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ABSTRACT

Aluminum, a critical mineral in modern industry and energy transition, presents sub-
stantial environmental and economic burdens when produced through primary meth-
ods due to its high energy consumption and associated emissions. Although second-
ary production through recycling offers significant energy and emissions savings, it is
widely believed that a large volume of aluminum still ends up in Municipal Solid Waste
Landfills, particularly in the form of used beverage cans (UBCs) and other post-con-
sumer products. This paper explores the feasibility and challenges of recovering alu-
minum from landfills through landfill mining (LFM). It presents an in-depth review of
the historical and current state of aluminum waste generation in the United States,
highlighting the growing accumulation of aluminum in landfills and the limitations of
existing recycling practices. The study evaluates the physiochemical conditions of
landfills affecting aluminum stability and outlines key technologies for material recov-
ery, including air classification, magnetic separation, eddy current separation, electro-
static separation, sink-float techniques, optical sorting and LIBS. Despite technologi-
cal advances, the recovery of aluminum from landfills remains hindered by numerous
barriers such as technical inefficiencies, contamination, oxidation, high operational
costs, regulatory ambiguity, and public opposition. Crucially, a techno-economic
assessment demonstrates that standalone aluminum recovery from landfill is pro-
foundly uneconomic under any plausible combination of parameters. The findings
emphasize the importance of pre-landfill aluminum recovery as a more viable and sus-
tainable strategy. By diverting aluminum from disposal before landfilling, the environ-
mental, economic, and logistical burdens of post-disposal recovery can be substan-
tially mitigated. This review advocates for upstream integration of aluminum recovery
into waste management systems as a pathway toward resource efficiency, landfill
space conservation, and reduced reliance on energy-intensive primary production.

1. INTRODUCTION

Aluminum, crucial for its properties and the third most
abundant element in the earth’s crust, was first utilized in
the 19th century (Ashkenazi, 2019). Its extraction, initially
hindered by its high affinity for oxygen, became viable with
the Hall-Héroult process in 1886 (Rabinovich, 2013). Today,
aluminum production is dominated by the combined Bayer
and Hall-Héroult processes, and is an important metal in
many industries (Ashkenazi, 2019).

1.1 Aluminum as a critical mineral and its relevance
in the energy transition

Although aluminum is abundant in the Earth’s crust,
it is classified as a critical mineral under the U.S. Energy

Act of 2020 because it is essential to economic and na-
tional security and has a vulnerable supply chain (Fortier
et al., 2018). Aluminum requires a considerable amount
of energy to be converted to its metallic state from its ox-
ide (ALO,), making availability in the metallic form more
important than availability of the ore. Most of this energy
must be provided in the form of electricity, not just heat.
The energy-intensive nature of aluminum production is a
key factor in its classification as a critical mineral (Energy,
2023). Due to high energy costs, especially in the United
States and Europe, multiple smelters have been forced to
shut down or reduce their production output of primary alu-
minum, leading to a reduced number of operational smelt-
ers in some regions. In response, the industry is pursuing
significant innovations, including the development of inert
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anode technology and other process improvements aimed
at drastically lowering energy consumption and achieving
near-zero direct emissions from the smelting process (Ah-
mad et al., 2025; Munshi). Concurrently, there is a trend for
some primary production facilities to integrate or transition
towards secondary aluminum production to improve eco-
nomic and environmental sustainability.

1.2 Aluminum Production

Aluminum production consists of primary production
(from bauxite) and secondary production (recycling scrap)
(Padamata et al., 2021). Primary aluminum is produced
through the Bayer process, which refines bauxite into alu-
mina, followed by the Hall-Héroult electrolytic process,
which reduces alumina to metallic aluminum (Buffington,
2012). These processes are highly energy intensive, requir-
ing approximately 23-24 kWh per kilogram of aluminum,
largely in the form of electricity for electrolysis (Choate &
Green, 2003). According to literature, for every 4kg bauxite,
2 kg of aluminum oxide can be obtained and 1kg of alumi-
num metal produced (David & Kopac, 2013). Approximate-
ly, 23.8 kWh (comprising heat energy for Bayer refining and
electrical energy for Hall-Heroult smelting) is required to
produce a kilogram of aluminum from bauxite under the
conventional method of aluminum production (Choate
& Green, 2003). As a result, primary aluminum produc-
tion contributes roughly 1% of global CO, emissions, with
life-cycle emissions ranging from 14.98 to 23.96 tons CO,-
eq per ton of aluminum, depending on the energy source
(Ali Hasanbeigi, November 21, 2017; Shen & Zhang, 2024).
Research is actively pursuing decarbonization, notably
inert anodes that could eliminate direct CO, emissions
from electrolysis if powered by renewables (Saevarsdottir
& Kvande, 2025). While not yet commercially widespread,
this technology represents a critical pathway for reducing
the future carbon footprint of primary aluminum (Chen et
al., 2025). Waste generation, particularly red mud from the
Bayer process, is another major issue: 1-1.5 tons of highly
alkaline residue per ton of alumina, with ~117 million tons
generated annually (Archambo & Kawatra, 2021; Wen et al.,
2024).

The challenges associated with primary aluminum pro-
duction has shifted the world’s focus on secondary alumi-
num production (Tabereaux & Peterson, 2024). Secondary
aluminum production is basically collecting and recycling
aluminum scrap into usable aluminum (Capuzzi & Timel-
li, 2018). This type of aluminum production is 95.0% more
energy-efficient than primary aluminum production (Green,
2007). This is because in secondary aluminum production,
the energy intensive processes (Bayer and Hall-Heroult)
in primary aluminum production are eliminated. Modern
recycling achieves material yields >95.0%, with oxidation
losses as low as 1-5% (Al-Alimi et al., 2024b; Capuzzi &
Timelli, 2018). Producing one ton of secondary aluminum
requires only 750-1500 kWh (directory, 2025), with CO,-eq
emissions of ~0.32 metric tons, compared to 14.98-23.96
tons for primary aluminum (Ali Hasanbeigi, November 21,
2017; Shen & Zhang, 2024).

Secondary aluminum production can be effective tool
to reduce aluminum importation in countries that depend

heavily on aluminum imports, such as the United States
of America. Currently, the production of primary alumi-
num has decreased significantly in the U.S., and and the
U.S. imported 5.54 million tons in 2023 (Chen & Graedel,
2012). Data from the EPA suggest that 3.9 million tons of
aluminum waste was generated in 2018, of which about
2.7 million tons was landfilled (EPA, 2023). This suggests
that improving the recycling industry in the USA can sig-
nificantly reduce the amount of aluminum waste landfilled
and consequently reduce the USA’'s dependency on other
countries for raw aluminum.

1.3 Aluminum recycling as a share of total alumi-
num consumed is declining, even in states with con-
tainer deposit laws

Despite the long-standing environmental and econom-
ic advantages associated with aluminum recycling, recent
data indicate a concerning downward trend in the share of
recycled aluminum relative to total aluminum consumption
in the United States. This decline persists even in states
that have adopted policies specifically designed to pro-
mote recycling behaviors, such as container deposit laws.

