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ABSTRACT

The global semiconductor industry confronts an intensifying intersection of supply chain risk, regulatory
pressure, and environmental accountability. Dependence on critical raw materials concentrated in
geopolitically sensitive supply chains, combined with the toxic chemical intensity of advanced node
fabrication and the mounting volume of electronic waste, has made resource circularity a strategic rather
than optional priority for semiconductor manufacturers. The U.S. CHIPS and Science Act, the EU
Critical Raw Materials Act, and ESG investor disclosure requirements are creating simultaneous fiscal
and regulatory incentives for fabs to invest in real-time resource efficiency monitoring, in-line scrap
valorization, and end-of-life material recovery infrastructure. This paper proposes a translational
engineering pathway for integrating circular economy principles into semiconductor fab operations,
centered on a digital twin-enabled monitoring layer that characterizes waste streams in real time, routes
scrap to valorization pathways, tracks critical material flows throughout the supply chain, and generates
the ESG reporting data that regulatory frameworks require. Evidence from digital twin implementations
in electronics manufacturing demonstrates that real-time monitoring can reduce defect rates by 57% and
increase recycled content by 34%, establishing the technical feasibility of this approach at production
scale. We characterize the critical raw material dependency profile of advanced semiconductor
manufacturing, describe six recovery pathways with estimated value creation, and propose a governance
framework aligned with the CHIPS Act, EU CRM Act, and ISO 14040 lifecycle assessment
requirements.
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1. INTRODUCTION

The semiconductor industry occupies a paradoxical position in the global transition to a sustainable
economy. On one hand, semiconductor devices are the enabling technology for every dimension of the
energy transition: they power solar inverters, electric vehicle drivetrains, smart grid controllers, and the
computing infrastructure underlying climate modeling and grid optimization. On the other hand, the
fabrication of these devices is among the most resource-intensive, chemically complex, and waste-
generating manufacturing processes in the modern economy. A single advanced semiconductor
fabrication facility consumes between two and four million gallons of ultra-pure water per day, processes
hundreds of distinct chemical compounds, and generates toxic waste streams containing hazardous acids,
solvents, and trace concentrations of critical raw materials that are simultaneously difficult to recover
and impossible to replace [1].

The regulatory and market environment is shifting rapidly in ways that make resource circularity a
fiscal priority rather than an aspirational commitment. The U.S. CHIPS and Science Act of 2022
allocated $52 billion for domestic semiconductor manufacturing, with associated requirements for
environmental compliance and supply chain resilience that create strong incentives for waste reduction
and material recovery. The EU Critical Raw Materials Act, adopted in 2024, establishes binding targets
for domestic processing and recycling of critical materials including tantalum, cobalt, gallium, and
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indium — all of which are essential inputs to advanced node fabrication [2]. ESG investor disclosure
requirements under the SEC climate rule and the EU Corporate Sustainability Reporting Directive
require fabs to quantify and report Scope 1, 2, and 3 emissions and material intensity, creating
accountability mechanisms that reward demonstrated circularity progress.

Against this backdrop, the semiconductor industry's current approach to waste management remains
predominantly linear. Chemical baths are discarded when depleted rather than regenerated; defect wafers
are crushed rather than reclaimed; process equipment containing critical metals is retired to landfill rather
than subjected to targeted recovery; and end-of-life devices re-enter material flows primarily through
informal channels in low-income countries rather than through controlled high-recovery processes.
Gupta demonstrated that digital twin platforms integrating 10T sensor networks, machine learning, and
circular economy optimization principles can achieve a 57% reduction in defect rates and a 34% increase
in recycled content in electronics manufacturing contexts, establishing the technical feasibility of closed-
loop resource management at production scale [3]. The central question this paper addresses is how these
demonstrated capabilities can be operationalized within the specific technical, regulatory, and supply
chain context of semiconductor fabrication.

Section 2 characterizes the critical raw material dependency profile of semiconductor
manufacturing. Section 3 reviews the digital monitoring technologies enabling real-time resource
efficiency tracking. Section 4 presents the proposed circular fab architecture with recovery pathway
descriptions. Section 5 addresses supply chain integration for end-of-life recovery. Section 6 proposes a
governance framework for regulatory alignment. Section 7 concludes with research and investment
priorities.

