




















“No sympathy for the devil; keep that in mind. 
Buy the ticket, take the ride…
and if it occasionally gets a little heavier than what you had in mind, well… 

Tune in, freak out, get beaten” 





–

–

one. My mum, the invisible safety net beneath every risk I’ve taken –

–

–

–

–

–

–

You all turned a long ride into something I’ll actually remember fondly.





under a student contract and involved as part of the company’s strategic exploration of future dismantling 
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. The European Union’s reliance on 

— —

— —

 From 2000. The directive was the Þrst to set recovery and recycling targets for ELV materials, bans hazardous substances in new vehicles, 
and requires vehicle manufacturers to take back their vehicles at the EoL. 
 Structured digital records that contain detailed information about a product’s materials, components, origin, repairability, and recyclability. 

They are designed to improve transparency and traceability across the product’s lifecycle. 
 Policy tools which include responsibilities for collection, recycling, reuse, and safe disposal. It aims to shift the burden of waste 

management from public authorities to producers, incentivizing them to design more sustainable and easily recyclable products. 



–

 Computer-Aided Design models are detailed digital representations of physical objects used in engineering and manufacturing. These 2D 
or 3D models provide precise information about a product’s geometry, structure, and components. Essential for design, simulation, and 
production planning. 



— —

–

— —



—

–



Let’s start with a simple— —

 Common examples include carbon Þbre-reinforced plastics.



 Gases released from a vehicle's tailpipe, the Þnal part of the exhaust system. These include pollutants such as CO , nitrogen oxides, 
hydrocarbons, and particulate matter. 
 Aluminium is not typically used in its pure form for most applications due to its softness. It's almost always combined with other materials 

(copper, magnesium, silicon, or zinc).
 Vehicle’s main structural frame, typically made of welded metal panels. Before painting and before installation of components like the 

engine, interior, or electronics. 
 Reduction per vehicle is roughly equivalent to the annual carbon absorption of about 2% of a football Þeld’s worth of forest.



Figure 1. Percentage of newly registered battery electric cars by country. 

— —

Emissions fraud in which Volkswagen and other car manufacturers were found to have installed software in diesel vehicles that
manipulated emissions tests. These "defeat devices" made cars appear cleaner during testing, while in real-world driving they emitted 
signiÞcantly higher levels of nitrogen oxides. 

Combination of energy sources used to generate electricity in a speciÞc region or country. This can include fossil fuels, nuclear power, 
and renewable sources.



, the “conflict minerals”, –

— —

rare earth production, accounting for approximately 98% of the EU’s rare earth imports

Glavič and Lukman 

 Electronic Control Unit.
 Tantalum, tin, tungsten and gold.
 Democratic Republic of Congo (cobalt), China (graphite), and parts of South America including Bolivia, Argentina, and Chile ( lithium). 



. As outlined by Glavič and Lukman

— —

 Burning of materials in the presence of oxygen, converting them into heat, CO , water vapor, and ash.

 Breaking down of organic materials in the absence of oxygen, producing a mix of solid (char), liquid (oil), and gaseous products [ ].
 Biological process in which microorganisms break down organic matter (such as food or agricultural waste) in the absence of oxygen, 

producing biogas (mainly methane and CO ) and nutrient-rich digestate [ ].
 Degradation of material quality during processing. The result is contamination and reduced purity, limiting the usability of the recycled 

output in high-performance applications.
 Burning waste materials at high temperatures in specially designed facilities to reduce their volume and sometimes recover energy (as in 

waste-to-energy plants). While incineration can divert waste from landÞlls, it typically leads to the complete destruction of material value 
and may generate air pollutants such as dioxins, heavy metals, and greenhouse gases.



Figure 2. Circular Economy Concepts.

the product’s integrity. For example, rather than melting down a damaged car door, a remanufacturing approach 

—

Tax beneÞts, emissions credits, subsidies. 



Europe’s ELVs: Deregistered, Then What?

one of the world’s largest producers of cars and also ELVs 

Agency, a vehicle is considered an “ELV” when it qualifies as “waste” under Article 1(a) of Directive 75/442/EEC. 

Waste, in this legal context, refers to “

”

 Original Equipment Manufacturer. In the automotive industry, an OEM refers to car manufacturers such as Volkswagen, BMW, or Toyota, 
who produce vehicles and original spare parts. 



year in the European Union fall outside of these formal channels, classified as “missing”. These “vehicles of 

unknown whereabouts” are deregistered but neither recycled

irregularity; it constitutes a systemic blind spot within the EU’s circular economy framework. The European 

secondary raw materials in Europe’s transition toward a CE 

ranks the lowest in the EU’s waste hierarchy due to its limited contribution to true circularity.

 Older diesel or petrol vehicles without modern emissions control technologies or with poor fuel efÞciency. It also refers to  vehicles that 
leak pollutants (oil, coolant, or brake fluids) into the environment due to degraded components.



Figure 3. Overview of the ELV recycling steps.

— —

marking the vehicle’s official exit from circulation

Automobile Manufacturers’ Association a total of €458 million for participating in a cartel that deliberately 

OfÞcially licensed sites where ELVs are legally processed in accordance with environmental regulations. These facilities operate under 
the ELV Directive and must meet strict requirements regarding material handling, component recovery, and record-keeping. 

Serves both as a legal proof of deregistration and as an environmental safeguard, ensuring that the vehicle will not be resold or reused 
improperly.



