Supplementary Information
This Supplementary Information describes the inventory architecture, module definitions, notation, equation set, evidence-treatment rules and figure-based diagnostics supporting the revised Methods. It is written as a readable companion document rather than a list of disconnected method notes. The structure follows the 2024 facility-source operations boundary and the disclosure-based manufacturing allocation described in the main Methods. Operations are calculated from approved facility-source records without a separate company-completion path. Market-based operational factors are assigned through a tiered evidence protocol, with procurement-related reductions used only when the evidence is attributable to the relevant operations electricity boundary1,2.
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[bookmark: _Toc231764570]1. Inventory architecture, notation and units
The inventory is a boundary-explicit annual accounting framework for 2024. It reports two modules in parallel: upstream AI hardware manufacturing and downstream AI data center operations. The framework is not a full product life-cycle assessment and does not mechanically add the two modules into a single headline AI life-cycle total, because the two modules use different public-disclosure boundaries and attribution evidence1,3,4.
All results are reported on location-based (LB) and market-based (MB) accounting bases. Within each module, the activity boundary is fixed: the same approved facility electricity values are used for operational LB and MB calculations, and the same AI hardware module-to-supplier evidence mapping is used for manufacturing LB and MB calculations. Differences between LB and MB estimates therefore reflect the accounting basis and emission-factor source, not a change in the underlying AI activity boundary2.
Table S1 provides the common notation used throughout the SI. The table separates facility records, supplier entities, module shares, evidence mappings and accounting bases so that subsequent equations can be read without redefining variables in each section.
Supplementary Table S1 | Core symbols and units.
	Symbol
	Definition
	Unit or range
	Used in

	
	Approved facility-source record
	index
	operations

	
	Company matched to facility record 
	text
	operations

	
	Annual AI-attributable electricity for facility record 
	MWh or TWh per year
	operations

	
	Total AI-attributable operations electricity
	TWh per year
	operations

	
	Location-based operational emission factor for facility record 
	g CO2e per kWh
	operations

	
	Approved market-based operational emission factor for facility record 
	g CO2e per kWh
	operations

	
	Operational GHG emissions under accounting basis 
	tCO2e per year or Mt CO2e per year
	operations

	
	Accounting basis, 
	set
	both modules

	
	Scenario case, 
	set
	both modules

	
	Scenario scaling ratio applied to the central facility-source operations case
	dimensionless
	operations

	
	Selected manufacturing disclosure entity
	index
	manufacturing

	
	AI hardware module
	index
	manufacturing

	
	2024 corporate or division emissions envelope for entity  under basis 
	tCO2e per year
	manufacturing

	
	Module share within the AI server/node boundary
	0-1
	manufacturing

	
	Supplier-evidence mapping share from entity  to module 
	0-1
	manufacturing

	
	Coverage modifier for partial or incomplete public attribution
	documented value
	manufacturing

	
	AI-attributable allocation share for entity 
	0-1
	manufacturing

	
	AI hardware manufacturing GHG estimate
	tCO2e per year or Mt CO2e per year
	manufacturing



[bookmark: _Toc231764571]2. AI hardware server/node boundary
The hardware boundary is defined at the AI server/node level. It represents the structural decomposition of a representative high-density AI node rather than a vendor-specific bill of materials. The boundary is used for allocation and diagnostic comparison, not for mechanical design.
The 12-module boundary is retained even when public evidence supports attribution for only part of the hardware stack. This avoids assigning distributed components to selected manufacturers without evidence while still preserving the full server/node accounting boundary.
Supplementary Fig. 1 makes this boundary concrete. It shows how compute, memory, accelerator, interconnect, power, cooling, enclosure, control electronics and residual parts are all inside the server/node boundary. The figure should be read as an accounting map: it identifies where evidence can support module-to-supplier attribution and where the boundary must remain unallocated rather than being forced into a selected supplier19-24.
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Supplementary Fig. 1 | Twelve-module AI server/node boundary. The schematic defines the full hardware boundary used for allocation and diagnostics. Modules are assigned to selected manufacturing disclosure entities only where public production-route, supplier-share or process evidence supports mapping. Power, thermal, mechanical, auxiliary and residual components remain in the boundary even when they are not assigned to selected entities. The unallocated bucket is therefore a boundary-preserving remainder rather than a zero-emissions assumption.
Table S2 translates the schematic into an accounting treatment for each module. The table distinguishes modules that can be assigned under public evidence from modules retained in the full boundary as unallocated residuals.
Supplementary Table S2 | Twelve-module AI hardware boundary and accounting treatment.
	No.
	Module
	Function
	Accounting treatment

	1
	CPU
	Host compute and orchestration
	Assigned where public CPU and manufacturing-pathway evidence supports mapping.

	2
	DDR/DIMM
	System memory attached to host CPUs
	Assigned using public DRAM supplier evidence or proxy shares where appropriate.