2. CRITICAL RAW MATERIAL DEPENDENCY IN SEMICONDUCTOR
FABRICATION

2.1 Material intensity of advanced node manufacturing

Advanced semiconductor manufacturing at the 3nm to 7nm node scale requires an unusually
concentrated deployment of critical raw materials whose supply chains are geographically concentrated
and subject to geopolitical disruption. Table 1 characterizes the six most supply-critical materials used
in semiconductor fabrication, mapping each to its primary application, European Union criticality
classification under the 2023 Critical Raw Materials Act, and primary recovery challenge.

Table 1. Critical Raw Material Dependency Profile of Semiconductor Fabrication

. . Supply risk (EU Key recovery
Material Primary fab use CRM 2023) challenge
Capacitors, barrier . Dilute concentration in
Tantalum Critical
layers process waste
Cobalt Interconnect liners, Critical Mixed waste streams
battery cells reduce purity
GaN epitaxy, Byproduct of
Gallium compound Critical aluminum smelting; no
semiconductors primary mine
Indium ITO transparent Critical Extremely low crustal
electrodes abundance
Phosphors, permanent . Refining concentrated
Rare earth elements magnets Critical in China (>85%)
. R . . Purification energy
High-purity silicon Wafers, gate oxides Strategic intensity

The supply risk concentration for these materials is not hypothetical. The 2010 rare earth export
restrictions imposed by China, which supplies more than 85% of global rare earth refining capacity,
caused prices for cerium, lanthanum, and neodymium to increase by factors of 5 to 20 within 18 months,
disrupting production at multiple semiconductor and electronics manufacturers [4]. The subsequent
partial diversification of rare earth supply chains, primarily through new mining operations in Australia
and the United States, has reduced but not eliminated this concentration risk. Tantalum supply,
concentrated primarily in the Democratic Republic of Congo and Rwanda, remains subject to both
political instability and conflict mineral certification requirements under the Dodd-Frank Act Section
1502 and EU Conflict Minerals Regulation.
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2.2 Water and chemical intensity

Beyond critical metals, advanced semiconductor fabrication is distinguished by its extraordinary
water and chemical consumption relative to product mass. Ultra-pure water generation for wafer rinsing
at a 300mm fab requires energy-intensive multi-stage purification producing 12 to 18 liters of wastewater
for every liter of ultra-pure water delivered to the process [5]. Process chemical consumption includes
hydrofluoric acid for oxide etching, sulfuric acid and hydrogen peroxide for piranha cleaning, chemical
mechanical planarization slurries containing abrasive silica or ceria particles, and dozens of specialty
solvents for photoresist processing. The aggregate chemical cost at an advanced logic fab can exceed
$200 million annually, of which current recovery and regeneration programs recapture less than 30% [5].
Real-time composition monitoring enabling chemical bath regeneration rather than single-use disposal
represents the single largest chemical cost reduction opportunity available to fab operators.

3. DIGITAL TWIN MONITORING FOR REAL-TIME RESOURCE
EFFICIENCY
Figure 1 illustrates the proposed circular fab architecture, showing the three-column flow from
fabrication process stages through the central digital twin monitoring layer to recovery pathways and the
end-of-life take-back loop. The monitoring layer is the operational core of the circular fab: it connects
real-time process sensor data to resource efficiency decisions that in a conventional fab are made
retrospectively based on periodic laboratory analysis.

Fab process Digital twin layer Recovery pathways
h 4 A
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Figure 1. Circular semiconductor fab architecture integrating real-time digital twin monitoring with scrap
valorization and end-of-life material recovery. Left column shows sequential fab process stages. Center shows
the digital twin monitoring layer receiving continuous loT data feeds and routing waste streams. Right column
shows three recovery pathways. The amber loop at the bottom represents the end-of-life take-back and re-entry

pathway returning secondary materials to the raw material input stage.
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Table 2 describes the five functional components of the digital twin monitoring layer, specifying the
technology enabling each component, its data output, and its specific contribution to circular economy
objectives. The architecture extends the approach demonstrated by Gupta for single-facility circular
economy optimization [3] to the multi-process, multi-material complexity characteristic of
semiconductor fabrication, incorporating the process-specific sensor modalities and waste stream

characterization requirements of advanced node manufacturing.