— —

—

—

. Depolluted materials typically account for just 3% of the vehicle’s mass, with 

enters the shredder. The more that’s removed up front, the less contamination downstream, and the higher the 

material quality of what’s left. As Ferrão a found, removing just 14% of a vehicle’s mass—

—

—commonly referred to as “hulk”—

–

–

–

 Emission control devices in the exhaust systems of internal combustion engine vehicles. It contains precious metals like plat inum, 
palladium, and rhodium to catalyse chemical reactions that convert harmful exhaust gases—such as CO, NO , and unburned 
hydrocarbons into less harmful substances like CO , N , and water vapor. 

 Mechanical systems that connect the wheels to the chassis and manage the vehicle’s ride quality. Relevant for recycling mainly for 
remanufacturing to be resold. 

 Front or rear protective covering, designed to absorb minor impacts and reduce damage. Typically consist of a combination of plastic 
covers, energy-absorbing foam, and metal reinforcement bars. Relevant for large part plastic recycling. 

 It generally includes aluminium, copper, zinc, brass, and stainless steel. The term is widely used in the scrap and recycling industry to 

denote a valuable yet heterogeneous material stream that often requires further reÞning [ ]. 



–

. However, technologies struggle with ASR’s complexity, and substances like PVC pose serious 

. Second, given ASR’s high calorific value (15–

consistently meets the EU Directive’s recovery and recycling targets. However, at a policy level, D’Adamo et al.

 Polychlorinated Biphenyls. Group of synthetic organic chemicals that were historically used as additives in industrial materials like plastics, 

sealants, and insulation. Banned in many countries due to their toxicity and persistence [ ].
 Polyvinyl Chloride. Common polymer used in wiring insulation, interior trims, and underbody coatings. While durable and versatile, PVC 

contains additives that can release toxic substances during incineration or improper recycling [ ].
 To separate non-ferrous metals from mixed waste streams. using a rapidly rotating magnetic rotor to create “eddy currents” in conductive 

metals, which generates opposing magnetic Þelds that repel these metals away from the rest of the material. 
 Use of a stream of air to separate light materials (foams, Þbres, plastics) from heavier ones (glass, rubber, or metals) based on their 

aerodynamic properties (weight, shape, and density). 
 Scrubbers, Þlters, and catalytic converters used to clean the exhaust gases (flue gases) released from industrial processes.
 Burning materials as a fuel substitute in industrial processes typically in cement kilns or power plants to recover energy.
 Conversion of carbon-rich materials into a synthetic gas by applying heat with a limited amount of oxygen or steam.
 Chemical substances added to slow the spread of Þre or prevent ignition. Commonly used in wiring insulation, seats, dashboards, and 

electronic casings. They have raised concerns due to their persistence, bioaccumulation, and toxicity when released during improper 

disposal or thermal treatment [ , ]. 



per capita below €35,000 show better performance when regulation and 

major OEMs for intentionally violating Spain’s ELV recycling regulations. Over multiple years, these 

economic viability of ELV recycling, accounting for up to 70% of a vehicle’s mass and benefiting from established 

Further, the ELV system’s performance across stages remains uneven. Schmid et al.

— –

—

 Gross Domestic Product. Standard economic indicator that measures the total monetary value of all goods and services produced within 
a country’s borders over a speciÞc time period. 

 Copper contamination in steel can degrade recyclate quality. Even in small amounts it can cause that steel becomes brittle and prone to 
cracking during hot working processes like rolling or forging. This occurs because copper does not alloy well with iron at high temperatures 
and instead segregates at grain boundaries, weakening the structure.



perspective, they represent nearly 27% of the system’s total rarity

—

—

“dismantler’s dilemma”—

 Aluminium, zinc, or magnesium.
 Materials made by reinforcing a thermosetting resin (such as epoxy, polyester, or phenolic) with Þbres like glass, carbon, or aramid. Once 

cured, thermosets form a rigid, cross-linked structure that cannot be remelted or reshaped. These composites are valued for their strength, 

durability, and lightweight properties, but are difÞcult to recycle, as they do not soften with heat like thermoplastics [ ].
 Intrinsic energy and material cost of extracting and reÞning a chemical element from the Earth's crust. It considers how dispersed or 

chemically bound an element is in nature, and how much energy is required to isolate it in a usable form. Elements with high thermodynamic 
rarity—such as rare earths, platinum, or cobalt—are not necessarily scarce in terms of quantity, but are difÞcult and resource-intensive to 

obtain, making their efÞcient use and recovery critical for sustainable technologies [ ].



—€15 billion in 

led model by €2.5 billion—

— —while overlooking the dismantler’s 

 Use of high temperatures to melt or chemically reduce metal-containing materials. Common in smelting processes, it is effective for bulk 

recovery but is energy-intensive and can generate toxic emissions if not properly controlled [ ].
 Use of aqueous chemical solutions (acids or leaching agents) to dissolve metals for later recovery through precipitation, solvent 

extraction, or electro-winning. It operates at lower temperatures than pyrometallurgy and allows for more selective recovery of metals but 

can involve hazardous chemicals and complex waste streams [ ].
 An EV battery is typically structured in three hierarchical levels: pack, module, cell. The pack is the complete unit installed, containing all 

necessary enclosures, wiring, and thermal management systems. Inside the pack are several modules, which are intermediate building 
blocks that group together multiple battery cells for easier handling and safety. The cell is the smallest functional unit, where electrochemical 
energy is stored and discharged. Cells come in various formats (cylindrical, prismatic, pouch) and contain the critical active materials 

[ ].



— —

—

—

 Radio-Frequency IdentiÞcation tags. Small electronic devices used to store and wirelessly transmit data using radio waves 



—

—

 EV battery systems store and manage large amounts of electrical energy, often under high voltage. If damaged, improperly hand led, or 
subjected to faulty conditions, they can pose thermal runaway (one cell overheating triggers neighbouring cells to heat up and fail in a chain 
reaction difÞcult to stop), Þre, or explosion. 

