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S1.	Product LCI process analysis ontology model



FIGURE S1 Partial UMP ontology model.


FIGURE S2 Partial elementary flow ontology model.



PPI: Product and Process Information; EMS: Equipment and Material Specifications; PES: Product and Engineering Specifications; PLMSP: Product Lifecycle Management and Sustainability Plans
FIGURE S3 An intermediate flow ontology model based on ASTM E3012-22.


S2. Semantic representation model for product LCI process analysis



(a) UPLCI data knowledge graph for conventional drilling process (data from calculation).


(b) Knowledge graph of cumulative LCI data for conventional drilling process (data from ecoinvent).
FIGURE S4 Knowledge graph of LCI data for two drilling processes.


S3 Automatic solution method for product LCI results: intermediate flow



FIGURE S5. Open knowledge-driven integrated UMP LCI computational model framework.
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