1.3.1 Trends and Data on Aluminum Recycling

According to the U.S. Geological Survey, the United
States recovered approximately 3.2 million tons of alumi-
num from purchased scrap in 2021. This amount includes
both new (manufacturing) scrap and old (post-consumer)
scrap, with new scrap accounting for 53.0% and old scrap
making up 47.0%. Notably, aluminum recovered from old
scrap was equivalent to just about 30.0% of the nation’s
apparent consumption. This data reveals a critical gap that
a substantial portion of aluminum scrap from post-con-
sumer products, is not being recycled (Center-USGS, 2022).

Aluminum recycling in the United States is assessed
using multiple metrics, each targeting different compo-
nents of the recycling system. End-of-life (EOL) indicators
such as the Collection Rate (CR) and Recycling Rate (RR)
measure how much post-consumer aluminum is recov-
ered and recycled. The Domestic Recycling Rate (DRR) re-
fines this by excluding exports, offering a clearer view of
materials retained and processed within the U.S. system.
Recycling Input Rates (RIRs) evaluate the proportion of
recycled aluminum in manufacturing inputs but can be in-
flated by the inclusion of pre-consumer (new) scrap, which
does not reflect actual recovery from waste. The Old Scrap
Ratio (OSR) addresses this limitation by quantifying only
post-consumer recycled content (Association, 2024).

More recently, the Consumer Recycling Rate, which
stood at 43.0% in 2023, has been emphasized for its ac-
curacy in capturing domestic recycling behavior, as it ex-
cludes imported scrap. In contrast, the Industry Recycling
Rate, reported at 57.0%, includes imported used beverage
cans (UBCs) and exported material recycled abroad. The
Aluminum Association includes imported UBCs to reflect
total scrap processed by U.S. producers; however, this ap-
proach may overstate domestic recycling effectiveness.
For evaluating material circularity and national policy out-
comes, DRR, OSR, and the Consumer Recycling Rate offer
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more relevant and transparent indicators than industry-ag-
gregated rates (Association, 2024; Institute, 2024).

1.3.2 Aluminum Beverage Cans: A Case Study in Declining
Recovery

Aluminum Used Beverage Cans (UBCs) have historical-
ly played a central role in aluminum recycling due to their
ubiquity and ease of collection. Recycling of UBCs in the
U.S. peaked in 1992 with a rate of approximately 65.0%.
According to the Aluminum Association and the Can
Manufacturers Institute (CMI), the national recycling rate
for aluminum cans fell to 43.0% in 2023, marking one of
the lowest levels in recent decades. This rate represents
a significant decline from the long-term average recycling
rate of approximately 52.0% recorded since 1990. The re-
ported statistics are derived from a comprehensive survey
of aluminum can manufacturers and recyclers, comple-
mented by governmental and other relevant data sources
(Association, 2024). This downward trend coincides with
a decrease in the inflation-adjusted market value of used
aluminum cans, which has reduced the economic incentive
(deposit) for collection and recycling.

A major issue lies in the recycled content of new alu-
minum cans, which typically ranges between 33.0% and
50.0%. Although it is technically possible to manufacture
a can from 100.0% recycled material, doing so is consid-
ered inefficient within the current supply chain structure.
This limitation arises from the inherently labor-intensive
and disaggregated structure of the post-consumer collec-
tion system for used beverage cans (UBCs), which hinders
efficient aggregation and processing at scale (Buffington,
2012). While aluminum cans are recycled at far higher
rates than glass or plastic, these rates have fallen below
50% in recent years.

Despite aluminum’s inherent recyclability and high ma-
terial value, the U.S. continues to discard a vast quantity of
used aluminum cans. In 2023, although approximately 46
billion aluminum cans were recycled, over 61 billion were
discarded in landfills, resulting in an estimated loss of $1.2
billion worth of recyclable material (Association, 2024).
This loss is equivalent to each person in the U.S. throwing
away nearly 15 twelve-packs of aluminum cans annually, a
striking indicator of the inefficiencies in the nation’s recy-
cling system.

Although aluminum still maintains a higher recycling
rate than glass 39.6% and PET plastic bottles 20.0%, the
recent decline represents a significant missed opportunity
given aluminum’s economic and environmental advantag-
es (Association, 2024). Enhancing the collection, sorting,
and processing of aluminum cans could yield substantial
benefits in terms of resource efficiency, greenhouse gas
reduction, and domestic material supply security (Gitlitz,
2002).

1.4 Scope of the Review

Given the persistent landfilling of large quantities of
highly recyclable aluminum, this paper critically evalu-
ates landfill mining (LFM) as a potential solution. We syn-
thesize historical waste data, review separation technol-
ogies, and present a techno-economic assessment that

quantifies the profound economic infeasibility of stan-
dalone aluminum recovery from landfills. We then analyze
the environmental, technical, regulatory, and social barriers
that render LFM impractical at scale. The central argument
of this paper is that pre-landfill intervention — recovering
aluminum before it is buried — is not merely preferable but
necessary. Upstream recovery preserves material quality,
avoids oxidation and contamination, eliminates the need
for costly excavation, and aligns with circular economy
principles. We conclude by outlining policy pathways and
research priorities to shift the paradigm from post-hoc min-
ing to proactive diversion.

1.5 Review Methodology

This review was conducted following a systematic ap-
proach to ensure comprehensive coverage and analytical
thoroughness. Literature was identified through searches
in the Scopus, Web of Science, and Google Scholar data-
bases, using keyword combinations including “aluminum
recycling,” “landfill mining,” “municipal solid waste alumi-
num,” “aluminum recovery,” “secondary aluminum,” “used
beverage cans,” and “separation technologies.” The search
was not restricted by start date, with a cutoff in Decem-
ber 2024, to capture both foundational and recent devel-
opments.

Inclusion criteria prioritized peer-reviewed journal arti-
cles, authoritative industry reports and seminal books. Gov-
ernmental and institutional data were included for quanti-
tative analysis of waste generation and recycling trends
(e.g., from the Aluminum Association, U.S. EPA, USGS). Ex-
clusion criteria removed non-English publications, articles
focusing solely on primary production without a waste/
recovery link, and very short conference abstracts lacking
substantive data. After screening titles, abstracts, and full
texts, 114 sources were selected for in-depth analysis and
synthesis. Evidence was synthesized thematically to ad-
dress the core research questions: the scale of aluminum
in landfills, the physicochemical fate of landfilled alumi-
num, the technological pathways for its recovery, and the
associated economic and regulatory barriers. Quantitative
data from U.S. agencies were harmonized and, where nec-
essary, interpolated to construct cumulative time-series
analyses. Findings from technological and case studies
were compared to evaluate efficiency, readiness, and feasi-
bility, leading to the critical assessment and advocacy for
pre-landfill intervention presented in this review.

While previous reviews have provided broad overviews
of landfill mining and material recovery challenges, often
from global or European perspectives (Jain et al., 2023;
Krook et al., 2012), this review offers a targeted and original
contribution focused on the United States context. First, it
presents a data-driven quantification of the historical accu-
mulation of aluminum in U.S. landfills from 1960 to 2018,
integrating fragmented national datasets to demonstrate
the scale of aluminum resource loss. Second, the study
bridges aluminum corrosion science with landfill biogeo-
chemistry, using Pourbaix-based frameworks to assess
aluminum survivability under realistic landfill conditions
and to move beyond generic recovery potential toward a
material-specific evaluation of recoverability. Third, the re-
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view provides a dedicated assessment of the economic
and regulatory viability of aluminum landfill mining in the
United States, explicitly contrasting U.S. policy and market
conditions with the more established European experience.
Collectively, these contributions culminate in a focused
argument that upstream, pre-landfill aluminum recovery
represents the most sustainable and practical pathway for
improving resource efficiency, reducing environmental risk,
and strengthening domestic material security within U.S.
waste management systems.