 Mechanical “arms” to perform tasks such as grasping, moving, rotating, or assembling objects. They typically consist of multiple joints 
and actuators that mimic the movements of a human arm and can be programmed or sensor-guided.

 Use of cameras, sensors, and image-processing algorithms to enable machines to "see" and interpret visual information for e.g. object 
recognition, quality inspection, position detection, or guiding robotic manipulators. 



–

—

—

–

–

 Devices that measure mechanical load and rotational force enabling machines to detect how much pressure they are applying, allowing 
for controlled movements, delicate handling, and real-time feedback. 

 Measures a device’s motion and orientation used for navigation, stabilisation, and motion control, using accelerometers, gyroscopes, 
and sometimes magnetometers.

 Virtual representations of physical systems, such as machines, components, or entire production lines. They are dynamically l inked to 
their real-world counterparts via sensors and data streams, enabling real-time monitoring, simulation, and predictive analysis. 

 Bundled electrical wiring systems that connect and power various components. Wire harnesses are routed throughout the vehicle  body 
and often secured with clips, fasteners, or adhesives. Their removal is challenging and labour-intensive due to their complex routing, fragility, 
and integration with multiple electronic systems. 

 Electrical plugs and sockets that link vehicle components. They are often small, tightly Þtted, and secured with clips, locks, or seals to 
ensure durability. Automated detachment is challenging because it requires precise force and positioning. 



— —

Yet those aspects are not only shaped by the robot’s 

 Attribution of human-like characteristics, form, or behaviour to non-human entities. An anthropomorphic robot is one that resembles the 
human body or mimics human actions, e.g., with arms, hands, or facial features.



—

—

 Approach to robot programming where complex tasks are built from a library of modular, reusable “skills”—each representing a basic 
capability such as grasping. Rather than writing low-level code, users (including non-experts) can combine and sequence these predeÞned 

skills to create more advanced workflows [ ]. 
 Robotic control strategy that regulates the dynamic relationship between force and motion, allowing a robot to respond flexib ly and 

compliantly when interacting with its environment. Instead of strictly following a position, the robot behaves like a virtual spring-damper 

system, adapting its movement based on external forces (e.g., from a human or object) [ ]. 



→ →



—

—

 Structured representation that maps the relationships between components and the actions needed to remove them, helping identify 
feasible sequences and dependencies.

 Visual modelling tool used to represent alternative paths or decision branches in a disassembly process—indicating which parts must be 
removed together (AND) or can be removed independently (OR). 

 Optimization methods inspired by natural selection processes, used to iteratively improve solutions.
 A type of evolutionary algorithm that mimics biological evolution through selection, crossover, and mutation of candidate solutions.
 Group of optimization algorithms inspired by the collective behaviour of decentralized, self-organizing systems in nature—such as flocks 

of birds, schools of Þsh, or colonies of ants and bees.
 A reinforcement learning approach where the system learns optimal actions by interacting with its environment, often combined with 

other methods for improved adaptability. 
 A decision-making approach that allows reasoning with degrees of uncertainty, rather than binary true/false logic.
 Time it takes to complete one full operational cycle of a task. In manufacturing and recycling, reducing cycle time improves throughput 

and cost-effectiveness. In most cases, the main reason why parts are not removed is because it would simply be too expensive. Faster 
cycle times enable the economic viability of robotic systems compared to manual labour.



—an ironic omission, given the field’s frequent association with 

—

—

— —

—

—

input conditions, and how to orchestrate the shift from today’s manual

— —



—

—

—

—

 Capacity of individuals to make choices, take actions, and influence outcomes within a given system or context. Maintaining human 
agency means ensuring that people retain control, decision-making power, and the ability to intervene or adapt processes rather than 
becoming passive operators or merely following machine-led workflows. 



—



and simulation in cooperation with Volkswagen’s internal R&D

— —

of “truly complex” problems, 

 Research and Development. 
 Analytic Hierarchy Process. Structured decision-making method that breaks down complex problems into a hierarchy of criteria and 

alternatives, allowing users to assign weights and compare options based on pairwise comparisons [ ].
 Decision-Making Trial and Evaluation Laboratory. Method used to visualize and analyse cause-effect relationships among complex 

factors, often applied to identify key drivers and feedback loops in system-level problems [ ].
 Analytical tools that track the movement and transformation of materials through a system, often used in recycling and resource 

management to assess input-output balances, losses, and recovery potentials [ ].



“miniworld”: a stable, hierarchical system in which problems can be isolated, broken into subproblems, and 

“In a truly complex situation, there is no solution—

interventions to bring the whole system forward into a more desired state.”

—

—

that the core of such “hard” problems is often a 

—

outcome, (2) a pattern of relationships that define the system’s logic, and a (3) set of possible elements or 

, starting with the exploration of a problem’s historical evolution and moving through 

–

–

–

–

–

–

–

–

–



Figure 4. Stages of Frame Creation: Expanding and Concentrating.

problem (“what”) is matched with a suitable solution path (“how”), based on established technologies, 



— —

—

—

— —



— —

—

—

Representatives of Germany’s key industry 

— —

 Bundesverband Sekundärrohstoffe und Entsorgung e.V. (Federal Association for Secondary Raw Materials and Waste Disposal
 Bundesvereinigung Deutscher Stahlrecycling- und Entsorgungsunternehmen e.V. (Federal Association of German Steel Recycling and 

Waste Management Companies)



nts from the Group’s sustainability and circular economy 

— —

Figure 5. Overview of the de ned stakeholder groups.



— —

—

provides an overview of the sample, broken down by group, participant’s 

concerns about Volkswagen’s invol

 Umweltbundesamt
 Staatliches Gewerbeaufsichtsamt Hildesheim



Table 1. Details of interview participants and their contribution.