Table 2. Digital Twin Monitoring Layer Components for Circular Fab Operations

Monitoring
component

Function

Technology

Circular economy
output

In-line yield sensors

Real-time defect

detection at wafer

level during each
process step

Optical scatterometry,
SEM, XRD

Immediate scrap
classification and
valorization routing

Chemical
concentration
monitors

Continuous assay of
process bath
composition for
depletion and
contamination

10T electrochemical
sensors, ICP-MS
sampling

Regeneration trigger,
avoided bath dump,
reduced chemical
consumption

Material flow tracker

Digital mass balance

of all input materials,

process consumables,
and waste streams

RFID-tagged material
lots, digital twin model

Full material passport
for regulatory
reporting and recovery
planning

Yield prediction
engine

Forecast wafer-level
yield 24 to 48 hours
ahead based on
process parameter
history

LSTM neural network
on sensor time series

Pre-emptive process
adjustment reducing
downstream scrap
generation

Automated calculation
of Scope 1 and 2
emissions, water

intensity, and waste
ratios

Real-time ESG
dashboard aligned
with GRI, ESRS, and
CHIPS Act reporting

Activity-based carbon

ESG reporting module accounting model

3.1 In-line yield monitoring and scrap prevention

Conventional semiconductor yield management relies on sampling-based statistical process control
with inspection points at defined process stages. At advanced nodes, defect densities and process window
tolerances are sufficiently narrow that a single tool excursion can render an entire wafer lot unrecoverable
before the excursion is detected through scheduled inspection. In-line yield monitoring using real-time
optical scatterometry, X-ray diffraction, and machine learning-based defect classification can detect
process deviations within minutes of onset, enabling corrective action before the affected wafers proceed
through additional process steps that increase their embodied value and make recovery more difficult
[6]. Tao et al. established the digital twin architecture enabling this kind of continuous virtual-physical
model synchronization in manufacturing contexts, providing the technical foundation on which in-line
semiconductor monitoring systems are increasingly built [7].

3.2 Chemical bath lifecycle extension

Process chemical baths in semiconductor fabs have historically been replaced on fixed time intervals
based on conservative estimates of depletion rates, a practice that generates chemical waste at rates
substantially higher than process chemistry requires. Real-time electrochemical sensors and inline mass
spectrometry sampling can monitor bath composition continuously, replacing time-based replacement
schedules with condition-based regeneration protocols that extend bath lifetime by 40 to 80% while
maintaining the chemical purity required for advanced node processes [5]. The ESG reporting module
integrates chemical consumption data with lifecycle assessment databases to compute the avoided burden
from each regeneration cycle in terms of reduced chemical synthesis energy, reduced waste treatment
load, and reduced Scope 3 supply chain emissions.
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4. RECOVERY PATHWAYS AND VALUE CREATION

Table 3 presents six recovery pathways applicable to semiconductor fab waste streams,
characterizing each by target materials, recovery process, estimated value creation, and primary technical
barrier. The Ellen MacArthur Foundation established the economic case for closed-loop material
recovery across manufacturing sectors, demonstrating that circular economy interventions generate value
through both avoided virgin material cost and avoided waste treatment cost simultaneously [8]. The
pathways are organized in order of proximity to the fab process: defect wafer reclaim and CMP slurry
regeneration occur within the fab boundary, spent acid recovery occurs at a co-located treatment facility,
and tantalum, rare earth, and end-of-life PCB recovery occur in the extended supply chain with
participation of specialist recyclers.

Table 3. Recovery Pathways for Semiconductor Fab Waste Streams

Recovery Target p Estimated .
: rocess Barrier
pathway materials recovery value
Contamination
Defect wafer Silicon, Chemical strip and USD 40 to 120 risk to
reclaim patterned layers re-polish per wafer downstream
process
CMP slurr Abrasive Centrifugal 20 to 40% cost Particle size
my particles, DI separation, pH reduction per distribution
regeneration . . o
water adjustment litre variation
Spent acid HF, HCI, Distillation. ion USD 8 to 25 per Trace metal
rF()acover H2S04 process exchan 'e litre avoided contamination
y acids 9 purchase thresholds
Taqtalum Ta, TaN barrier Elet;trochgmlcal USD 80 to 200 Oxide layer
reclaim from - dissolution, per kg A
material L passivation
sputter targets purification recovered
USD 120 to 800
Rare earth from Eu, Tb, Y from Hydrometallurgical per kg LOW. .
LED and . . concentration in
phosphors . leaching depending on -
display waste mixed waste
element
i Au, Ag, Pd, Cu USD 15 to 40 Halogenated
End_ of I|fe_PCB from bonding Pyrometall_urgy, wet per kg PCB flame retardant
dismantling chemistry . .
and leads input CO-processing

