of zinc-bearing residues as fillingmaterial. These currentmaterial

losses offer important potential for increased recycling in the future.

Besides the origin of the scrap, the recycling pathways differ between regions. Recycling via zinc refining mainly uses steelmaking dust as feed-

stock and shows an increasing importance over time. This is particularly true for China, where secondary refined zinc production increased from

about70kt/year in1995 to880kt/year in2020. The secondand thirdmain regions for this recycling route areEurope (430kt/year in2020) andAsia

(220 kt/year in 2020), where an increase in these recycling processes can also be observed. In contrast, North America shows a decrease of these

recycling flows from 2012 onward. In Latin America, this recycling path is beginning to emerge. The volumes recycled there are still significantly

lower with 17 kt/year in 2020 (ILZSG, 2023).

The second recycling route, known as direct reuse, goes into the production of first use goods, bypassing the refinery. Most of this recycling

takes place in Europe (1.0Mt/year in 2020), where these recycling flows are significantly more important than secondary refining. Nevertheless, it

shows a decline around the time of the financial crisis. Although there has been a slight recovery since then, it has not returned to pre-crisis levels.

In China, direct reuse recycling has been relevant since 2006, and since then about 500 kt/year have been recycled. While North America and

Asia used to recycle significant amounts via direct reuse, this has not been relevant since around 2006. In Latin America, these recycling flows are

insignificant.

4 DISCUSSION

4.1 Limitations

Asanymodeling, theworkpresentedherehas limitationsdue touncertaintyof the inputdata andassumptionswhichneed tobeaccounted forwhen

interpreting the presented results. Especially at the stage of first use production, sufficient data is not available for all of the regions and needs to be

extrapolated. Sensitivity analyses are conducted, showing that recycling indicators deviate by up to 9%points (cf. Table 1). Regular industry surveys

on production quantities should be implemented in order to reduce uncertainties. Furthermore, trade data contains outliers and missing values,
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ROSTEK AND LOIBL 9

which we addressed with the method described in Section 2.3, as well as the potent misreporting of re-exports and re-imports. However research

focused specifically on trade flow analysis could apply more extensive approaches discussed in the literature (Chen et al., 2022; Jiang et al., 2022;

Zhang et al., 2022). While the approximation of trade flows pre 1995 is rather uncertain, results are only provided post 1995 and are therefore

only indirectly affected by goods with a long service life in the stock that are in use. Additionally, inflow from trade is not significant compared to

domestic production which is supported by data.

4.2 Regional characteristics and roles within the global cycle

This study shows that the regions of the world play different roles in the system of the global zinc cycle.

China (see Figure S2 and S7 in SI1) is increasingly playing a dominant role in the zinc industry, both in terms of production and consumption.

From a minor role in the 1990s, China’s zinc flows and anthropogenic stock have increased massively. Today, 40% of the world’s zinc consumption

is in China. In addition, China produces large amounts of finished goods for export. Part of the demand of the remaining regions previously supplied

by domestic production is now supplied by China. Consequently, there is a massive need for zinc resources in China. The majority (86%–88%) is

supplied by primary rawmaterials. While China is already the region with the most mining, it is still the largest importer of zinc ores, concentrates,

andmetal. Theexport of zinc resources is negligible at these stagesof the cycle.China is still in aphaseof anthropogenic stockbuilding,mainly driven

by the construction and infrastructure sectors and consumer goods. Compared to themassive stock inflow, the post-consumer waste generation is

still quite low.Many applications have a long service life and the stock of goods in use still has a lowmean age. In addition to relatively small amounts

of domestic waste, China has historically imported the majority of the globally traded zinc waste. While the net import of zinc contained in waste,

scrap, and residues reached 550 kt/year in 2007, it decreased to only 180 kt/year in 2020. This decrease is a consequence of the National Sword

Policy, which banned the import of many waste types due to environmental and social burdens (Lin et al., 2023; Song et al., 2023). This policy led to

a decrease in scrap imports from Europe and North America and a spatial shift in waste trade. The available secondary resources are increasingly

used for recycling in China. Recycling flows as well as recycling indicators show an upward trend. Especially in secondary zinc refining, for which

zinc-containing steelmaking dust is the main feedstock material, a significant increase can be observed by the material flows shown within this

study. Surprisingly, dust from secondary steelmaking with a high zinc content, which is the main input for this process, is barely available in China.