–

participant’s preference. With one exception, all interviews were conducted in German. Participation was 





Figure 6. Theme analysis process

–

Table 2. Excerpt from the interview documentation spreadsheet.

“Actually, we want to keep all our vehicles in circulation, but they no 
longer belong to us after they are sold.” 



“Depending on the production concept, there are clear limits to how 
much scrap can be dumped in.”

“Complex composite materials and painted plastic parts are 
technically challenging.”



Figure 7. Distribution of coded quotations across the eight themes.

“For true 

on?”

“Many [ELVs] leave Germany as ‘used cars’ and therefore do not appear in the official 

recycling statistics […] We would have the capacity to process significantly more material”

“A key issue […] is the high degree of heterogeneity […] different years, conditions, maintenance 

histories” “unlike production, there is no standardization […] heights, weights, connections, 

everything varies” “In assembly, you have four vehicle types; in dismantling, 

400.”

Interviewees explicitly rejected the “run the line backwards” assumption “Not every vehicle is in 

perfect condition […] Many have been involved in accidents, are deformed or damaged. This often makes 

access to individual components difficult or impossible” 

“Every vehicle returns in a different condition […] Often, the original components are 

no longer installed” “If at all, then only 



with AI support and lots of cameras […] The work is too complex to be automated in a standardized way”

“There is simply much 

more technology installed”, “Today, you sometimes have to remove the entire engine to even get to the 

catalytic converter. […] In the past, vehicles might have had two airbags, but today there are 8, 12 or even 16”

“even with standard parts such as a 12V lead battery, it is now hidden somewhere in the water tank 

or under the driver's seat”

Figure 8. Flows of coded quotations from stakeholder groups to thematic categories.



“Production is carried out to make profit, not because 

it is needed.” “On the exterior 

content”

differences arise depending on the supplier’s cost advantage, resulting in unpredictable material mixes that 

“Why is a cent saved in production often worth more 

than $100 that has to be spent later on recycling?”

“There is an overarching conflict between ecology and 

remain affordable.”

“

” The cost of separation outweighs the resale value, leading to incineration or 

“Technologically, much is already possible with sufficient 

scalability in Europe has also not yet been achieved.”

—

—

them […]

business sense.”

“automotive glass is recyclable, it’s typically shredded and landfilled, because no buyer exists and 

disposal is cheaper than separation”

“in a total loss, insurance pays for a new 

car, and the OEM sells it twice.”

“Rhodium, one of the three precious metals used in catalytic 

 Acrylonitrile Butadiene Styrene is a common thermoplastic polymer known for its strength, impact resistance, and ease of processing.
 Acrylonitrile Styrene Acrylate is a thermoplastic like ABS but with superior weather and UV resistance.
 Polypropylene is a lightweight, semi-crystalline thermoplastic.



converters, alongside platinum and palladium, was trading at around €20,000 to €25,000 per kilo before the 

coronavirus pandemic [then] the price rose to €800,000 and then fell back to €40,000. It is currently around 

€160,000.”

“A key question is: Do I want to recycle the vehicle for raw materials or use it for spare parts? A classic example 

material, i.e., “a bird in the hand,” or do I store it 

as a spare part and hope for a higher selling price?”

“We could 

get even more out of it, but at some point, the time required would no longer be acceptable.”

“Sustainability is often not seen as a business case, but as an additional expense with no return on 

investment.” 

“[There is] no reuse of spare parts from 

–3 years and then sold, no one wants batteries lying around in their yard.” 

“From today's perspective, pure material revenues from 

purchase a vehicle for €2,000, the recycling revenues alone do n

still a market, especially for conventional vehicles, form the economic basis of the model.”

value fractions, simply doesn’t pay.

“Like a ‘ball and chain.’ We incur costs, uncover weaknesses, and demand changes. This is 

unpopular internally, […] Our work […] often makes products more expensive and complex. Direct recycling 

rden.”

“With cars like these, we sometimes spend four days 

.” 



“It is often critici —

no one questions that oil and other pollutants must be removed from ELVs, even if this also involves costs. […] 

reasons […] even if it 

costs money. And this is urgently needed: we cannot always just ask ourselves whether something ‘pays off’ in 

the short term.” 

1. Regulatory Micromanagement (7 quotations)
2. Lack of Execution and Quota Gaming (6 quotations)
3. Liability Uncertainty (6 quotations)
4. Regulation Mismatch (5 quotations)
5. Over-Complex Rules (4 quotations)
6. Compliance Costs without Return (3 quotations)
7. Policy Volatility (1 quotation)

— —

“Legal regulations are constantly increasing and becoming more 

complex.” “Requirements, for example

margins”

“There is a list of 

components or materials that must be removed if they exceed certain limits […]. However, implementation is 

be removed to check this, […] although there is an information provided by 

friendly […].”



“[Now] 

hen recycled materials are used”

“The first draft stated, for example, that 

all dashboards had to be removed. However, this does not make sense, similar to […] glass. After removal, the 

pointless if there is no downstream use” 

“D

production, all vehicles are currently being ‘flattened,’ i.e., completely scrapped, even those that would be 

anyway.”

“Under REACH 

alone, around 40 new substances are banned every year, [… resulting] in new candidate lists, restrictions, and 

constantly check whether anything has changed”

“If it 

means that the scrap must come from vehicles, it becomes micromanagement.” “In a converter with 200 

s of material, such recycling is hardly realistic.”

“Many [of 

now illegal] substances remain in the recycled material […]. When I purchase new, I receive a certified, 

contents is expensive [… but] no one wants to sign for a recycled material that has not been fully analy ed”

“Who is liable 

parts may have been used in repairs and are not original parts?”