4.1 In-fab scrap valorization

Defect wafer reclaim represents the highest-value and most proximate recovery opportunity
available to fab operators. Wafers that fail yield specifications due to contamination, defect density, or
pattern integrity issues can in many cases be chemically stripped of their process layers and re-polished
to bare silicon specifications for re-entry into the production flow or sale to less demanding applications.
The digital twin monitoring layer enables defect wafer reclaim by classifying defect modes in real time,
identifying wafers whose defect type and distribution are compatible with reclaim rather than disposal,
and routing them to the appropriate reclaim process before additional value-adding steps are applied [3].
The 57% defect rate reduction demonstrated through digital twin-enabled process monitoring in
electronics manufacturing contexts directly translates to a corresponding reduction in the volume of
material entering the scrap stream, reducing both the reclaim processing burden and the total material
loss rate [3].

4.2 Critical metal recovery from process waste

The recovery of tantalum from physical vapor deposition sputter targets represents one of the
highest-unit-value critical material recovery opportunities in semiconductor manufacturing. Tantalum
physical vapor deposition targets have utilization efficiencies of 30 to 50%, with the remainder deposited
on chamber walls, shields, and fixturing rather than on wafers. Current industry practice recovers a
portion of this material through target refurbishment programs operated by target manufacturers, but the
recovery efficiency is limited by contamination from co-deposited materials and the logistics of returning
spent hardware to refurbishment facilities [9]. Real-time material flow tracking using the digital twin
architecture enables systematic cataloguing of tantalum mass balances across the deposition process,
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providing the data infrastructure for optimized recovery scheduling and purity verification that
maximizes the fraction of spent target material eligible for high-grade refurbishment.

5. SUPPLY CHAIN INTEGRATION AND END-OF-LIFE TAKE-BACK
5.1 Extended producer responsibility in microelectronics

The EU Ecodesign for Sustainable Products Regulation and the proposed EU Chips Act
sustainability provisions both move toward extended producer responsibility frameworks that will
require semiconductor manufacturers to take financial and logistical responsibility for end-of-life device
collection and recycling. Graedel et al. quantified global metal recycling rates across 60 elements, finding
that end-of-life recycling rates for most technology metals used in semiconductor manufacturing are
below 1%, representing a substantial loss of embodied energy and scarce materials that circular economy
infrastructure must address [10]. Current global e-waste generation exceeds 57 million metric tonnes
annually, with less than 20% processed through formal recycling channels, resulting in the loss of
substantial quantities of gold, silver, palladium, tantalum, and rare earth elements that could be recovered
and returned to manufacturing supply chains [11]. A circular semiconductor supply chain requires the
establishment of take-back programs that collect end-of-life electronic devices, route them to specialized
dismantling facilities that separate printed circuit boards from structural components, and deliver
extracted materials to refining processes capable of recovering critical metals to the purity standards
required for semiconductor re-use.

5.2 Digital material passports for supply chain traceability

The governance infrastructure for end-of-life critical material recovery requires traceability of
material identity and provenance throughout the supply chain, from primary extraction through
fabrication, device assembly, use, and end-of-life processing. Digital material passports, as specified in
the EU Battery Regulation and extended in the proposed EU Sustainable Products Regulation, provide a
standardized mechanism for encoding material composition, processing history, and recovery
instructions in a machine-readable format that accompanies the product throughout its lifecycle [12]. For
semiconductor devices, a digital material passport would record the critical raw material content per
device, the processing methods applied, the purity certificates for key materials, and the recommended
end-of-life recovery pathway, enabling automated sorting at dismantling facilities and optimized routing
of recovered materials to appropriate refining processes. The ESG reporting module of the proposed
digital twin monitoring architecture is designed to generate the material flow data required to populate
digital material passports as a byproduct of routine fab monitoring operations, eliminating the separate
data collection burden that has historically limited passport adoption.

