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Abstract 

The automotive industry faces growing regulatory and market pressure to reduce environmental impacts and 

strengthen supply chain resilience, particularly in high-value, high-complexity components such as lighting 

assemblies. Today, damaged headlamps and taillamps are typically landfilled after collisions, despite many internal 

components retaining near-new functionality. This practice prematurely ends product lifecycles, drives demand for 

virgin materials, and intensifies strain on critical supply chains such as semiconductors. While literature highlights 

remanufacturing as a key enabler of the circular economy, limited research has demonstrated scalable, industry-ready 

applications for automotive lighting. This paper addresses that gap by investigating how a patented remanufacturing 

process can transform damaged lighting assemblies into fully certified, OEM-grade replacements while lowering 

costs, reducing environmental impact, and improving OEM competitiveness. The approach draws on Llink 

Technologies’ proprietary U.S.-patented process, which integrates automated and manual disassembly, component 

harvesting, and reassembly with new housings and lenses. Industry 4.0- based traceability and rigorous quality testing 

ensure compliance with regulatory and OEM standards, while analysis of over 100 lighting assemblies provides 

insights into design-for-remanufacturing principles. Preliminary implementation results show that up to 83% of 

returned cores are eligible for remanufacturing, with up to 95% of components recoverable for reuse. Remanufactured 

assemblies perform to OEM and regulatory standards while offering cost savings of up to 40% for end-users and 

generating 200–300% profit margins for OEMs. Sustainability benefits are significant: per 100,000 remanufactured 

units, an estimated 440 tons of cores and 76,000 cubic feet of packaging are diverted from landfills. By advancing 

both the technical foundation and business case for automotive lighting remanufacturing, this research demonstrates 

how circular supply chains can simultaneously reduce waste, conserve critical resources, and create profitable new 

revenue streams for manufacturers. The findings offer one of the first industry-scale case studies of circular 

remanufacturing applied to complex automotive lighting systems, with implications for design, policy, and broader 

adoption across the mobility sector. 

Introduction and Motivation 

Automotive lighting has evolved from simple incandescent bulbs to extraordinarily complex adaptive electronic 

systems with integrated optical, styling, and thermal management components. Each modern headlamp contains a 

significant amount of semiconductors and chips, precision optics, and embedded sensors essential to vehicle 

performance. In the United States alone there are more than 5.9 million vehicle collisions annually, (United States 

Department of Transportation, 2024) and collision repair estimates show that approximately 56.8% of collision repairs 

involve the front end of the vehicles (Highway Loss Data Institute, 2023). Therefore, it is estimated that 3.4 million 

headlights are damaged annually in vehicle collisions, with standard industry practice being landfill disposal. Each of 

these units represents a concentration of high-value materials—plastics, circuitry, chips, and wiring—that are currently 

discarded through linear replacement practices. 

The prevailing linear economy model—manufacturing a new headlight for every damaged one—creates inefficiencies 

and environmental strain. Studies from the Journal of Supply Chain Management and Harvard Business Review 

highlight that linear supply chains are vulnerable to waste, high cost, and disruption (Kogan & Wolf, 2017; Lee, 2004). 

During the COVID-19 pandemic, semiconductor and plastics shortages exposed the fragility of these models (Choi, 

2021). Semiconductors are the backbone of nearly every modern technology—from vehicles and medical devices to 

defense systems and AI—and their availability is critical to U.S. economic competitiveness and national security. The 

2020–2023 chip shortage disrupted over 169 industries, underscoring the volatility of this sector and the risks of 

concentrated production in East Asia. In response, the United States enacted the CHIPS and Science Act of 2022, 

allocating $52.7 billion to incentivize domestic semiconductor manufacturing, research, and workforce development 

(Congress.gov, 2022). This landmark legislation, along with initiatives like the Securing Semiconductor Supply 

Chains Act of 2025, aims to reduce reliance on foreign supply chains and position semiconductors as strategic 

infrastructure for the nation’s future (Congress.gov, 2025; U.S. Department of Commerce, 2024; White House, 2022). 



While current U.S. automotive circularity regulatory shifts are focused on electric vehicles (World Economic Forum, 

2024), it is expected that a regulatory push for circular economy will soon be imposed on emission-intensive industries 

such as automotive, given the emerging regulatory requirements for European Automakers, such as the proposed 

amendment for the European Commission End of Life Vehicle (ELV)  Directive (European Commission, 2023). 