“Legal and regulatory requirements are constantly increasing, 

but human and financial resources remain the same.” P02; “

costs.” “This will be expensive, and the question arises: Who will pa

manufacturers will pass on the costs.”

“A classic area of tension in 

to combine the two.” “As long as there are quotas, there will be cheating.”

“For two reasons: malice and ignorance. Many certification bodies or expert offices carry out superficial checks, 

s are set up on this basis.”

1. Feedback gap between design and EoL (11 quotations)
2. Design for Recycling competence cap (10 quotations) 
3. Function/safety vs. design for recycling (9 quotations)
4. Complex material composition (7 quotations)
5. Uncertainty about material composition (5 quotations)
6. Vehicle design as a lever (5 quotations) 
7. Lack of foresight (4 quotations)
8. Limited recyclability (3 quotations) 
9. Recycled materials are less performative (3 quotations)

“major problem that vehicle design does not take subsequent dismantling into 

account” 



–

“The designer is not willing to travel on business; he never sees how things work in the 

factory.”

“Only when the designer 

— —

.” These loops are too rare today. Some OEMs have reacted

“the design department must obtain approval from the recycling department” “booster 

teams [… that] work in parallel with regular development and analy

options […] whether there are more efficient or sustainable design options” 

“Training 

institutions must follow suit; dismantling, circular design, and recycling principles belong in the curriculum.”

“A design engineer must primarily 

experts is asking too much of them.”

“We 

simply a lack of knowledge or missing instructions.” “a team from this [design] 

even then, only with a lot of effort.” 

“POM is ideal for friction contacts because it does not ‘flow’. A combination of POM 

 Polyoxymethylene, also known as acetal, is a high-stiffness, low-friction thermoplastic valued for its dimensional stability and wear 
resistance.



‘bites.’”

“a PP carrier, PP foam on top of that, and EPDM as the outer skin”

“the standard is still PP carrier, PUR top layer” “PVC does 

have advantages […] it is naturally UV

quite quickly” “if you can't separate them cleanly, the only option is disposal.

offs often manifest in “function integration”,

“Integrating different functions into a single 

consuming.” “If a part is made of seven different 

plastics, the only option is to incinerate it. And even that’s not a good working solution.” —

“Alumin

low percentages”

“plastic parts weighing more 

requirement is not always implemented correctly.”

“foreign materials such as copper, […] can cause problems even in 

— quality outer skin products.” 

“Electric arc 

 Polyamide 66 is a high-performance thermoplastic known for its strength, wear resistance, and thermal stability.
 Ethylene Propylene Diene Monomer is a synthetic rubber with weather, ozone, and heat resistance.
 Polyurethane. A class of polymers formed by the reaction of polyols with diisocyanates. Widely used due to their adjustable hardness, 

elasticity, and chemical resistance.
 Polyvinyl Chloride. A widely used thermoplastic with good chemical resistance and versatility. 
 Plastics — Symbols and abbreviated terms (Parts 1–4). International Organization for Standardization, Geneva. DeÞnes standardized 

abbreviations for polymers, Þllers, and reinforcing materials.
 Thermoplastic elastomers — Nomenclature and abbreviated terms. International Organization for Standardization, Geneva. Establishes 

uniform terminology for thermoplastic elastomers.
 A steelmaking furnace that melts scrap or direct-reduced iron using electric arcs between graphite electrodes, widely used in secondary 

steel production due to its efÞciency and ability to process recycled metal.



or outer skin grades. […] This is where scrap concepts quickly reach their limits. […] Better scrap quality could 

increase the proportion, but this depends heavily on the production process”

critical parts. P10’s blunt remark— “Recycled material is always rubbish; primary material is primary 

material”—

“absorb odo

significant processing costs.”

“vehicle design [as] the most important 

lever” —

—

“model

separability and data” 

“Even if we were to focus more on “design for disassembly” […] in 

vehicle design today, this would only have an effect in future vehicle generations.”

“sometimes it might make more sense to build something a little heavier, but with 

materials that are easier and safer to recycle in the end.”

1. Fragmented and incomplete data (11 quotations)
2. Need for digital low-threshold tools (9 quotations)
3. No shared data culture (6 quotations)
4. Digitalization and system interoperability (5 quotations)
5. Dismantling data blind spots (3 quotations)



“The topic is often discussed, but true transparency is rarely practi

cooperation.” P20 pointed to practical alternatives: “

[…] 

[…] could help here—for example, by linking them to chassis numbers.” 

“Ideally, I have suitable dismantling processes that can be derived from 

—

that certain interests would stand in the way of this […] no one insid

moment, at least not with the current mindset.”

“2002 

ed? Bullshit. Digital vehicle data is hardly available or unusable for recyclers.”

“Test setups [in production development] are often not properly 

documented, problems are solved ad hoc and not properly followed up afterwards.”

“We 

t way.”

“In vehicle assembly, so called ‘marriages’ occur in which components such as the body and drive are 

joined together”

“We have to make the individual parts visible again, map virtual separation 

for this, [it’s] ultimately a data problem: the necessary input data is 

 International Material Data System: A global reporting platform for automotive manufacturers and suppliers to collect, manage, and share 
detailed material composition data of vehicle components.

 An industry-wide, open data ecosystem for the automotive sector, designed to enable standardized, secure sharing of information across 
the supply chain.



virtually.”

additional cost, delay, or safety risk. Even with access to manufacturer databases like “ElsaPro ” (P20), 

“Series are often structured differently than documented […] due to 

modifications, variants, and interim solutions,” 

“As humans, 

we often can't consider all perspectives at once […] A tool like this could help fill in those blind spots because 

it can integrate insights from across the entire lifecycle of the product.”