2. STATE OF ALUMINUM WASTE MANAGE-
MENT IN THE U.S.

The U.S. has witnessed a substantial increase in alu-
minum usage over the past six decades, leading to a cor-
responding rise in aluminum waste (Chen & Graedel, 2012;
Kulas et al.). While the U.S. Environmental Protection Agen-
cy (EPA) reports annual aluminum generation data, cumu-
lative generation data over multiple decades are not direct-
ly provided (Agency, 2018a, 2018b, 2018¢; Agency, 2020;
Recovery, 2014). Therefore, this study calculated the cu-
mulative aluminum generation from 1960 to 2018 by first
using interpolation to estimate the amount of aluminum
generated in the missing years and then summing them
with the annual generation data reported by the EPA. This
approach provides a more comprehensive perspective on
the total aluminum generated over the decades.

Data from the U.S. EPA show that the total cumulative
amount of aluminum generated from the early 1960s to
2018 exceeded 130 million U.S tons as shown in Figure 1.
Annual generation rose from 340,000 U.S tons in the 1960s
to nearly 4 million U.S tons by 2018. This growth is largely
driven by increased consumption in packaging (especially
beverage cans), durable goods (including appliances and
electronics). The U.S. EPA did not provide specific data on
the amount of aluminum from durable goods that was gen-
erated in their 2018 report.
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To estimate this quantity, the annual aluminum genera-
tion from containers and packaging is subtracted from the
total annual aluminum generation, with the remaining quan-
tity attributed to durable goods. A graphical representation
of this trend (Figure 1) shows exponential growth across
all major aluminum generation categories, with containers
and packaging leading the increase, reaching a cumulative
83 million U.S tons in 2018. While aluminum generation in
the U.S. has increased exponentially, the amount of alu-
minum that ends up in landfills has also grown over the
decades. This clearly highlights a gap in the aluminum re-
cycling culture in the U.S.

The U.S. EPA did not provide specific data on the
amount of aluminum from durable goods that ends up in
landfills in their 2018 report. To estimate this quantity, the
annual amount of aluminum landfilled from containers
and packaging is subtracted from the total annual alumi-
num landfilled, and the remaining amount is attributed to
durable goods. A similar methodology used to calculate
cumulative aluminum generation from 1960 to 2018 was
applied to estimate the cumulative amount of aluminum
entering landfills, based on data reported by the EPA. The
cumulative landfill data reveal a concerning buildup of alu-
minum waste, with over 90 million tons discarded by 2018.
As shown in Figure 2, containers and packaging account
for more than half of this accumulated waste, while durable
goods represent a growing portion due to their increasing
presence in consumer products (Agency, 2018a, 2018b,
2018c; Agency, 2020; Recovery, 2014).

2.1 Aluminum Waste by Type

Containers and packaging (beverage cans, food cans,
food containers and foil) and durable goods (products that
last three years or more) constitute the largest sources of
aluminum in municipal solid waste. As shown in Figure 3,
approximately 1 million U.S tons of containers and packag-
ing ended up in landfills 2018, while the cumulative amount

1990 2000 2010 2020 2030
=eo-Cummulative Container & Packaging

FIGURE 1: Cumulative aluminum waste generation in the United States from 1960 to 2018. Data are sourced from the EPA’'s 2018 report,
Materials in the Municipal Waste Stream, with missing years interpolated using available data provided in the report (EPA, 2023).
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FIGURE 2: Cumulative aluminum landfilled in the United States from 1960 to 2018. Data are sourced from the EPA’'s 2018 report, Materials
in the Municipal Waste Stream, with missing years interpolated using available data provided in the report (EPA, 2023).
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FIGURE 3: Generation, recycling, and landfilling of used beverage cans (UBCs) in the United States. Data exclude imported UBCs and are

sourced from the Aluminum Association (Agency, 2020).

is 45.5 million U.S. tons, with beverage cans contributing
the most to this total (Agency, 2020). As illustrated in Fig-
ure 2, the cumulative quantity of aluminum from durable
goods disposed of in landfills has increased substantially
over the decades, reaching approximately 45.8 million U.S.
tons by 2018. In that same year, the annual landfill contribu-
tion from durable goods was estimated at 1.6 million U.S.
tons.

Despite the high recyclability and economic value of
aluminum, a substantial portion of aluminum waste, par-
ticularly in the form of Used Beverage Cans (UBCs), con-
tinues to be disposed of in landfills annually in the Unit-
ed States. Data from the Aluminum Association over the
past three decades indicates a consistent increase in the
volume of aluminum UBCs being landfilled since the early

2000s. In 2018 alone, approximately 660,000 U.S. tons of
aluminum UBCs were landfilled, representing nearly half of
the total generated as shown in Figure 3 (Agency, 2020).
Between 1995 and 2015, UBCs waste generation declined
from over 1.6 million to around 1.3 million U.S. tons. This
may be due to lightweighting of aluminum cans by manu-
facturers and innovations in beverage cans design incorpo-
rating other materials such plastics.

The persistent landfilling of nearly half of all generated
aluminum UBCs, despite their high economic value and re-
cyclability, points to systemic failures in the U.S. recycling
system. Several interconnected factors likely contribute
to this gap. Economically, the fluctuating market price for
scrap aluminum and the relatively low (and inflation-erod-
ed) deposit value in bottle bill states can weaken financial
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incentives for consumer recycling and for municipalities
to operate robust collection programs. Logistically, the re-
liance on single-stream recycling, while convenient, often
leads to contamination of material streams, reducing the
quality and value of collected aluminum (Morawski, 2010).
Furthermore, the absence of a federal container deposit
law (only 10 states have such laws) means a majority of
the U.S. population lacks a direct economic incentive to re-
turn cans. Public awareness and convenience also play a
role; recycling rates are often lower in multi-family housing
and public spaces where access to recycling bins is limit-
ed (Buffington, 2012; Gitlitz, 2002). Addressing this issue
requires a multi-pronged strategy involving policy (e.g., ex-
tended producer responsibility, modernized deposit laws),
investment in sorting technology, and public education.

By 2021, the gap between generation, recycling, and
landfilling had further narrowed, with landfilling and recy-
cling rates approaching equivalence. This trend signifies a
significant missed opportunity for material recovery. Alumi-
num cans are among the most energy-intensive materials
to produce from virgin resources, yet they can be recycled
indefinitely without any degradation in quality. The landfill-
ing of this material not only contributes to environmental
degradation but also results in the loss of substantial em-
bodied energy and economic value (Al-Alimi et al., 20244;
Gaines, 1981; Green, 2007; Miteva & Hodjaoglu).

3. EFFECTS OF LANDFILL PHYSIOCHEMI-
CAL PROPERTIES ON ALUMINUM

The substantial accumulation of aluminum in munic-
ipal solid waste landfills represents a potentially signifi-
cant secondary resource; however, its recovery potential
depends not on total buried mass but on the fraction that
retains its metallic form. The long-term preservation of
metallic aluminum is governed by the dynamic and het-
erogeneous physicochemical environment within landfill
systems, where evolving pH, redox potential (Eh), moisture
availability, and waste composition control corrosion pro-
cesses and material stability (Stark et al., 2012).