Part C of the ELV lists the vehicle parts and components that must be recovered for reuse, remanufacturing, or 

refurbishment at the end of the vehicle’s life – this list includes headlights. Part D of the ELV outlines requirements 

for the technical evaluation of the removed parts and components that are to be reused, remanufactured or refurbished. 

Including a review for part completeness, an assessment of damage, reduced functionality or performance and repairs 

needed for restoration, and corrosion assessment (European Commission, 2023). 

This requires a formal, scalable, quality-controlled process to ensure repeatability across the industry. Such a process 

could provide the framework for meeting similar recovery requirements for other automotive parts as outlined in the 

ELV, including batteries, motors, engines, electronics, and mono-material metal or plastic components, heavier than 

10 kg, and many other parts (European Commission, 2023). Development and formalization of such a framework 

would enable industry alignment and facilitate effective circular supply chain transparency. 

Circular economy interventions that extend the life of components and reduce reliance on virgin inputs are now 

essential. It is also critical that these interventions are compatible with technologies and techniques that enable supply 

chain traceability and circularity metric reporting. Llink Technologies’ headlight remanufacturing initiative illustrates 

how recovering usable components from damaged assemblies can reduce waste, strengthen supply resilience, and 

support OEM sustainability goals, while providing transparent data regarding recoverability. 

Current State of the Technology Industry Uses 

Remanufacturing is well established for engines, transmissions, and alternators, but adoption in advanced electronic 

systems remains limited. Minimal research has been done to review the current state of technology in headlamp 

assembly remanufacturing. A single research paper could be identified as addressing this topic – this paper by Planche 

et al. emphasizes the economic, environmental, and social benefits remanufacturing headlights, and concludes the 

biggest challenge to be efficiently disassembling the lamp. In order to access the high-value internal components for 

recovery, the outer lens must be removed from the assembly housing. Modern lamp lenses and housing are typically 

bonded using adhesive, with components packed tightly and close to the lens and housing surfaces. This proves 

challenging for exposing the components, as the proximity of the components to the lens surface leaves these 

components prove to damage during separation (Planche et al., 2025). The study examines multiple strategies for 

removing the lens from the housing, including cutting, melting, and glue softening. The results of the study showed 

that the methods used were feasible for separation, but proved to be inefficient (Planche et al., 2025), making it 

unlikely to be successful for universal application at scale. 

Llink Technologies’ patented process (Goulet & Spencer-Conn, 2024) represents the first OEM-certified, 

commercially scaled remanufacturing program for all automotive lighting technologies. It harvests reusable electronic 

and optical components from damaged headlights, reassembles them in new OEM housings and lenses, and tests the 

assemblies to OEM and regulatory standards. The remanufactured units carry full OEM warranties and meet identical 

performance requirements. 

Industry partnerships are expanding rapidly. General Motors (GM) currently has 24 part numbers in production, with 

additional part numbers scheduled to launch in 2026. Llink is also in the preliminary launch stages with two other 

OEMs. Based on Llink’s internal production history—specifically, observed remanufacturing volume ranges per OEM 

over the past five years—projected combined output at full fruition is expected to exceed approximately 300,000 units 

annually, assuming successful launch and ramp of the anticipated programs. 

Technology Approach 

The Llink remanufacturing process integrates smart manufacturing, precision robotic lens separation, skilled manual 

harvesting and reassembly, robotic adhesive and lens application, and data-driven logistics management. 

Core Return and Collection 



Vehicle owners are incentivized to return damaged headlights (core) through financial compensation. Damaged 

headlights are removed from vehicles through OEM dealer networks, and the dealer issues the vehicle owner a core 

credit for surrendering the core. The dealer is reimbursed for this core credit by the OEM after they send the core to 

the OEM’s core consolidation facility and it is processed into core inventory. Dealers are encouraged to reuse the 

packaging for the replacement lamp to ship the core, as it cuts down on the dealer’s shipping costs and packaging can 

be reused throughout the remanufacturing process. 