	3
	GPU module excluding HBM
	Accelerator compute package or module excluding HBM
	Assigned only for logic-fabrication exposure; board-level ownership is not assumed.

	4
	HBM
	Package-level high-bandwidth memory stacks attached to accelerator packages
	Assigned using public HBM shipment or supplier-share evidence.

	5
	NVSwitch/NVLink
	Intra-node accelerator interconnect fabric
	Assigned only for logic-die exposure where public process or foundry evidence supports mapping.

	6
	SSD/NVMe
	Boot, cache and local storage
	Assigned using enterprise SSD or storage-share evidence where available; otherwise retained as residual.

	7
	NIC/InfiniBand/Ethernet
	Inter-node network connectivity
	Retained in the full boundary and generally unallocated unless robust public manufacturing evidence exists.

	8
	Power subsystem
	Power conversion and distribution
	Retained in the full boundary and generally unallocated.

	9
	Thermal management
	Cooling for CPU, GPU, interconnect and chassis
	Retained in the full boundary and generally unallocated.

	10
	Mechanical enclosure and assembly
	Chassis, structural components and system assembly
	Retained in the full boundary and generally unallocated.

	11
	Auxiliary boards and control electronics
	Control boards, auxiliary circuits and management electronics
	Retained in the full boundary and generally unallocated unless robust public manufacturing evidence exists.

	12
	Residual minor parts
	Cables, connectors, brackets and small components
	Retained in the full boundary as part of the unallocated residual bucket.



The unallocated category is not a physical module and is not a zero-emissions assumption. It is a boundary-preserving remainder that includes module 12 and any unassigned fractions of modules 1-11 that cannot be robustly mapped to selected manufacturing disclosure entities using public evidence.
[bookmark: _Toc231764572]3. Evidence coding and boundary flags
Each workbook input is coded by evidence type, boundary role and accounting basis. The coding distinguishes quantities used in the primary calculations from quantities used only for checks, interpretation or audit. It also prevents qualitative mitigation statements from being converted into quantitative market-based reductions unless a comparable, attributable factor can be derived.
Table S3 is the control layer for the inventory. It separates approved facility electricity records from grid factors, market-based disclosure factors, supplier evidence, product-carbon-footprint files and shipment-equivalent diagnostics. This coding is important because the same public source can play different roles: a value can define the activity boundary, assign an emission factor, document a market-based tier or serve only as a robustness check.
Supplementary Table S3 | Evidence coding schema1,2,5,6,19-21.
	Code
	Evidence type
	Used for
	Treatment

	FAC-E
	Approved facility electricity record
	Operations activity boundary
	Direct use of  in the facility-source calculation.

	GRID-LB
	Local, regional or national grid factor
	Operations LB
	Used to construct or assign .

	LOCAL-SUP
	Local-grid or on-site-generation evidence
	Operations factor audit
	Used to assess physical supply evidence; procurement reduction is assigned only if a market-based factor is attributable.

	MB-DIR
	Direct operations or data-center MB factor
	Operations MB tier 1
	Direct use as  or facility/operator-specific MB factor.

	MB-CORP
	Attributable company-level MB electricity factor
	Operations MB tier 2
	Assigned to matched facility records when the reporting boundary is comparable.

	REN-SH
	Attributable renewable-electricity share
	Operations MB tier 3
	Used only when no disclosed MB factor is available and the share is attributable to the relevant electricity boundary.

	NO-MB
	No clear attributable market-based EF
	Operations MB tier 4
	Retain .

	CORP-LB
	Corporate or division LB emissions envelope
	Manufacturing LB
	Used as .

	CORP-MB
	Corporate or division MB emissions envelope
	Manufacturing MB
	Used as  within the reporting boundary of the disclosing entity.

	SUP-EV
	Public supplier, production-route, process-node or module-share evidence
	Manufacturing mapping
	Used to assign  and coverage modifiers.

	PCF-D
	Server/node product-carbon-footprint file
	Manufacturing diagnostics
	Used for scale checks and unallocated-remainder diagnostics only.

	SHIP-D
	Shipment-equivalent node-PCF evidence
	Manufacturing diagnostics
	Used for order-of-magnitude checks only.