Landfill conditions evolve as organic waste undergoes
biodegradation, producing spatial and temporal variations
in temperature, moisture, oxygen availability, and chemical
composition (Igwegbe et al., 2024). Depth strongly influ-
ences these conditions: shallow zones experience greater
oxygen intrusion and moisture fluctuations, while deeper
layers are typically compacted, saturated, and anaerobic.
These gradients regulate pH and Eh, which together deter-
mine aluminum stability.

The Pourbaix diagram for aluminum provides a ther-
modynamic framework for interpreting these processes
(Pourbaix, 1974). Higher Eh values indicate oxidizing envi-
ronments associated with aerobic activity, whereas lower
Eh values reflect reducing anaerobic conditions. Aluminum
remains corrosion-resistant within a pH range of approx-
imately 4-9 due to formation of a protective oxide layer.
Outside this range, the oxide film destabilizes. Acidic en-
vironments (pH < 4), generated during acidogenic decom-
position, and highly alkaline conditions (pH > 9), often as-
sociated with ash residues or concrete degradation, both

promote aluminum dissolution and oxidation (Pourbaix,
1974).

Moisture further accelerates degradation by enabling
electrochemical reactions and microbial activity. Organic
matter decomposition produces carbon dioxide and or-
ganic acids that promote pitting corrosion. Under alkaline
anaerobic conditions, aluminum may react directly with
water:

2A1 + 6H,0 — 2AI(OH), + 3H,1

forming aluminum hydroxides and hydrogen gas
(Calder & Stark, 2010; Stark et al., 2012). Field observations
of hydrogen generation and localized heating confirm that
aluminum oxidation can persist for decades after burial.
These reactions progressively convert metallic aluminum
(Al°) into hydroxides and aluminosilicate phases that are
unrecoverable through conventional separation or remelt-
ing (Calder & Stark, 2010).

Beyond oxidation, Al** released during corrosion can
complex with humic and fulvic substances in landfill en-
vironments, forming stable organo-aluminum species that
persist in leachate or become incorporated into fine frac-
tions (Lee et al., 2023). Because this aluminum is no longer
metallic or conductive, it cannot be recovered through con-
ventional mechanical separation technologies (Parrodi et
al., 2018). Recovery would require energy- and chemical-in-
tensive hydrometallurgical treatment, rendering it econom-
ically unattractive (David & Kopac, 2013). This pathway
represents an additional irreversible loss mechanism, fur-
ther reducing practical recoverability and strengthening the
case for pre-landfill recovery.

Material characteristics also influence degradation
rates. Thicker, coated used beverage cans (UBCs) cor-
rode relatively slowly, whereas thin, uncoated aluminum
foils rapidly degrade and fragment into fine particles that
become incorporated into soil-like fractions. Because
aluminum is recyclable only when its metallic structure
is preserved, such transformations directly reduce recov-
erable resource potential (Alicia Vallejo-Olivares, October
7th,2020; Guide, 2025)

The cumulative effect of these degradation pathways is
quantifiable in actual landfill mining operations. A Belgian
landfill mining study reported recovery of approximately
70% of aluminum as metallic concentrate, while about 30%
was lost to fine residues due to corrosion and particle size
reduction (Lucas et al., 2019; Wen et al., 2025). This loss
reflects irreversible chemical transformation rather than
processing inefficiency. Recovery rates are highly site-de-
pendent: landfill age and hydrogeological conditions con-
trol moisture exposure and long-term chemical evolution
(Wen et al., 2025). Younger landfills generally retain more
metallic aluminum, whereas older sites expose materials
to decades of chemically aggressive conditions, progres-
sively reducing recoverable fractions.

Consequently, aluminum recovery potential varies
widely across landfill environments and cannot be inferred
from disposal quantities alone. Evidence suggests that in
mature landfills, up to roughly 30% of aluminum mass may
already be irreversibly lost through corrosion, with the re-
maining fraction representing an upper bound for recovery.

18 D. Amponsah-Berko et al. / DETRITUS / Volume 34 - March 2026 / pages 13-29



In wetter or more chemically aggressive settings, losses
may be greater (Lucas et al., 2019).

These findings shift landfill mining evaluation from
theoretical resource estimation toward conditional recov-
erability. Although metallic aluminum persists in landfills,
progressive degradation imposes an inherent reduction in
recoverable material over time, reinforcing the importance
of upstream recovery and pre-landfill intervention to pre-
serve aluminum in its recyclable metallic state.

4. LANDFILL MINING

Landfill mining (LFM) is an emerging and innovative
waste management strategy that focuses on the extraction
and recovery of resouces from landfills (Krook et al., 2012).
With the tremendous amount of UBCs and other aluminum
waste in landfills, mining landfills to recover these alumi-
num waste can serve as a way to mitigate conventional
aluminum mining and greatly reduce the U.S. dependence
on imports. Primarily there are two types of landfill mining,
which are in-situ landfill mining and ex-situ landfill mining
(Jones et al., 2013).

In-situ landfill mining involves the recovery of resourc-
es from landfills without physical excavation (Burlakovs et
al., 2017). While historically focused on methane extrac-
tion, recent technological advances have expanded the
focus to include the extraction of dissolved metals and
nutrients from leachate. Although significant research and
pilot-scale innovation over the past decade demonstrate
the technical feasibility of recovering resources like am-
monia, phosphorus, and metals, these processes have not
yet achieved widespread commercial adoption (Wang et
al., 2024). However, this method is not suitable for alumi-
num recovery intended for recycling. Aluminum present in
leachate exists in ionic or oxidized forms and cannot be
directly recycled. Instead, it would require electrolysis to
be converted back into its metallic state, a process akin to
primary aluminum production, which is highly energy-inten-
sive and costly. Therefore, in-situ mining is not a practical
approach for recovering recyclable aluminum from landfills.

Ex-situ landfill mining, however, involves material re-
covery from landfills by first excavating the landfill and pro-
cessing them to recover valuable materials for recycling.
Aluminum waste recovered through this type of landfill
mining is suitable for recycling, provided the material has
not undergone oxidation (Pecorini & lannelli, 2020).

4.1 Theoretical Framework: Landfill Mining in the
Context of Circular Economy

The concept of landfill mining must be understood
within the broader framework of the circular economy,
which seeks to decouple economic growth from resource
consumption through closed-loop systems (Kirchherr et
al., 2017). Traditional linear economic models follow a
‘take-make-dispose’ pattern, while circular economy prin-
ciples emphasize waste prevention, resource efficiency,
and material recovery (Sariatli, 2017). Landfill mining rep-
resents a ‘retroactive’ circular strategy, attempting to recov-
er value from already discarded materials. However, this
approach conflicts with the circular economy’s emphasis

on upstream design and prevention. This tension creates
a critical paradox: while landfill mining recovers resources,
its necessity signals failure in upstream circular systems.
Evaluating landfill mining through circular economy met-
rics, such as material circularity indicators, resource pro-
ductivity, and system-level impacts, reveals that pre-landfill
interventions align more closely with circular principles
by preventing waste generation rather than remediating it
(Goh et al., 2025; Jones et al., 2013; Kirchherr et al., 2017).