Each returned core is typically shipped in a corrugated cardboard box with molded foam dunnage originally used for 

the replacement lamp. Upon receipt, this packaging is inspected and, when suitable, retained for reuse within the 

remanufacturing process. Based on dimensional measurements, the average packaging volume is approximately .76 

cubic feet per headlamp. Where permitted by OEM logistics requirements, up to 100% of this packaging can be reused 

for outbound shipments of remanufactured assemblies, forming a closed-loop packaging system that directly supports 

the packaging diversion metrics reported in this study. 

Core Consolidation 

Core that are active within Llink’s remanufacturing program are consolidated for shipment. This consolidation can 

occur either at a third-party, consolidation cross-dock, or at Llink’s consolidation and sorting warehouse facility. 

Either way, these consolidated loads ultimately arrive at Llink’s warehousing facility, where they are sorted by vehicle 

platform. A robust inspection system determines eligibility for remanufacturing. A visual inspection guided by go / 

no-go visual aids determines core eligibility to proceed through the process. Generally, a core is ineligible to proceed 

if the housing is too heavily damaged to nest in the harvest fixtures safely and effectively. Occasionally, non-OEM 

core are received – these are not eligible for harvest either. 

On average, approximately 83% of returned cores qualify for remanufacturing and proceed through the process. This 

qualification rate is based on Llink’s internal remanufacturing production records collected over the past five years, 

which track the total number of cores received versus the number successfully processed through the harvest 

workflow. Ineligible or aftermarket components are rejected and documented, enabling OEMs to recover costs 

associated with erroneous core payments. Qualifying cores are then sorted into labeled bins by vehicle platform, and 

the production part label is scanned to create the initial traceability point within Llink’s database. This scan records 

the part number, dealership source, and packaging condition for each core. 

Upon receipt at the OEM core consolidation facility, each damaged headlamp core undergoes an initial component 

functionality screening to verify the operational status of critical electronic and lighting subsystems prior to 

remanufacturing. The core is connected to a diagnostic test unit that simulates in-vehicle operating conditions and 

sequentially activates each lighting function, including turn signal, daytime running light (DRL), low beam, high 

beam, and any adaptive or auxiliary features present. This process confirms that internal control modules and lighting 

elements respond as intended and that no catastrophic electrical failures are present. 

The test unit records a pass/fail status for each functional element, and the results are encoded into a unique barcode 

label that is printed and affixed to the core housing. This barcode establishes the first traceability checkpoint in the 

remanufacturing workflow and enables downstream workstations to identify which components are eligible for 

harvest, further testing, and reuse. 

Component Extraction 

The core is securely nested into a fixture within a robotic cut cell, which uses part-specific geometric data to guide a 

cutting utensil along the lens-to-housing adhesive joint. This separates the lens from the housing while minimizing 

risk to the internal electronic and optical components, including those positioned in close proximity to the bond 

interface. Based on Llink’s historical remanufacturing production records, which track component harvest outcomes 

across multiple OEM programs, up to 95% of internal components can be successfully extracted for reuse. 

During this step, certain design features can limit component reusability. The most common challenges occur when 

securing tabs or mounting features are located within the adhesive track that must be cut to separate the lens and 

housing, which can result in damage to those features. Additionally, components that are permanently fixed rather 

than secured with removable fasteners cannot be removed without compromising their integrity and therefore cannot 

be reused in remanufactured assemblies. 



The core proceeds through a deionization chamber to discharge static energy, and then moves to a disassembly line, 

where the test result barcode label is scanned, and workstation screens are populated with which components are 

harvestable. Detailed work instructions guide skilled workers to carefully extract reusable components, which undergo 

additional deionization, cleaning, and appearance inspection before being individually placed into anti-static bags for 

storage. 

Reassembly 

Recovered components are carefully assembled into a new housing along with any supplemental components that 

must be installed new. The assembly undergoes an inline test prior to adhesive and lens application, ensuring that all 

electrical and lighting components are functioning properly before the lamp is sealed. 

The Tier One production supplier provides all supplemental components to ensure components are certified to original 

specification tolerances. Housings and outer lenses are always replaced with new, as they are damaged during the 

harvest process. 

End-of-Line Functionality and Aiming Verification 

Each remanufactured headlamp undergoes 100% end-of-line functional verification as part of the final production 

sequence, prior to visual inspection, labeling, and packaging. This unit-level testing ensures that every lamp released 

to the supply chain performs as intended. 