“Of course, manufacturers provide information, 

[…].

guidelines will fall flat.” “The system is based on 

specific sorting,” 

“From my perspective […] the system doesn’t seem very user friendly.”

“You would take a tablet, scan the vehicle 

identification number, take a few pictures […] and you're done.”

“A car recycler […] puts on the 

located, and exactly what the work step looks like. However, this would require a comprehensive database.”

1. Structural fragmentation (6 quotations)

 Elektronisches Service-Informationssystem Professional (Electronic Service Information System Professional): Volkswagen Group’s 
internal electronic service platform that provides workshop manuals, repair instructions, wiring diagrams, and maintenance information for 
vehicles.

 International Dismantling Information System: A standardized database developed by European, Japanese, and Korean automakers to 
provide licensed dismantlers with vehicle-speciÞc information. 



2. Actor-speciÞc optimization (9 quotations)
3. Power asymmetry and EPR contradictions (9 quotations)
4. Systemic non-ownership (8 quotations)

: “In many cases, the people involved in recycling aren’t even part of the same company as the 

recyclers, they simply wouldn’t have the opportunity” 

“on narrow margins and have little scope for major 

term approaches into existing business models”



Figure 9. Size categories of ELV recyclers in Germany, 2021.

“We are at the end of the 

say, ‘If

expect a penny from us. And otherwise, leave us alone.‘“ ”We no longer want to be seen as the 'end of 

the chain’, but as the beginning […] We don't want special 

“Components 

when there is an oversupply“

“Perhaps we need to think more about extended 

no market for certain components” 



“This requires VW to make 

partners. Only then will the additional design costs be worthwhile.”

“I recently attended an industry 

event that focused on the use of recycled materials […]. There was a lot of talk about technical hurdles, such 

as additives, paints, and flame retardants in plastics. But in the end, the basic attitude was: ‘It mustn't cost

anything.’ But if you want to change something, you have to be prepared to invest money.”

explained, “We

to thermal incineration and have to pay for. The exact composition is therefore of secondary importance to us.”

“development processes are highly 

“sustainability bubble” […] there is openness and a willingness to change. But as soon as you get into the actual 

through alternative approaches.”

“Manufacturers are ‘gumming up’ battery housings and using complex composite materials without 

considering how they will be dismantled later on. That is absolutely outrageous!”

disconnected system in which each actor “does their job”,

“We simply throw away vehicles, bicycles, whatever, without considering the resources that went into making 

them.” : “Currently, OEMs are developing 

” Once a vehicle is sold, responsibility is effectively severed—“Our responsibility currently ends with the 

sale”

“Very bogged down because no one takes ownership.”

“My concern is that we will wait too long to develop 

the ‘perfect solution.' I very much hope that we will start pragmatically, implementing initial partial solutions and 



will happen in the end.”

— —

1. Physical discomfort (7 quotations)
2. Worker-driven innovation (7 quotations)
3. Embodied knowledge and manual intuition (4 quotations) 
4. Invisible work and recognition gap (4 quotations) 
5. Tacit identiÞcation and condition judgement (3 quotations)
6. Emotional labour and personal routines (2 quotations) 
7. Skills shortage (1 quotations) 

“door sill trims are often very tight […] even with the clip puller, 

sometimes it doesn’t help; you have to pull harder […] At some point, I probably twisted myself doing it. Now 

I’m in pain, but there’s nothing I can do about it.” “No one likes doing 

…];

from constantly holding the cordless drill overhead.”

“wet […] with oil, brake fluid […] you loosen a 

you.” — —

“sparing fingers over hundreds of repetitive motions”

“You have to imagine exactly what it looks like 

behind there because you can’t see it. You need good spatial awareness […] feeling and 

pretty well”



“Workers do not read instructions. They rely on their ‘trained eye’; sequences […] are based on practical 

experience, not on plans.”

“The simpler a manual process looks today, the more difficult it often is to implement in fully automated systems.”

“Take a 

door […] the part number isn’t stamped anywhere […] we identify the compone

and model code […] If there is any uncertainty, we prefer not to remove any parts at all.”

—

“notoriously prone to defects” 

“We bent a screwdriver from the tool kit so that it fits perfectly between the 

steering wheel and the airbag. The tool costs €1, but it's really valuable”

”the top of the there are screws on the left and right that you can't reach with a normal screwdriver” 

“transport doors. It is handy

and is now used regularly by our colleagues” —

—

“Such cost nothing but bring a lot of benefits,” “This 

kind of improvisation comes directly from the employees, not from above.”

— “at the front” “in the back”

— – (“I hate cables […] I’m afraid of 

electricity,”

—

—

lamented, “Nobody cares anymore whether what you do has any social value […] if it doesn’t look pretty or 

can’t be shared on Instagram, it’s not interesting.”

“pack a dismantled car sensibly into boxes” “The devil 

processes before and after the actual dismantling are often overlooked.”

“leaving critical but unquantified work 

out of the picture entirely.”

“Skilled workers are moving 

to other industries where they find better conditions and pay.”



1. Space and layout constraints (9 quotations)
2. Logistics and bundling constraints (5 quotations)
3. Packaging as bottleneck (3 quotations)
4. Documentation as process burden (2 quotations) 

“We currently have too little space to use” “either from below or 

from the side”

“First, we push the vehicle forward to create space […] to handle 

things in the interior […] This way, the pillars are out of the way. Once the interior is completely empty, we push 

the vehicle back, lift it up, and then remove the wheels.” (P10). Sometimes the problem is the vehicle’s own 

“The catalytic converter is huge, and the space between the engine and the bulkhead is very tight. 

[…] You can hardly reach the screws, and if you want to remove [it …],

And to get it out at all, you sometimes even have to destroy the water tank.” 