The comparative analysis in Table 1 reveals significant
international variation in approaches to aluminum recovery
and landfill mining. European countries, particularly Sweden
, have pioneered landfill mining primarily as an environmen-
tal remediation strategy, with aluminum recovery as a sec-
ondary benefit (Johansson et al., 2017);(Krook & Baas, 2013;
Vollprecht et al., 2021). In contrast, developing economies
often achieve higher aluminum collection rates through
extensive informal sectors (waste pickers, itinerant waste
buyers and small-scale scrap shops), though with signifi-
cant environmental and social costs (Ferronato & Torretta,
2019). Japan's approach demonstrates that high recycling
rates (exceeding 90% for aluminum cans) can be achieved
through integrated policy frameworks, advanced technol-
ogy, and strong public participation, reducing the need for
landfill mining (Pereira, 2025). The United States occupies
a middle ground, with advanced technological capacity but
fragmented policies that result in suboptimal recovery rates.
Meanwhile, China’s state-driven approach — under the Na-
tional Sword Policy and Circular Economy Promotion Law
— emphasizes “urban mining” through government-backed
demonstration projects, with recycling rates estimated at
50-60% and rising, though constrained by quality control and
energy-intensity challenges (Li et al., 2020; Lindstrom, 2024).
These international comparisons highlight that successful
aluminum recovery requires context-specific integration of
technological, economic, and policy factors (Cadavid, 2025).

4.2 Techniques employed in recovery of aluminum
waste

Following landfill excavation, the next phase is the
separation stage, which involves removing ferrous met-
als, nonferrous metals (such as copper and aluminum),
plastics, and other materials from the waste stream using
various separation technologies. Given the heterogeneous
nature of landfill waste, a preliminary shredding process is
typically employed to reduce the size of waste materials
followed by a screening process, thereby enhancing the
efficiency and effectiveness of the separation operations
(Quaghebeur et al., 2013). Typically, a combination of two
or more separation technologies is employed to selectively
recover aluminum from the waste stream.

4.2.1 Air Separation

Air separation is primarily applied as a pre-concentra-
tion step to enhance downstream aluminum recovery by
removing low-density contaminants such as fines, paper,
textiles, and light plastics from excavated landfill mate-
rial. By reducing the mass of organics and soil-like fines
going to subsequent separation stages, air classification
improves the efficiency and recovery of aluminum (Brooks
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TABLE 1: International policy frameworks for aluminum recovery and landfill mining.

Country/Region

Policy Framework

Aluminum Recycling
Rate

Landfill Mining Status

Key Innovations

Major Challenges

United States

Market-driven
approach; state-level
regulations; 10 states
with container deposit
laws

47% for aluminum
cans (2024);

Limited to remediation
projects; few states
have regulations;

not yet adopted for
resource recovery

Advanced MRF tech-
nologies; private sector
R&D; efficient eddy
current separation

Fragmented policy;
contamination in single
stream; low economic
incentives

European Union

Circular Economy
Action Plan; Landfill Di-
rective (1999/31/EC);
Extended Producer
Responsibility (EPR)

60-75% (varies by
member state); EU
target: 50% by 2025

Most advanced; multi-
ple pilot & operational
projects; viewed as re-
source recovery within
CE framework

Integrated circular
economy approach;
landfill mining

pilot projects (e.g.,
BELGIUM, SWEDEN);
standardized metrics

Regulatory ambiguity;
high operational costs;
public acceptance
issues

Japan

Sound Material-Cycle
Society; Home Appli-
ance Recycling Law;
Container & Packaging
Recycling Law

>90% for aluminum
cans; ~98% for auto-
motive aluminum

Limited activity; focus
on “urban mining” from
active waste streams
rather than historic
landfills

Sophisticated collec-
tion & sorting systems;
high public participa-
tion; advanced urban
mining

Limited landfill space;
high operational costs;
focus on prevention
over remediation

Developing Countries
(e.g., Brazil, India)

Informal sector dom-
inant; evolving EPR
frameworks; limited
formal regulations

60-95% (highly vari-
able; often high due to
informal collection)

Rare as formal
engineering projects;
extensive informal
scavenging at active
dumpsites

Low-cost, labor-inten-
sive networks achieve
high collection rates;
adaptive informal
technologies

Significant envi-
ronmental & health
costs; low quality of
scrap; lack of worker
protection

China

National Sword Policy;
Circular Economy

Promotion Law; “Urban
Mining (demonstration

50-60% (estimated,
improving rapidly)

Emerging focus; gov-

ernment-backed pilot

projects; emphasis on
“urban mining” from

Large-scale implemen-
tation potential; state
investment; integration
with manufacturing

Quiality control; envi-
ronmental compliance
in processing; ener-
gy-intensive recovery

bases)

industrial waste

supply chains

et al., 2019; Gesing & Wolanski, 2001). Air separators are
capable of handling particles as small as 50-1000 pm,
making them suitable for preparing landfill-derived waste
for aluminum-focused recovery circuits (Shapiro & Galp-
erin, 2005).

4.2.2 Magnetic Separation

Magnetic separation is used to remove ferrous metals
from the waste stream before targeting non-ferrous alumi-
num recovery (Brooks et al., 2019). A permanent magnet
positioned beneath or above a conveyor belt attracts iron
and other ferrous metals, which are diverted into a separate
collection stream, as depicted in Figure 4 (Kelly & Apelian,
2016). Although magnetic separators do not recover alumi-
num directly, they play a critical supporting role by eliminat-
ing ferrous materials that would otherwise interfere with
eddy current separation of aluminum. Additionally, recov-
ered ferrous metals represent a valuable co-product that
can partially offset landfill mining operational costs.

4.2.3 Eddy current separator

Eddy current separators (ECS) constitute the core
technology for recovering aluminum from mixed waste
streams. High-speed rotating magnetic rotors induce eddy
currents in electrically conductive, non-ferrous metals such
as aluminum, generating repulsive forces that eject these
materials away from non-conductive waste (Smith et al.,
2019) as shown in Figure 5. As a result, aluminum packag-
ing, beverage cans, and foil are selectively recovered into a
concentrated non-ferrous metal fraction. ECS performance
strongly influences aluminum recovery efficiency in landfill
mining and material recovery facilities, making it the most
critical unit operation for aluminum separation (Padamata
etal., 2021; Smith et al., 2019).

After non-ferrous metals have been separated from the
waste stream, additional processing steps are required to
selectively recover aluminum from the mixed nonferrous
fraction. The following are some of the technologies com-
monly employed to achieve selective aluminum recovery,
this normally takes place in a material recovery facility.

4.2.4 Electrostatic separation

Following ECS, the recovered non-ferrous fraction often
contains a mixture of aluminum and copper. Electrostatic
separation exploits differences in electrical conductivity to
further refine aluminum purity as shown in Figure 6 (Das-
calescu et al.,, 2016). When mixed metal is exposed to a
high-voltage field, highly conductive metals such as copper
exhibit greater deflection than aluminum, enabling their
separation into distinct streams (Veit et al., 2005). This step
is particularly important for producing aluminum fractions
that meet smelter-grade purity requirements. Effective oper-
ation requires fine particle sizing and low moisture content,
which may increase preprocessing costs. The main disad-
vantages of this separator are that the materials must be
finely sized and be completely dry for effective separation.