The lamp is connected to a dedicated functionality testing unit designed to simulate in-vehicle operation. The system 

sequentially activates each lighting function to confirm that every bulb and light source illuminates correctly, including 

low beam, high beam, daytime running lights (DRL), turn signals, parking lights, and side markers where applicable. 

Each function is  verified to ensure proper illumination and response before advancing to performance validation. 

Following functional activation, the assembly is subjected to an automated hot-spot aiming test. For both low-beam 

and high-beam functions, light output is projected toward a calibrated target plane representing the vehicle’s forward 

field of view. The system measures the brightest point of illumination and verifies that it aligns with the required X–

Y coordinates and horizon reference defined in the OEM engineering specifications. This step confirms that beam 

focus and alignment meet on-road safety requirements. 

Finally, a leak integrity test is performed on each lamp to verify proper sealing. The assembly is pressurized and the 

pressure decay rate is measured to confirm resistance to moisture ingress. Only lamps that pass all functional, optical, 

and sealing checks proceed to final inspection and packaging. 

Process Validation Testing 

While every remanufactured headlamp is verified through end-of-line functionality, aiming, and sealing tests, full 

photometric and environmental validation are applied as process-level controls rather than unit-level production tests. 

These validations are used to demonstrate that the remanufacturing process is capable of consistently producing 

compliant, high-quality assemblies over time. The scope, sample size, and frequency of validation testing are defined 

by each OEM’s engineering and quality requirements, including the number of initial remanufactured lamps required 

to qualify the process at launch and the intervals for ongoing due-care testing. 

Photometric validation is conducted in accordance with Federal Motor Vehicle Safety Standard (FMVSS) No. 108 

and Canada Motor Vehicle Safety Standard No. 108, using the regulatory test points and candela requirements defined 

in FMVSS 108 S14.2.5 (Tables XVIII and XIX). Measurements are performed using a calibrated goniometer system. 

The lamp is mounted in its normal operating orientation and aligned to a reference optical axis using OEM-specified 

aiming fixtures, establishing the horizontal and vertical zero points for all regulatory test positions. The goniometer 

then rotates through controlled horizontal (X-axis) and vertical (Y-axis) angles corresponding to the regulatory grid 

of test points. At each coordinate, luminous intensity is recorded in candela and compared against the minimum and 

maximum limits defined for that beam function. This method verifies beam cut-off, intensity distribution, and glare 

control for low beams, as well as forward illumination and uniformity for high beams. 



Where applicable, color performance is also verified by measuring chromaticity using a calibrated spectrometer to 

ensure compliance with OEM and regulatory color specifications. 

In addition to photometric compliance, selected samples undergo environmental durability testing performed by 

certified third-party laboratories. These tests may include dust, humidity, vibration, and corrosion resistance, 

depending on OEM requirements. Together, these process-level validations ensure that the remanufacturing system—

not just individual units—meets regulatory, safety, and quality expectations while maintaining consistent performance 

at scale.  

Discussion 

Life Cycle Assessment (LCA) and Environmental Metrics 

An initial baseline life cycle assessment (LCA) of automotive headlamp remanufacturing was developed by the 

National Renewable Energy Laboratory (NREL) in consultation with Llink Technologies as part of the U.S. 

Department of Energy’s Re-X Before Recycling Phase 1 Prize program. This baseline analysis established the 

preliminary environmental impact framework and material displacement assumptions using production-scale data 

provided by Llink, and identified a per-unit greenhouse gas benefit, estimating that each remanufactured headlamp 

avoids up to 22.6 kg of CO₂-equivalent emissions relative to new production. Building upon this foundation, the 

Pacific Northwest National Laboratory (PNNL) independently refined, expanded, and validated the LCA as part of 

the Re-X Before Recycling Phase 2 Prize, incorporating additional material modeling, energy and transportation 

impacts, sensitivity analysis, and tradeoff evaluation to provide a comprehensive, third-party assessment of the 

environmental performance of the remanufacturing process. 

The NREL baseline LCA was developed to quantify the greenhouse gas emissions associated with producing an 

automotive headlamp assembly and to establish a reference case against which remanufacturing impacts could be 

evaluated. The analysis applied a functional unit of one fully functional OEM-certified headlamp assembly and used 

a cradle-to-gate system boundary, including raw material extraction, component manufacturing, and final assembly. 