“If you dismantle vehicles really thoroughly, how many ‘piles’ can, or should you make? Do you store 

alloy and each type of plastic separately? […] This raises not only the question of 

space.” 

“A recycler will gladly pay me for them. 

[…] I’ll be long retired by the time I’ve collected that many.”

“this means that 

the body is already deformed […], making removal impossible”

“incontinent”

“Who transports it and how? As the person accepting the vehicle, I am responsible for 



ensuring that everything runs according to the rules. […] Just because a car is leaking doesn't mean it's not 

out process”

“Packing the boxes. Packing and 

wrapping”

“It will fly out of your hands if you don’t secure it properly” (P13),

“in the way you would like to receive them yourself at home”

“Paperwork just isn’t my thing,”

“Documenting everything labelling […]

they simply don’t want to fill out forms anymore […] […] 

letters are confused, a Z, a two, an R, a K […] it’s often illegible.”

demands and workers’ writing or typing habits leads to errors, omissions, or delays.

— —

1. Task-speciÞc automation
a. Heavy and ergonomic (13 quotations)
b. High-value components (3 quotations)
c. Initial inspection and depollution (11 quotations)
d. Universalizable and standardizable (10 quotations) 

2. Flexible automation architecture (5 quotations)
3. High automation potential for material retrieval (9 quotations)
4. Manufacturer-speciÞc automation (4 quotations)
5. Mobile, on-demand robotics (4 quotations)
6. Practicability and acceptance (2 quotations)
7. Precision handling and advanced tooling (8 quotations)



8. UndeÞned states, takt time, and site constraints (10 quotations)

monolithic “full automation” vision, but as a set of tactical moves constrained by real

—

“Vehicles usually arrive in a very 

undefined state,” “It makes sense to create 

a defined starting point through manual preparatory work and then initiate automation steps from there […] 

Sure, the vision is that the car drives in and is dismantled fully automatically. But the effort required […] is 

”

“simple in theory, but in practice there is great variation and resistance”

“how can I tell if a plastic clip is positioned 

correctly?” “Automation is worthwhile from around 

15,000 units and with cycle times of no more than 15 minutes”

weigh basic feasibility factors like “

protection area? What about fire safety and floor conditions?” “If I purchase a 

questionable” “before you even think about automation, you need to be clear about 

how big the whole thing is going to be. […] the scope of the approval depends on it: […] what kind of residues 

or waste will be produced? […] If you process 2,000 vehicles a year, what wil be left at the end?”

“Vehicles are getting heavier 

and heavier, and so are their components. This puts a strain on employees”

—“especially […] inch wheels” “feeling it 



all over your body after stacking them up” (P07), or seats whose “

” and mounting variability (P16).

“placing heavy doors in transport crates, transporting parts over long distances”

— “accessible from the outside”

“from the outside in to create space”

“high risk to humans, clear 

task structure, suitable for robots […] the robot could also generate profits here”

“the removal of windows: 

is dangerous, which is why automation would be ideal here”

“m

provide real relief and efficiency here, both ergonomically for the worker and economically”

Figure 10. Average weight of old and new vehicles in Germany.

“Certain process steps should also be made more efficient with machine 

for the 30 components that are common to most models”

“Tires usually include rubber, the metal rim, often 



other parts. Their relatively simple composition makes them easier to handle compared to […] dashboards or 

interior trim.” “There are many repetitive tasks, such as wheels.” 

“potential where high removal rates can be achieved, for example with wheels: large, valuable parts 

s.”

“In the future, there will be no 

more exceptions; every pane must be removed separately”

easier. The guiding idea: if a part’s material composition and attachment points can remain stable over time, it 

“Mobile robots would be ideal,” “could drive to the vehicle […] and start 

dismantling it straight away”

“I think a system like this would be well 

accepted” “a robot may take four times as long […] but it can work 

around the clock”

“not only provide the material data, but also […] the assembly sequence from which the 

disassembly steps can be derived”

“the production or disassembly co

—

line”

“It is almost impossible for a human to pull out a complete cable harness […] A 

robot arm with sufficient power could simply pull it out […] which would be an enormous help in raw material 

recycling” “internal parts 

with complex interconnections become much more challenging” —

—

“It 

oriented, not just technically possible”

it, “Material



processes are needed, and we are still a long way from that today”

“No humans are needed there,” , “but it’s different when it comes to spare 

parts: every vehicle is different […] many of these tasks can only be solved with human experience.”

“to obtain material fractions that are free of 

impurities” “total scrapping”

“just photograph the chassis number, enter it in the list, and add my name. No packing boxes, no sorting, 

no small parts management, nothing. It's just less work.”

“A robot […] recognizes certain components, such as electric motors or aluminum elements, and 

simply pulls them out […] Humans loosen the screws and robots take over the removal. After all, no robot can 

in bearings unless it destroys them.” “components with high mass, 

value”,

“only around 2– –

and battery housings are potential areas for automation” 



Figure 11. Recycling of dismantled materials from end-of-life vehicles in Germany 2021. 

“drying, 

fluid extraction, wheel removal, possibly scanning systems for vehicle identification” 

“record the condition and reusability of components”

“vehicles arrive, go through a car wash, then an 

automated visual inspection, […] 

dismantled there manually, and the parts go directly to the warehouse […]. Fractions 

such as plastic, metal, and glass leave the building separately.”

“for example, a car window is badly scratched. [then] it is not worth removing it at great expense; it can simply 

be destroyed”

“it can take photos and document th

check the series status, and prepare for sale”



“Many components are elaborately screwed together […] 

And then work cleanly” “pull out a plug and disconnect it in one 

” and handle the fragile pins without damage (P10). This requires adaptive control and responsive sensor 

“a human intuitively knows whether a part is correctly positioned

sensors and appropriate control systems”

“Don’t think in terms of fixed models or standards,” “develop 

an open, adaptive logic.”