4.2.5 Sink float method

SSink-float separation can be applied as a secondary
refining step to separate aluminum from heavier non-fer-
rous metals and residual inorganics based on density dif-
ferences as illustrated in Figure 7. Aluminum, with a den-
sity of ~2.7 g/cm?, preferentially floats in suitable media,
while copper and other heavy metals sink (Padamata et al.,
2021). Although effective, the use of heavy liquids and the
need for post-separation drying increase operational com-
plexity and cost, limiting widespread application in landfill
mining unless high-purity aluminum recovery is required.

20 D. Amponsah-Berko et al. / DETRITUS / Volume 34 - March 2026 / pages 13-29



Feed hopper

Vibratory feed

@ Magnetic particles

O Nonmagnetic particles

%
o
Magnetic roller oo
o
| o
Conveyor belt o
y S
(e ) % o
000
splitter

FIGURE 4: Schematic diagram of a magnetic separator comprising a vibratory feed hopper, conveyor belt, magnetic roller, and splitter for
the separation of ferrous materials from non-magnetic particles.
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FIGURE 5: Schematic diagram of an eddy current separator comprising a conveyor belt and magnetic rotating roller consisting of alter-
nating north and south poles.
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FIGURE 6: Schematic diagram of an electrostatic separator consisting of a vibratory feed hopper, high-voltage electrode system, earth roll,
and collection chamber for product separation.
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FIGURE 7: Schematic diagram illustrating the sink-float separation technique, highlighting the different phases involved in isolating alumi-
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FIGURE 8: A schematic diagram of an optical separator consisting of camera, conveyor belt, nozzles and separation chamber, demonstrat-

ing the separation of aluminum from copper.

4.2.6 Optical based sorting

Optical based sorting systems enable targeted identi-
fication of aluminum based on surface color, spectral re-
sponse, and inductive signatures (Mutz et al., 2005).These
systems can selectively eject aluminum particles from
mixed metal streams (Figure 8) using compressed-air noz-
zles and are increasingly applied where higher aluminum
purity or alloy-specific sorting is desired. When integrated
after ECS sensor-based sorting improves aluminum prod-
uct quality and market value. This separator is suitable
for separating materials with particle size above 10mm.
Although optical separators are highly effective, they are
associated with high operational costs.

4.2.7 Laser-Induced Breakdown Spectroscopy (LIBS)

Laser-Induced Breakdown Spectroscopy (LIBS) is an
emerging technique for real-time, elemental identification
of metals in mixed waste streams. By focusing a high-ener-
gy laser pulse on a particle, LIBS generates plasma whose
emitted light spectrum reveals the elemental composition
of the material (Cremers & Radziemski, 2006). When inte-
grated downstream of ECS, LIBS can provide rapid, in-line
detection and sorting of aluminum from residual copper,

zinc, or other non-ferrous metals, enabling precise alumi-
num alloy-specific separation and recovery (Gurell et al.,
2012). The key advantages of LIBS include high-speed
analysis, minimal sample preparation, and the ability to
detect trace contaminants that may affect smelter-grade
purity. Limitations include higher equipment costs and the
need for extensive calibration to handle heterogeneous
landfill-derived materials effectively.

Each separation technology presents distinct trade-offs
between recovery efficiency, operational requirements, and
cost as shown in table 2. While individual technologies can
achieve high recovery rates in a controlled settings, their ef-
fectiveness diminishes significantly in landfill mining appli-
cations due to material degradation, high moisture content,
contamination, and heterogeneity (Xia et al., 2017). For in-
stance, eddy current separation, typically achieving 85-95%
recovery with clean industrial scrap, may achieve low recov-
ery rates with landfill-aged aluminum due to oxidation and
surface contamination (Huang et al., 2021). Similarly, elec-
trostatic separation requires completely dry feed material,
a condition that is rarely achievable for excavated landfill
waste without extensive preprocessing. Excavated waste
typically exhibits high moisture content and elevated rela-
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tive humidity, necessitating energy-intensive drying steps
that substantially increase operational costs (Silveira et al.,
2018). This gap highlights that landfill mining cannot sim-
ply replicate MRF workflows but requires adapted or novel
solutions. Emerging technologies such as artificial intelli-
gence (Al)-driven optical sorters, robotic picking, and mul-
ti-sensor fusion systems offer potential pathways to better
handle complex, degraded waste streams by making more
nuanced material identifications. However, their high capi-
tal costs and unproven efficacy at landfill mining scale rep-
resent significant barriers (Gundupalli et al., 2017). There-
fore, the central technological question for landfill mining
shifts from what works in an MRF to what can be adapted
or invented to work cost-effectively on low-grade, historical
waste. These limitations explain why most successful land-
fill mining operations employ integrated, multi-stage sepa-
ration systems, despite their higher capital requirements.

5. TECHNO-ECONOMIC ASSESSMENT OF
ALUMINUM RECOVERY FROM LANDFILL:
IDENTIFYING BREAKEVEN THRESHOLDS
AND ECONOMIC CONSTRAINTS

This study presents a techno-economic assessment
(TEA) of a commercial-scale aluminum recovery stream.
By utilizing a base-case model derived from literature and
realistic operational parameters, such as an annual project
scale of 100,000 tonnes and a separation efficiency of 70%,
we evaluate the net economic balance of standalone alumi-
num recovery. Furthermore, this analysis establishes criti-
cal breakeven thresholds for aluminum content and opera-

tional expenditures (OPEX), providing a rigorous framework
to determine whether single-stream recovery is a feasible
industrial strategy or if a transition toward multi-stream rev-
enue models is required for financial sustainability.

5.1 Techno-economic assessment methodology

The net economic balance N for an aluminum recovery
stream is calculated as:

RAI = MWasteXYAIXancantXPAl
Cos =M, ... ¥C per tonne
N= RAI-CtotaI

R, - Revenue generated from selling recovered aluminum
Operational Cost (OPEX) - cost of excavation, transporta-
tion and separation and recovery of metal.
Capital Expenditure (CAPEX) - equipment and machinery
investment

Base-case parameters are summarized in Table 3 Val-
ues are drawn from peer-reviewed literature (Hogland et
al., 2011; Ratcliffe et al., 2012; van Vossen & Prent, 2013;
Wagner & Raymond, 2015) and industry reports, with con-
servative assumptions favoring economic viability.

5.2 Base-case results

R,,=100,000 x 0.008 X 0.70x0.50 x 2,200 = USD 616,000
C,..= 100,000 x 40 = USD 4,000,000

N=616,000 - 4,000,000 = USD-3,384,000

Net loss: USD -3.38 million. This loss equates to USD -33.84
per tonne of waste processed.This implies that standalone

aluminum recovery is not economically feasible.

TABLE 2: Comparative analysis of aluminum separation technologies.