Packaging, transportation, use-phase, and end-of-life disposal impacts were excluded. Because supplier-specific 

manufacturing data were unavailable, NREL applied general industry life cycle inventory data from the U.S. 

Environmental Protection Agency’s Supply Chain Greenhouse Gas Emission Factors (v1.2) mapped at the NAICS-6 

level. Each headlamp subcomponent was assigned an emission factor representing raw material extraction, 

intermediate processing, and finished component manufacturing, while final assembly was modeled using EPA 

automotive parts assembly emission factors.  

To quantify the environmental performance of remanufactured automotive headlamps, PNNL conducted a cradle-to-

gate LCA to refine and expand the baseline model. The functional unit was defined as one fully functional OEM-

certified LED headlamp assembly meeting Federal Motor Vehicle Safety Standards (FMVSS). System boundaries 

included raw material extraction, component manufacturing, assembly, transportation, and remanufacturing 

operations, while use-phase and end-of-life impacts were excluded to enable direct comparison between new and 

remanufactured assemblies. The analysis followed ISO 14040/14044 principles and applied TRACI 2.1, IPCC AR5 

(2013), ReCiPe midpoint, and cumulative energy demand methods to evaluate environmental impacts across 

multiple categories. 

PNNL developed a detailed bill-of-materials (BOM) model for a representative LED headlamp using over 2,700 

individual line items spanning more than 300 pages of component inventory data. Each line item was classified as a 

parent or child component and assigned either a mass-based or proportional allocation. A Python-based data 

extraction workflow was developed to structure the BOM, after which material flows were mapped to representative 

life-cycle inventory datasets from the ecoinvent database using OpenLCA software. This process identified 198 

unique materials, with dominant contributors including glass and metals such as copper, nickel, silver, tin, and lead. 

Although supplier disclosures limited material declarations to approximately 53% of total headlamp mass, this 

approach enabled component- and material-level impact analysis, while undeclared materials were addressed 

through sensitivity analysis to bound potential variability. 

Based on production-scale operational data provided by Llink Technologies, approximately 80% of headlamp 

material mass is recovered and reincorporated into remanufactured assemblies. Because material recoverability 



varies by platform architecture and component design, the LCA explicitly accounts for partial recovery rather than 

assuming full material reuse. To evaluate robustness, PNNL performed a sensitivity analysis in which the highest-

impact and lowest-impact 20% of materials were sequentially excluded from recovery. Results showed that 

removing the lowest-impact 20% reduced total environmental benefits by less than 1%, whereas excluding the 

highest-impact 20% caused the tradeoff to reverse dramatically, with emissions increasing by approximately 9,250×, 

effectively eliminating the net environmental benefit. This underscores the importance of design-for-

remanufacturing (DfR) strategies that preserve access to these high-impact materials. 

To quantify the environmental burdens associated with remanufacturing, impacts from facility energy use and 

transportation were explicitly modeled. PNNL estimated that Llink’s facility processes approximately 510 

headlamps per day with an average total energy consumption of 86 kWh per day, equating to 0.17 kWh per 

remanufactured headlamp. Electricity impacts were calculated using the MISO grid mix applicable to Llink’s 

Michigan facility. Transportation impacts were modeled using a 16–32 metric ton EURO5 lorry with an average 

round-trip distance of 390 miles, corresponding to approximately 3.98 tonne-kilometers per headlamp. Across 

nearly all evaluated impact categories, facility energy consumption contributed more to remanufacturing impacts 

than transportation, indicating that process efficiency and renewable energy integration represent the largest 

opportunities for further improvement. 

Using TRACI 2.1, IPCC AR5 (2013), and ReCiPe midpoint methods, PNNL conducted a tradeoff analysis comparing 

the environmental impacts avoided through remanufacturing with the impacts generated by remanufacturing energy 

use and transportation. As shown in Figure 1, avoided impacts from displaced virgin material production and new 

headlamp manufacturing (green) are compared against remanufacturing-related impacts (blue) across multiple 

environmental and human health categories on a logarithmic scale. Across all assessed categories, the avoided impacts 

were found to be, on average, 386 times greater than the impacts incurred during remanufacturing operations—even 

when accounting for partial material recovery and the ability to directly measure approximately 53% of the headlamp 

by weight. This disparity reflects the substantial environmental burden embedded in high-value materials, particularly 

polycarbonate housings and copper-based electronics, which dominate the life-cycle impacts of new headlamp 

production and drive the net-positive outcome observed at production scale. 