The conducted interviews with experts on the Chinese zinc industry revealed that instead dust from primary steelmaking containing low levels

of zinc is used for zinc recovery in China. This material is typically not used for recycling in the other regions of the world due to the low zinc

concentration and subsequent low profitability of processing. The interviewed experts stated that a ban of landfilling these secondary resources in

China led to the increasedutilization for recyclingwhich subsequently improved the recycling performance. Looking to the future, the huge volumes

of zinc currently entering the use phase indicate that there will be a strong increase of post-consumer waste in China. The collection, sorting, and

recycling industries should be aware of this upcoming development. Appropriate processes and sufficient capacity must be made available in time

tomaintain the zinc contained in old scrap within thematerial cycle.

Asia (excluding China; see Figure S6 and S11 in SI1) is the region to which former Chinese waste imports shifted. This led to an increase in

waste imports from 120 kt/year in 1995 to over 350 kt/year in 2019. In spite of this increase in foreign zinc-containing waste and the simulta-

neous increase in domestic scrap generation, recycling flows have remained almost constant over time.While the exact fate of thismaterial remains

unknown, this comparison of the quantified flows indicates that traded waste is not sufficiently utilized in terms of zinc recovery. The Asian region

is very diverse in terms of the level of development of the countries included. The 32 Mt of zinc is stocked in goods in use in Asia, which is nearly

the level of North America. However, the population exceeds North America’s significantly, so that Asia has the lowest per capita stock with only

10 kg/cap. This low zinc intensity may indicate a backlog of demand in the infrastructure sector, whichmay drive future zinc consumption in Asia.

Europe (seeFigureS3andS8 inSI2) has themostbalancedcycle in theworld.Over thepast decade, the sizeofEuropeanzinc flowshave fluctuated

only slightly at each life cycle stage. This indicates that a steady statehasbeen reachedand that there are currently nomajor trends that significantly

affect the European zinc cycle. Remarkably, Europe has a high per capita stock of about 130 kg/cap, far exceeding the global average of 30 kg/cap.

Previous studies onmetal stocks assumed similar per capita stocks in regionswith a similar level of development (Watari&Yokoi, 2021) or identified

the highest material intensity for North America, for example, for steel (Hatayama et al., 2010) and copper (Soulier, 2018). If only the per capita

stock of zinc in galvanized goods is compared, a similar level can be observed for Europe and North America. There are significant differences in

the use of zinc in brass and sheet, where Europe consumes significantly more than the global average. These product categories are substitutable

by, for example, polymers or other metals. The strong development of brass and zinc sheet in Europe may be related to historical determinations

within the manufacturing industry as well as consumer preferences influenced by tradition. In terms of recycling, Europe performs well compared

to the world average, as indicated by the recycling rates in Table 1. While the recycling of new scrap is efficient in all regions, Europe achieves

more efficient recycling of old scrap, as represented by an EoL RR of 49%–59%, leading to an old scrap ratio of 70%.While recycling via secondary

refining is increasing considerably, a higher proportion of secondary zinc is produced via the direct reuse recycling route. The higher circularity of

the European zinc cycle compared to the other regions is related to the consumption structure of zinc in Europe. The first uses zinc sheets and brass,

which are used intensively in Europe are significantly easier to recycle compared to galvanizing (multi-step recycling via steel industry), die castings
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10 ROSTEK AND LOIBL

TABLE 1 Recycling indicators (as defined in SI1) per region simulated in thematerial flow analysis models with sensitivity analyses in 2020.
The development over time can be found in Figure S17 and S18 in the SI.