“ line just for electric vehicles […], and a second one for combustion engines and 

[…].

line, with defined cycle times and a clear process structure […] You start with wheel 

forklift or Stringo without disrupting the main process.”

“It's an evolutionary process. We're already seeing that camera systems need 30 days 

of training just to pick up loose battery parts from pallets.” 

“It would make sense for the future to focus initially on certain models […]. This would allow a 

stable inventory of parts to be built up […], which would be attractive and reliable for customers.”

“I don’t believe in a ‘miracle plant’ 

[…] But I do think a manufacturer specific dismantling line is realistic”



“Processes change. Think back to the early days of just –

ly within VW.”

“Whether vehicle manufacturers will eventually integrate dismantling into their own process chain. 

specialized clusters will emerge.”

Finally, the sobering reminder: no matter how advanced the system is, it will fail if it doesn’t fit into the working 

— “standing unused in the corner”

network, following Dorst’s 



Figure 12. Nomological network of extracted themes.

— —

—

—

—



— —

). Ivanović et al.

—

—



these structural problems: actors routinely underestimate the difficulty of coordination (“coordination neglect”,

— —

— —

—

 Action possibilities that an object or environment offers to a user, based on both its physical properties and the user’s capabilities. In 
design, affordances describe how users perceive and act upon functionalities 

 Human-made objects that maintain, display, or operate upon information to serve a representational function. They extend or augment  
human cognitive abilities by helping individuals store, process, or share information (e.g., calculators, maps, or digital interfaces)



through open communication and feedback. The common thread is not “more data”,

Interdependence extends beyond “hard” dependencies, filling only capacity gaps, to “soft” or opportunistic 

to perceive each other’s relevant state and actions), predictability (agents must be able to anticipate likely next 

—

—

—

coordination individually rational rather than aspirational; healthcare’s 



—

cultivates a superordinate identity that reframes “us vs. them” into a broader “we” 

“we”, —

—

to match the problem’s topology, align incentives so coordination pays, and invest in the 

 Health care organizations established primarily in the United States under the Affordable Care Act (2010). They are groups of  doctors, 
hospitals, and other providers who voluntarily coordinate care for Medicare patients. The goal is to improve quality of care and reduce 
unnecessary costs by holding providers jointly accountable for patient outcomes.



–

“we”. 

–

—

—



—

coding today’s 

The intent is not to present a “best solution”. 



1. Coordinate fragmented actors across dismantling, recycling, and OEM networks.
2. Generate sustained demand for recycled grades that currently lack stable markets,
3. Adapt dynamically to changing conditions such as new vehicle architectures, shifting market logics, 

and evolving regulatory frameworks, and
4. Deliver tangible worker beneÞts by applying automation selectively to speciÞc tasks rather than 

pursuing wholesale substitution.

Adaptive Coordination Platform is conceived as an institutional “stack” that integrates three 

Figure 13. The envisioned adaptive coordination platform.



standardized “recipes” for recycled materials, for example two to three polypropylene or polyamide blends. This 

blanket “strip everything” mandates that are unrealistic for small operators. Such 

the literature’s call 



—

mechanisms. Operating on these “rails” enables predictable settlement and trusted 

—

—

foster a superordinate identity that reframes “us vs. them” into a broader “we”



risk of “quiet automation dominance” where people are expected to merely accommodate machine constraints 

—

credited, and integrated into the system’s learning.

— —

— —

–



—

—

longer must “fight” for recycled content: it is presented as a ready

 Companies that supply components, systems, or modules directly to an OEM. In the automotive industry, Tier-1 suppliers deliver critical, 
often highly engineered parts (e.g., seats, braking systems, electronics.



orm’s governance logic, new business models can be introduced 

adjusted procurement or “materials service” schemes 

— as Ivanović et al. 

—freeing up margins that are often lost in today’s fragmented 

—

—



— —

A compact reverse line within a manufacturer’s remanufacturing or refurbishment 

(3) “Dismantling API.”

–



premiums (€), and avoided CO

“house recipes” for recycled plastics 

workers report greater agency while takt times are maintained, then the frame “automation as coordination 

infrastructure” is validated. Incentive 

—

—

→ → →

→

This reasoning resonates with Andersson’s 

—



junction between upstream design and downstream recovery in Germany’s ELV system. Its systemic weight is 

—

—

and structured by Dorst’s Frame Creation —

specific. The stance aligns with Collingridge’s “Intelligent Trial 

and Error”: keep changes small, feedback fast, and architectures flexible so learning stays cheap an



—

overlooked “cement” of the system— –

—

Dorst’s perspective on innovation provides the conceptual spine of this interpretation. Progress in complex 



—

—

hybrid approach. Pilots should be anchored on a shared “rails” layer: minimal identifiers and work

–

are met. This is Dorst’s 

—

—

—

—

—



— —

–

— —

—

—



— —

depth over breadth. The resulting “golden rules” are therefore best understood as 

framed it as a form of “distributed craftsmanship”—



Creation process are never final. The scenario and “golden rules” proposed here should therefore be seen as 

—

—
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Packaging as a “secondary activity ” 





“Before we begin: This interview is part of a research project on automation and human
—

this conversation being recorded and transcribed?”

—

What are some of the biggest challenges you encounter in your current processes?”

—



—

—

—

—

—

—

—

—

What role do you think automation could or should play in dismantling processes?”

–



—

—

—but hasn’t been yet?

—

—

Understand participants’ view of their place within the larger system.

What role do you see your work (or your company’s work) playing in the larger dismantling or 

—

—

—

—
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