 

Figure 1: Tradeoff analysis comparing avoided environmental impacts from remanufacturing an automotive 

headlamp (green bars) with the environmental impacts generated by remanufacturing operations (blue bars) across 

multiple life cycle impact categories.  

Because life cycle assessments are sensitive to assumptions regarding product longevity, the durability and functional 

equivalence of remanufactured assemblies warrant explicit consideration. Durability validation currently focuses on 

confirming functional equivalence at the time of remanufacture rather than predicting remaining useful life. All 

remanufactured headlamps are tested and certified to the same OEM performance specifications as new production 

units and carry equivalent warranty coverage, supporting the functional equivalence assumption used in the LCA. 

While remaining service life was not explicitly modeled, the replacement of damage-prone housings and lenses—

combined with rigorous screening of recovered electronic and optical components—supports the conclusion that 

remanufactured headlamps provide substantial environmental benefits relative to new production. Future work will 

incorporate durability and time-based degradation modeling to further refine life-cycle impact estimates. 

These independently validated results provide OEM partners with defensible environmental impact offset data that 

can be integrated into corporate sustainability reporting and emissions disclosures, including alignment with the U.S. 

EPA Greenhouse Gas Reporting Program and automotive GHG standards (U.S. EPA, 2024). 

Economic and Strategic Benefits 

OEMs can realize average gross margins in the range of 200–300% on remanufactured headlamp assemblies, based 

on Llink’s multi-year program pricing data and current OEM service-parts pricing strategies. While specific cost and 

pricing structures remain proprietary, this margin range reflects the differential between remanufacturing cost and 

established OEM replacement part pricing models. At the consumer level, remanufactured OEM headlamps are priced 

at approximately 40% less than new OEM replacements, based on prevailing market price comparisons between new 

and remanufactured OEM service parts for equivalent vehicle platforms. 

This value is driven by the recovery and reuse of high-value, resource-intensive electronic and optical components, 

which displace the need for full virgin material and subassembly replacement. The resulting circular revenue stream 
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allows OEMs to competitively reclaim market share from low-cost offshore aftermarket suppliers—an area where 

pricing has historically constrained OEM participation. In parallel, remanufacturing reduces reliance on volatile 

semiconductor and electronics supply chains by extending the service life of components already in circulation, 

improving part availability and reducing backorders. Collectively, these economic benefits strengthen OEM 

competitiveness, stabilize service parts operations, and reinforce remanufacturing as both financially and 

environmentally advantageous. 

Supply Chain Resilience 

Beyond direct cost and margin benefits, remanufacturing materially alters supply chain risk exposure. 

Remanufacturing reduces dependence on virgin semiconductor and polymer production, both of which consume large 

energy and water inputs (ScienceDirect, 2021). Extending the service life of chips and circuit components aligns with 

the U.S. CHIPS and Science Act (McKinsey, 2023), supporting domestic supply security. 

Insurance, Aftermarket, and Safety 

Insurance companies transparently prioritize the use of aftermarket, non-OEM replacement parts due to their low cost 

(Progressive Corporation, 2025). However, this is proving to create a safety concern, as an increasing number of 

unregulated aftermarket LED lamps prove to be dangerously non-compliant. Photometric studies have shown that 

LEDs used in aftermarket lamps do not meet regulatory requirements as outlined by Society of Automotive Engineers 

and FMVSS 108, citing that  none of the resulting distributions met all test point photometric requirements. Some 

intensity values were lower than allowed minima while others exceeded allowed maxima (Liu & Bullough, 2019). 

Llink has also performed photometric performance tests on two aftermarket lamps and internal study results are 

consistent with published studies. Llink’s tests also identified that in addition to the candela discrepancies in 

brightness, the lamps were not aimed to appropriate points in the line of vision, exacerbating safety concerns associated 

with both too-bright and too-dim bulbs. 

Llink’s remanufactured lamps offer a suitable solution that both appeals to insurance  companies and addresses safety 

concerns. Remanufactured lamp OEM certification and warranty provide verified safety performance and guaranteed 

reliability, while the price point is competitive with aftermarket. 