Recovery Efficiency for Alu-

Key Limitations for landfill

Technology minum Key Advantages waste Operation Cost
Air Separation 60-75% for bulk density sepa- Low capital cost, simple opera- Ineffective on wet waste; limited : Low
ration tion, high throughput, effective to dry, pre-shredded material;
for lightweight material removal : misses small or embedded Al
Magnetic Separation Not for aluminum (95%+ for Highly efficient for ferrous Only removes ferrous metals; Low-Medium
ferrous removal) metals, continuous operation, requires additional processes for
low maintenance, improves aluminum recovery; ineffective
downstream Al quality for non-magnetic materials
Eddy Current Separation 70-85% for clean Al scrap; 50- Effective for aluminum, copper, Efficiency decreases with oxi- Medium-High
70% for landfill-aged Al brass; handles varied particle dation, small particles (<5mm),
sizes; non-contact method moisture; high energy con-
sumption; sensitive to material
conductivity
Electrostatic Separation 75-90% for conductive metals High purity achievable; sepa- Requires completely dry, finely Medium
rates based on electrical con- sized materials (<5mm); sensi-
ductivity; effective for aluminum  tive to surface contamination;
and copper separation high voltage requirements
Sink-Float Separation 80-90% based on density Can separate multiple materials : Environmental concerns with High
differences simultaneously; high purity heavy liquids; requires drying;
achievable; effective for mixed high operational costs; media
metal streams management needed
Optical Sorting 85-95% for identifiable aluminum : High accuracy; effectively Requires >10mm particle size; High
pieces remove aluminum from waste sensitive to surface contamina-
stream; non-contact process; tion and coatings; high capital
real-time processing investment; requires clean mate-
rial presentation
Laser-Induced Breakdown 85-95% (when integrated with Real-time elemental identifi- High equipment cost; requires High
Spectroscopy (LIBS) pre-separation technologies) cation; enables alloy-specific calibration for heterogeneous
sorting; minimal sample prepara- : landfill-derived materials; perfor-
tion; detects trace contaminants; ;| mance depends on consistent
high-speed, in-line analysis particle presentation
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TABLE 3: Base-case model parameters for techno-economic assessment.

Parameter Symbol Base-Case Value Rationale & Source

Project Scale M_waste 100,000 ton Represents a realistic, commercial-scale operation

Total OPEX & CAPEX C_Total USD 40 / Mt Conservative synthesis of literature

Al Content Y-Al 0.8 wt.% (0.008) Mid-point of reported range (0.3-1.5%) in landfill

Separation Efficiency n 70% Realistic recovery rate for mechanical separation

Contamination Discount f_cont 0.50 Reflects a 50% price reduction for low-grade, oxidized landfill scrap
Aluminum Price P_Al USD 2,200 / tonne Approximate 5-year average LME price

5.3 Breakeven thresholds

To determine under what conditions the operation
could break even (N=0), we solved for the required value
of each key parameter. Table 4 presents these thresholds.

Every single breakeven threshold lies far outside the
realm of economic or technical feasibility. No combination
of plausible parameter adjustments can render standalone
aluminum recovery profitable.

5.4 Comparison with successful multi-stream mod-
els

The uneconomic outcome of single-stream recovery
contrasts sharply with profitable multi-stream operations.
Table 5 compares the base-case model with the Ashfill
project in Maine, USA, illustrating the advantages of re-
covering multiple materials (Wagner & Raymond, 2015).
European pilot projects, including EURELCO and the Ho-
rizon 2020 NEW-MINE initiative, further confirm that stan-
dalone recovery is rarely viable. NEW-MINE demonstrated
that profitability required an Integrated Value Recovery ap-
proach combining (1) material recycling, (2) waste-to-en-
ergy of high-calorific fractions, and (3) landfill reclamation
and remediation. This holistic strategy captures additional
value from avoided remediation costs and reusable land,
emphasizing that the feasibility of Enhanced Landfill Min-
ing often depends on supportive regulatory frameworks
and policy incentives when raw material markets alone
are insufficient (Blengini et al., 2019; Hernandez Parrodi
etal., 2019).

5.5 Implication: Single-stream aluminum mining is
economically irrational

The TEA demonstrates that standalone aluminum re-
covery from landfill is profoundly uneconomic, regardless
of project scale. The required aluminum grade (3.6 wt.%)
is more than quadruple the realistic maximum; the required
aluminum price (USD 7,143/tonne) is without historical
precedent; and the required OPEX (USD 6.16/tonne) is an
order of magnitude below current best practice. These find-
ings lead to an unequivocal conclusion: any economically
viable landfill mining operation must adopt a multi-stream
revenue model, recovering ferrous metals, copper, plastics,
and potentially realizing land value or airspace recovery. A
general form of such a model is:

Rtotal = RAI + RFe + RCu + Rplastics + VLandspa::e

where V. ... represents the avoided cost of new landfill
capacity or the value of reclaimed land. This multi-stream
approach is the only pathway — demonstrated by the Ashfill

case — toward positive economics.

6. BARRIERS TO LANDFILL MINING

Landfill mining (LFM) has been explored as a strategy
for sustainable waste management and resource recovery
and has been implemented in the U.S. and other countries
for land redevelopment, airspace recovery, and environ-
mental remediation (Jain et al., 2023). However, its broader
adoption remains limited by interconnected environmental,
economic, societal, technological, and regulatory barriers.

TABLE 4: Breakeven thresholds for standalone aluminum recovery (N = 0).

Parameter Adjusted for Breakeven Required Threshold Value

Comment on Practical Attainability

Minimum Aluminum Price (P_Al) USD 7,143 / tonne

Over 3x the historical average; economically implausible

Minimum Aluminum Content (Y_AI) 3.6 wt.%

Far exceeds typical landfill composition (<1.5%)

Maximum Allowable OPEX (C_total) USD 6.16 / tonne

technologically impossible

Minimum Scrap Quality (f_cont) 1.0

Unattainable for contaminated landfill scrap

TABLE 5: Contrast with the case study’s successful model.

Parameter Case study 1 (Raw MSW) Case Study 2 (Ashfill)

Feedstock Raw MSW (0.8% Al) Incinerator Ash (7% metal)

OPEX $40/Mt $158/Mt (but higher revenue)

Revenue Only Al Ferrous + Non-ferrous + Stainless + Zorba
Outcome Net Loss ($-3.38M) Profitable ($7.42M)

Net gain/loss per tonne $-33.84 $16.96
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Environmental risks arise from the disturbance of
stabilized waste, which can release methane and volatile
organic compounds and increase leachate generation, po-
tentially contaminating soil and groundwater, particularly
in older landfills without engineered containment systems
(Jain et al., 2023). Although hazardous materials typically
constitute less than 1% of landfill content, accidental re-
lease remains a concern, and reuse of untreated soil-like
fractions may cause secondary contamination (Burlakovs
et al., 2017; Gurusamy & Thangam, 2023).

Economic feasibility remains a major constraint, as
high costs associated with excavation, separation, trans-
portation, and residual waste management often exceed
revenues from recovered materials. While metals provide
some value, most waste fractions lack sufficient market
demand, making project viability highly dependent on pol-
icy incentives, infrastructure availability, and commodity
prices (Frandegard et al., 2015; Krook & Baas, 2013; S6-
derholm & Ekvall, 2020; Van Passel et al., 2013). Without
subsidies or favorable regulatory conditions, most projects
remain economically marginal, with unrecovered residues
returned to landfills, increasing operational costs (Frande-
gard et al., 2015; Lawal, 2024).

Societal opposition further limits implementation due
to concerns about health risks, odors, noise, air pollution,
and traffic, compounded by the imbalance between local-
ized short-term impacts and delayed benefits (Einhaupl et
al., 2021; Johansson et al., 2017; Johansson & Pettersson,
2022).

Regulatory frameworks in both the U.S. and EU were de-
signed for waste containment rather than resource recov-
ery, creating uncertainty regarding permitting, liability, and
cost allocation among stakeholders (Taelman et al., 2018;
Velenturf & Purnell, 2017; Wilts et al., 2016). The absence
of comprehensive regulations, combined with limited mu-
nicipal capacity and the lack of standardized resource as-
sessment frameworks such as United Nations Framework
Classification for Resources (UNFC), further constrains
large-scale implementation.

