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Layer Objective Key Enablers Typical KPI Set
* Modular product
Design products and architecture
L1<Modular process steps for rapid  « Design-for-disassembly  Timeto re-tool (h), %
Product—Process reconfiguration and standards reusable components,
Alignment multi-lifecycle » Common “interface disassembly time (min)
extensions. modules” (mechanical,
electrical, digital)
Enable plug-and-play * Scalable machine
L2« restructuring of lines to nglijcllfchan etooling & Changeover energy (kWh)
Reconfigurable  match demand, material fi g g I g.l. : O/gy ’
Manufacturing  availability, or S ool ne utlization ( ?’ y
PR « Universal contro capital-equipment reuse ratio
System (RMYS) Sg:ii a(gi IliltfefeedStOCk protocols (OPC UA,
Y- MTConnect)
* JoT sensor grid & edge
. : Mirror thefactory ina analytics CO, e per unit, water-usage
g%g;ﬁ'_f_?lmzwm simulation environment « Physics-based process  index,
Optimization to test scenarios and models predictive-mai ntenance
P drive adaptive control. « Al-assisted scheduling  accuracy (%)
algorithms
L4 «Closed-L oop Link desgn, * Product passports Returned-product capture
: manufacturing, (DPPs) .
Product Lifecycle . o rate (%), secondary-material
use-phase, and * Blockchain traceability :
M anagement - yield (%), material
reverse-logistics dataon « Automated take-back . A
(CL-PLM) o . circularity indicator
aunified platform. triggers

Embed LCA, social * Dynamic LCA engines
L5 «Continuous  criteria, and costinto e« Triple-bottom-line
Sustainability routine performance scorecards
Governance reviews and investment e Science-based climate
gating. targets

Annual eco-efficiency gain
(%), social-risk score,
net-present carbon
abatement ($/t)
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Phase Horizon Milestones

* Select a single product line
Pilot 6-12 mo * Build digital twin skeleton
* Validate modular tooling concept

* Retrofit remaining lines to RMS
Scale-Up 1-3yr - Integrate supplier data via APIs
* Launch closed-loop take-back

* Net-zero manufacturing energy
Maturity 3-5Syr ¢ >90 % material circularity
* Autonomous scheduling with multi-objective optimization
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