6. GOVERNANCE AND REGULATORY ALIGNMENT
6.1 CHIPS Act sustainability requirements

The U.S. CHIPS and Science Act requires recipients of manufacturing incentive funding to submit
workforce and community benefit plans, but its environmental sustainability requirements have been
articulated primarily through the associated CHIPS for America program guidance, which identifies
supply chain resilience, environmental review compliance, and responsible sourcing as conditions of
award [2]. The most binding environmental accountability mechanism in the CHIPS framework is the
National Environmental Policy Act review required for federally funded fab construction, which
mandates assessment of water consumption, chemical waste generation, and energy use. Real-time
monitoring data from the digital twin architecture proposed in this paper provides the empirical basis for
NEPA environmental impact assessments and for demonstrating continuous improvement against
committed environmental performance targets throughout the operational period of CHIPS-funded
facilities.

6.2 Lifecycle assessment and 1SO 14040 compliance

Rigorous environmental performance claims for semiconductor circular economy programs require
lifecycle assessment methodology conforming to 1SO 14040 and 14044, which specify the functional
unit, system boundary, inventory analysis, and impact assessment methods that determine whether
closed-loop claims are supported by evidence. The material flow tracking and ESG reporting modules of
the proposed digital twin architecture generate the inventory data required for 1ISO 14040-compliant
LCA, including primary data on energy consumption, chemical use, water withdrawal, and waste
generation for each process stage. Geissdoerfer et al. established that the circular economy value
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proposition requires rigorous LCA validation to distinguish genuinely circular interventions from those
that merely shift environmental burdens across supply chain boundaries [13]. The digital twin-enabled
approach proposed in this paper provides the primary data infrastructure that makes this validation
tractable at the fab operational level.

6.3 EU Critical Raw Materials Act compliance pathway

The EU Critical Raw Materials Act establishes binding benchmarks requiring that by 2030, at least
10% of the EU's annual consumption of each critical raw material be sourced from domestic extraction,
at least 40% be processed domestically, and at least 15% be sourced from recycled materials. The
recycling target is particularly relevant to the semiconductor industry because it creates a direct
regulatory demand for the critical metal recovery programs described in Section 4 [2]. Compliance
monitoring requires firms to track and report the recycled content fraction of critical material inputs,
which in turn requires the material provenance traceability infrastructure described in Section 5. The
governance framework proposed in this paper positions the digital twin monitoring architecture as the
data backbone for EU CRM Act compliance reporting, enabling automated calculation and audit-ready
documentation of recycled content fractions as a byproduct of routine manufacturing data collection.

7. CONCLUSIONS

This paper has presented a translational engineering pathway for integrating circular economy
principles into semiconductor fabrication operations, centered on a digital twin monitoring layer that
provides real-time waste stream characterization, in-line scrap valorization routing, critical material flow
tracking, and ESG reporting capability. The pathway addresses the three simultaneous pressures driving
semiconductor industry circularity investment: supply chain risk from critical raw material concentration,
regulatory compliance requirements under the CHIPS Act and EU Critical Raw Materials Act, and ESG
investor accountability for environmental performance.

The technical feasibility of the proposed approach is grounded in demonstrated outcomes from
digital twin-enabled circular economy implementations in electronics manufacturing, where real-time
monitoring has achieved 57% reductions in defect rates and 34% improvements in recycled content [3].
Extending these results to the specific chemical, material, and process complexity of advanced
semiconductor fabrication requires adaptation of monitoring architectures to the unique sensor modalities
and purity requirements of semiconductor process chemistry, as described in the monitoring component
specifications in Table 2. The six recovery pathways described in Table 3 represent a range of
implementation maturity and value creation, from near-term in-fab scrap reclaim programs achievable
with existing technology to longer-term critical metal recovery from end-of-life devices that requires
supply chain coordination and regulatory framework development.

Three research and investment priorities follow from this analysis. First, the development and
validation of inline sensor systems capable of continuous critical material concentration monitoring in
semiconductor process baths at the purity levels required for advanced node manufacturing, bridging the
gap between the laboratory-demonstrated monitoring capabilities and the production-qualified tools that
fab operators require. Deep learning architectures have demonstrated the pattern recognition capability
required for this classification task at scale across complex manufacturing sensor environments [14].
Second, the establishment of pilot digital material passport programs for semiconductor devices in
partnership between fab operators, device assemblers, and certified e-waste processors, generating the
empirical evidence needed to demonstrate that end-of-life critical material recovery at semiconductor-
grade purity is achievable at commercial scale. Third, engagement with the CHIPS for America program
and EU CRM Act implementation bodies to develop technical guidance on how digital twin monitoring
data can satisfy the ESG reporting, recycled content certification, and supply chain traceability
requirements of these regulatory frameworks.
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