7. THE PARADIGM SHIFT TOWARD
PRE-LANDFILL INTERVENTION

Pre-landfill recovery refers to the diversion and capture
of recyclable materials before disposal in municipal solid
waste landfills (Cimpan et al., 2015). Unlike landfill mining,
which attempts recovery after materials have been burried,
pre-landfill intervention targets materials within collection
systems, source separation programs, and material recov-
ery facilities (MRFs), where quality and economic value
remain largely intact (Cimpan et al., 2015). For aluminum,
upstream recovery preserves metallic aluminum (Al°),
which is essential for efficient recycling. Pre-landfill recov-
ery therefore shifts the focus from attempting to recover
burried materials to preventing degradation altogether.

7.1 Comparative Advantages of Pre-Landfill Inter-
vention

Upstream recovery maintains aluminum purity and me-
tallic continuity, enabling efficient remelting with minimal

losses. In contrast, landfill exposure leads to oxidation,
contamination, and fragmentation that reduce recyclability
(Hull et al., 2005; Martin et al., 2013). Pre-landfill recovery
eliminates major cost drivers associated with landfill min-
ing, including excavation, waste handling, and intensive
preprocessing (Zhou et al., 2015). Materials intercepted
earlier in the waste stream require significantly less ener-
gy and processing (Raabe, 2023). Early recovery reduces
landfill volume, prevents long-term corrosion reactions,
and maximizes displacement of energy-intensive primary
aluminum production. Because secondary aluminum pro-
duction requires only a fraction of the energy of primary
production, upstream diversion yields substantial emis-
sions reductions (Anna et al., 2026).

7.2 Applicability of Existing Technologies Upstream

A critical insight emerging from landfill mining research
is that most technologies proposed for post-disposal re-
covery are not inherently unsuitable; rather, they are applied
too late in the material lifecycle (Krook & Baas, 2013). Tech-
nologies such as eddy current separation, air classification,
optical sorting, magnetic separation, and density-based
separation are already capable of efficiently recovering
aluminum when feedstocks remain relatively clean and
size-consistent (Cui & Forssberg, 2003; Vermesan et al.,
2019).

When deployed upstream in MRFs or dedicated recy-
cling facilities, these technologies operate under far more
favorable conditions. Waste streams are less compact-
ed, moisture content is lower and contamination levels
are much lower. Consequently, separation efficiencies in-
crease while energy consumption and equipment wear de-
crease (Cimpan et al., 2015).

Adapting landfill-mining technologies for pre-landfill
recovery therefore represents a technological reallocation
rather than technological innovation. The challenge is not
the absence of recovery technologies but the timing and
system integration of their deployment within waste man-
agement infrastructure.

7.3 Policy and Infrastructure Pathways

Achieving large-scale pre-landfill aluminum recovery
requires coordinated policy and infrastructure interven-
tions that address systemic inefficiencies in collection
and sorting systems (Hariyani et al., 2025). Evidence
consistently shows that container deposit programs sig-
nificantly increase recovery rates for aluminum beverage
cans by providing direct economic incentives for consum-
er participation; modernizing deposit values to reflect in-
flation and expanding geographic coverage could substan-
tially reduce aluminum leakage into landfills (Buffington,
2012; Gitlitz, 2005; Wen et al., 2025). Extended Producer
Responsibility (EPR) frameworks further support recovery
by shifting partial responsibility for end-of-life material
management to producers, thereby incentivizing product
designs that facilitate recyclability while funding improved
collection infrastructure. For aluminum packaging, EPR
mechanisms can stabilize recycling financing and re-
duce dependence on volatile commodity markets (Quinn;
Thakur & Kalra, 2026).
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Infrastructure modernization also plays a critical role.
Upgrading Material Recovery Facility (MRF) systems with
advanced sorting technologies, including improved eddy
current separators and optical and artificial intelligence
(Al) sorting systems, can significantly enhance aluminum
capture rates, particularly within single-stream recycling
systems where contamination currently limits recovery
efficiency (Kannan et al., 2025; Staub, 2020). Expanding
recycling access in multi-family housing, public spaces,
and commercial environments addresses logistical barri-
ers that contribute to aluminum disposal, while consistent
labeling standards and public education initiatives are nec-
essary to reduce contamination and improve participation
(Kostakis et al., 2025; Trushna et al., 2024).

Collectively, these pathways shift waste management
from reactive disposal toward proactive resource manage-
ment.

7.4 The Circular Economy Connection

Pre-landfill intervention aligns directly with circular
economy principles, which prioritize waste prevention, ma-
terial retention, and resource efficiency over end-of-pipe
recovery strategies (Ghisellini et al., 2016). While landfill
mining represents a retroactive attempt to reintroduce
materials into economic circulation, it inherently reflects
earlier failures in product design, collection systems, and
recycling infrastructure.

Circular economy frameworks emphasize maintaining
materials at their highest possible value for as long as pos-
sible (Blomsma & Tennant, 2020). Recovering aluminum
before disposal preserves both material quality and em-
bodied energy, enabling true closed-loop recycling. Unlike
the circular economy goal of maintaining material integri-
ty, landfilling aluminum may lead to the irreversible loss of
metallic properties due to corrosion, effectively removing
it from the recyclable material loop. From a system’s per-
spective, landfill mining should therefore be viewed not as
a primary circular strategy but as a corrective measure for
historical inefficiencies. Pre-landfill recovery, by compar-
ison, operationalizes circular economy objectives by pre-
venting resource loss at the outset. Transitioning toward
upstream intervention transforms aluminum waste man-
agement from a remediation challenge into a resource op-
timization strategy, strengthening domestic material secu-
rity while reducing environmental burdens associated with
primary production.

8. CONCLUSIONS

Recovering aluminum from landfills via landfill mining
is technically, economically, and environmentally challeng-
ing. Landfilled aluminum suffers from severe contamina-
tion, oxidation, and corrosion, with up to 30% potentially
unrecoverable (Lucas et al., 2019). Excavation and sorting
costs often exceed the market value of the recovered ma-
terial, while waste heterogeneity creates significant oper-
ational limitations. Economic and environmental assess-
ments are inconsistent, reflecting differing assumptions
and highlighting the need for standardized methodologies
in the field (Frandegard et al., 2015; Krook & Baas, 2013).

Pre-landfill intervention offers a far more effective
pathway. Recovering aluminum upstream preserves ma-
terial quality, maximizes yields, reduces waste volumes,
and avoids the resource-intensive processes associated
with landfill mining. Strengthening U.S. recycling systems
through expanded container deposit laws, extended pro-
ducer responsibility programs, modernization of Material
Recovery Facilities with advanced optical and Al-based sort-
ing technologies, and enhanced public engagement pro-
moting design-for-recycling and consumer education could
divert an additional 815,000 tons of aluminum beverage
cans annually, increasing the national used beverage can
(UBC) recycling rate to approximately 85% (Institute, 2025).

Integrating aluminum recovery upstream within a circu-
lar economy framework mitigates the technical, financial,
and environmental burdens of post-disposal recovery. The
imperative is clear: the industry must shift from reactive
landfill mining to proactive diversion to enhance resource
efficiency, conserve landfill space, and strengthen domes-
tic material security.
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