Cross-Sector Collaboration Imperative 

Sustaining and scaling circular manufacturing requires coordinated collaboration among industry, academia, and 

regulatory bodies. Industry provides infrastructure, logistics, and market access to deploy solutions. Academia 

validates environmental and economic impacts through independent life cycle and systems analyses, ensuring data 

credibility. Regulators create policy and reporting frameworks that incentivize design-for-remanufacturing and 

recognize remanufactured products in sustainability accounting. 

Establishing formal partnerships among these stakeholders will accelerate the development of standardized testing, 

certification, and reporting frameworks that allow remanufacturing to be fully integrated into national sustainability 

strategies. 

Llink is currently working with Michigan State University (MSU) to determine the feasibility of and develop a 

potential roadmap for implementation of a circular economy council in Michigan, with the goal of expanding 

nationally. This council would provide a structured, cross-sector platform for manufacturers, academia, and 

policymakers to support the state’s transition to a circular economy. The Council’s purpose is to bridge the gap 

between industry’s innovation, academia’s research and data, and policy support. The council would enable 

knowledge exchange, aligning research with industrial needs, and informing policy with evidence-based insights. 

Conclusions and Recommendations 

When extrapolated to the national scale, the remanufacturing framework evaluated in this study demonstrates the 

potential for transformative impact across the U.S. automotive aftermarket. An estimated 3.4 million collision-

damaged headlamps are generated annually in the United States. Applying the observed 83% core qualification rate 

yields approximately 2.8 million headlamps per year that could be remanufactured rather than discarded. Based on 



the independently validated environmental offsets presented in this study, this level of adoption would correspond to 

the diversion of over 9,000 tons of electronic waste, the avoidance of nearly 2 million cubic feet of packaging waste, 

and the reduction of approximately 64,000 tons of CO₂-equivalent emissions each year.  

This research demonstrates that remanufacturing complex automotive lighting systems is not a niche sustainability 

practice, but a viable industrial strategy capable of reshaping how high-value vehicle electronics are produced, 

recovered, and reused. By integrating automated disassembly, data-driven traceability, and OEM-certified reassembly, 

the remanufacturing process evaluated in this study establishes a scalable pathway for closing material loops in one 

of the most resource-intensive segments of the automotive aftermarket. 

The independently validated life cycle results confirm that the environmental performance of remanufacturing is 

driven primarily by retention of a small subset of high-impact materials rather than by energy efficiency alone. This 

shifts the sustainability conversation from incremental manufacturing optimization toward upstream product design 

decisions that preserve material accessibility and reuse potential. In this context, remanufacturing becomes both an 

environmental mitigation strategy and a design feedback mechanism for next-generation vehicle systems. 

Economically, the findings indicate that remanufacturing enables OEMs to compete in traditionally price-constrained 

aftermarket segments while simultaneously reducing exposure to volatile global electronics supply chains. When 

coupled with regulatory momentum toward circular vehicle design, this positions remanufacturing as a structural 

element of future automotive business models rather than a peripheral sustainability initiative. 

More broadly, this work illustrates how circular manufacturing systems can function as both operational solutions and 

data platforms—generating the performance, environmental, and traceability evidence needed to support regulatory 

alignment, corporate reporting, and cross-sector collaboration. The framework presented here offers a transferable 

model for other electronics-rich automotive systems and provides a foundation for advancing circular manufacturing 

at industry scale. 

Limitations and Future Work 

While the present LCA confirms substantial net benefits, several limitations warrant further investigation. Incomplete 

bill-of-materials disclosure constrained material-level resolution and remaining useful life was not explicitly modeled 

in the current assessment. Future work will integrate expanded supplier data, durability modeling, and time-based 

performance degradation to refine life-cycle estimates. Additional LCAs across multiple headlamp architectures will 

further strengthen generalizability and support standardized circularity metrics for industry-wide adoption. 

Closing Perspective 

Overall, this study provides one of the first independently validated, industry-scale demonstrations that 

remanufacturing complex automotive lighting systems is not only technically feasible, but environmentally essential 

and economically advantageous. By coupling rigorous life cycle assessment with production-proven remanufacturing 

processes, this work establishes a credible blueprint for advancing circular manufacturing within the automotive sector 

and beyond. 
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