China Europe Latin America North America Asia (excluding China)

Recycling input rate Min. 19% 46% 6% 20% 11%

Mean 19% 49% 11% 22% 12%

Max. 20% 51% 15% 23% 16%

End of life recycling

rate

Min. 14% 49% 0% 12% 0%

Mean 16% 53% 3% 14% 1%

Max. 19% 58% 9% 16% 8%

(small and dispersed parts difficult to collect), and compounds (often dissipative applications). Both zinc sheets and brass can be directly remelted

and often have a large unit size,making their collection and sorting easier.While this is one reason for higher collection rates of EoL goods in Europe,

parts of the region also have a highly developed collection infrastructure for waste.

North America (see Figure S5 and S10 in SI1) has a remarkably low per capita stock of zinc. While previous studies have shown the influence of

economic growth on the increase of metal demand (Langkau & Tercero Espinoza, 2018), this effect cannot be observed for zinc in North America.

While there has been an increase in the North American gross domestic product (TheWorld Bank, 2023), the stock inflow has been decreasing for

many years.While demand has increased again in recent years, it is still far from the peak seen at the turn of themillennium. Different consumption

patterns and material substitution can partly explain this especially compared to Europe. Stalled investments into infrastructure and buildings as

discussed in politics and media could be a second reason that has been slowly tackled in recent years explaining the observed increase in demand.

While the availability of secondary raw materials steadily increases, the recycling flows are not following and are even showing a reduction. This

leads to the conclusion that secondary resources that have been used for recycling are partially no longer being used. Industry experts associate

this decline with the closure of individual companies in North America.

Latin America (see Figure S4 and S9 in SI1) is an important supplier of primary zinc resources, mainly in the form of ores and concentrates, and

to a lesser extent in the form of refined zinc metal. Domestic consumption of zinc is very low, resulting in per capita stocks well below the global

average. Although flows and stocks are increasing slightly, they are currently insignificant on a global scale.

5 CONCLUSION

This paper presents the first comprehensive overview of regional zinc cycles including their evolution over time. In addition, it provides an analysis

of the global zinc trade network, encompassing zinc-containing goods throughout their life cycle. The overall framework is useful for industry and

policy makers through the monitoring of regulatory relevant factors such as recycling indicators or domestic supply rates. Regional characteristics

in production, consumption, stocking, and recycling are now known and quantified. Extensive input from experts around the world guarantees

a high level of technical accuracy within this broad-scope analysis at the macro level. Furthermore, the expert interviews are beneficial in the

interpretation of results, such as revealing causalities behind the quantified flows.

In conclusion, there are considerable disparities between the regional zinc cycles that can provide guidance for improving the sustainability

of zinc. Most notable is the continued growth of the entire Chinese zinc cycle, in contrast to the consumption in the remaining regions of the

world which is for the most part stagnating or even in decline, such as the demand and stock in North America. China’s growth in importance as

a manufacturing country, which supplies not only itself but other regions with end use goods while increasing the prosperity of its population, is

clearly reflected in the zinc cycle.Waste generation is naturally lagging behind but will catch up in the coming years, clearly predicting an imminent

challenge for China’s recycling sector.

While the availability of secondary zinc resources is already increasing in Asia through the increasing generation of domestic waste, but also

increasing imports of zinc-containing waste and scrap, recycling flows remain at a low level. Therefore, the development of zinc recycling systems

in Asia is highly recommended and waste exports to Asia should be scrutinized. In a global comparison, the greatest efficiency in recycling can be

observed in Europe. Following this best practice, collection systems could be adapted by other regions. However, part of the good circular perfor-

mance is due to theEuropean consumptionpattern,which is not transferrable toother regions of theworld. InChina, recycling flows andefficiencies

are increasing, partly due to clearly effective legislation regarding the treatment of steelmaking dust containing low levels of zinc. These secondary

resources are also generated in significant volumes in the other world regions, where they remain mostly unused for zinc recovery. As the techni-

cal implementation in this case does not entail any restrictions, transfer of similar policies from China to other countries offers the opportunity to

significantly increase the global recycling of zinc.
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