[bookmark: _Toc231764573]4. Location-based and market-based accounting definitions
Location-based estimates represent the physical geography of manufacturing or computing activity. They use local grid-emission factors, facility-specific grid exposure, on-site fuel evidence or location-based Scope 2 disclosures where available. They are used to interpret physical grid and regional exposure2,5,6.
Market-based estimates represent contractual or procurement-based electricity accounting. They reflect reported electricity attributes and qualifying procurement instruments only when those claims can be tied to the relevant company, facility or electricity boundary. Market-based values are attributional reporting factors; they are not hourly physical grid-emissions factors and are not avoided-emissions offsets2,12,13.
For operations, the market-based basis is assigned at the facility–source record level using a tiered evidence protocol. Evidence on renewable-electricity procurement, decarbonization measures, market-based accounting basis, and related entity-level claims is drawn from the relevant companies’ ESG reports, sustainability reports, environmental reports, public disclosures, and other cited source documents. Full evidence links, original text locations, and source-level annotations are provided in Supplementary_data_appendix.xlsx, Sheet S8.
For manufacturing, market-based estimates are based on reported corporate- or division-level emissions envelopes, and are then linked to products through the same module-to-supplier evidence mapping used for the location-based estimate. This ensures that the market-based manufacturing estimate remains tied to identifiable supplier and module evidence rather than being applied as a generic reduction factor.
Supplementary Fig. 2 is placed in this section because it explains why renewable status, clean-energy procurement, and decarbonization maturity are treated as evidence attributes, not as automatic numerical reductions. The panel summarizes each entity’s reported renewable-electricity status, market-based accounting information, and decarbonization maturity indicators. However, missing, qualitative, or non-comparable claims are retained as missing or qualitative unless they can be linked to a comparable market-based emissions factor2,12-14. Full source evidence, including original URLs and document locations, is provided in Supplementary_data_appendix.xlsx, Sheet S8.
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Supplementary Fig. 2 | 2024 renewable status and decarbonization maturity. a, Reported 2024 renewable-electricity status for manufacturing suppliers and operations entities. Missing values are retained as missing rather than imputed. b, Qualitative maturity indicators for annual or hourly matching, 2030 commitments, value-chain or supply-chain action and verified clean-electricity pathways. These indicators are used for source-policy interpretation and audit; they do not change central LB or MB estimates unless they provide a comparable, attributable market-based factor2,12-14.
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The downstream operations module is calculated from the approved 2024 facility-source inventory generated by the reference facility-inclusion method and carried forward in the source audit. The row-level admission procedure is documented in the reference-method material; this Supplementary Information defines how approved records enter the emissions calculation7-11.
For 2024, the approved central facility-source inventory contains 100 facility records across 30 companies and represents 54.3 TWh of annual AI-attributable electricity. The central calculation uses approved facility electricity values as the activity boundary. Facility coordinates, capacities, power-usage effectiveness values and load-factor metadata are retained for audit and display, but they do not create a separate operator-completion route in the central calculation7-11.
Let  index approved facility-source records,  denote the matched company,  denote annual AI-attributable electricity,  denote the assigned location-based emission factor and  denote the approved market-based emission factor. Total operations electricity is calculated as:

Operational emissions are calculated by multiplying the same facility electricity boundary by the accounting-basis-specific factor:


The effective aggregate operational intensity is calculated after aggregation:

In the central case, this aggregation yields effective operational intensities of 375.4 g CO2e per kWh under location-based accounting and 105.5 g CO2e per kWh under market-based accounting.
[bookmark: _Toc231764575]6. Operational emission factors and tiered market-based protocol
Market-based electricity disclosure is uneven across operators, co-located facilities and AI-dominant campuses. We therefore assign operational market-based factors through a tiered evidence protocol. The protocol gives priority to directly disclosed operations-relevant market-based factors, uses renewable-share-derived estimates only when no such factor is available, and retains the location-based factor where no clear attributable market-based factor can be derived. This preserves comparability by holding the physical facility electricity boundary fixed while allowing procurement-related reductions only when the public evidence is comparable and attributable2,12,13.
Tier 1 uses a directly disclosed operations market-based factor. If an entity discloses an operations- or data-center-relevant market-based electricity factor, or discloses market-based emissions with a relevant electricity denominator, the factor is used directly for matched facility records within that reporting boundary.
Tier 2 uses an attributable company-level market-based electricity factor. If a facility-level factor is unavailable but a company-level market-based electricity factor is clearly attributable to the operator’s data-center or operations electricity boundary, the company-level factor is assigned to matched facility records. The assignment is documented as a company-boundary factor rather than a facility-specific renewable claim.
Tier 3 uses an attributable renewable-electricity share. If no disclosed market-based factor is available but the entity reports a renewable-electricity share that is attributable to the relevant operations electricity boundary, the market-based factor is derived from the location-based factor and the non-renewable share:

where  is the attributable renewable-electricity share. This is a lower-tier estimate and is not used when a disclosed operations-relevant market-based factor is available.
Tier 4 covers cases with no clear attributable market-based emission factor. Some entities disclose mitigation activity, local supply, on-site generation or qualitative decarbonization plans but do not disclose a comparable, attributable market-based electricity factor for the relevant facility or operations electricity boundary. In these cases, the location-based factor is retained as the market-based factor:

This treatment does not assume the absence of mitigation activity. It prevents non-comparable or non-quantified claims from being converted into numerical procurement reductions. Facilities with local-grid or on-site-gas evidence but no clear attributable market-based electricity factor are included under this tier. The xAI local-grid/on-site-gas case is therefore treated with  rather than an operator-wide renewable-procurement reduction.
The operations market-based protocol does not add Scope 3 Category 3 fuel-and-energy-related activity adjustments to operational factors, does not apply renewable life-cycle floors, does not use residual-mix fallback factors and does not estimate avoided emissions. Those treatments are excluded from the current operations MB factor assignment2,12,13,15.
Table S4 summarizes this protocol as a source-policy rule. The table is central to interpretation of the MB estimate because it prevents non-comparable claims from being converted into numerical reductions.
Supplementary Table S4 | Tiered evidence protocol for operational market-based factors2,12,13,15.
	Tier
	Evidence basis
	Data source
	Processing rule
	Interpretation

	1
	Direct operations MB factor
	Operations/data-center MB emissions and electricity, or a disclosed MB intensity
	Use disclosed factor directly
	Strongest comparable operations MB evidence

	2
	Attributable company-level MB factor
	Company electricity and market-based emissions tied to relevant operations boundary
	Assign to matched facility records
	Reporting-basis factor, not a facility-specific claim

	3
	Attributable renewable share
	Renewable-electricity share tied to relevant facility or operations boundary
	
	Lower-tier procurement estimate

	4
	No clear attributable MB EF
	Qualitative mitigation, local supply, on-site generation or no usable MB source path
	
	No quantitative procurement reduction assigned



Supplementary Fig. 3 applies the protocol after facility records have been matched to companies. It explains the operational LB/MB comparison at company level: LB emissions vary with local or regional grid factors, while MB emissions vary only when a relevant facility, operator or company-boundary factor passes the evidence tier rules2,12.
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Supplementary Fig. 3 | 2024 operations facility LB/MB by company. Bars aggregate approved facility-source records by matched company. Location-based emissions apply local or regional emission factors to the facility electricity boundary. Market-based emissions apply the approved facility market-based factor selected through the tiered evidence protocol. The comparison holds facility electricity fixed and changes only the accounting-basis-specific factor; records with no clear attributable market-based emission factor retain the location-based factor2,12.
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The central operations estimate is the approved facility-source calculation. Low and high operations cases use external step07 low/mid and high/mid ratios applied to the central facility-source values. The ratios preserve the central facility inclusion policy, the market-based source policy and the facility electricity boundary8-10.
For scenario k, the operations electricity and emissions are:


with r_central = 1. The quantities r_low and r_high are imported from the external step07 low/mid and high/mid ratios. This scenario treatment changes the scale of the approved central facility-source estimate but does not introduce a separate company-completion calculation8-10.
Operations diagnostics are reported in three forms. First, a facility-coverage audit reports the distribution of approved facility records and electricity across companies and geographies. Second, a market-based source-policy audit reports the tier used to assign the market-based emission factor for each record. Third, an emission-factor exposure audit reports the activity-weighted location-based emission-factor distribution across approved facility records. These diagnostics test scale, comparability and source quality; they do not redefine the activity boundary8-10.
[bookmark: _Toc231764577]8. Manufacturing supplier-evidence mapping and exact-geography aggregation
Location-based manufacturing mapping links AI hardware modules to physical manufacturing exposure using public fab, foundry, process-node, production-route and company-disclosure evidence. The disclosure-based manufacturing estimate assigns only those module fractions for which public evidence supports a defensible link between AI-relevant hardware production and one of the selected manufacturing disclosure entities16-18.
Table S5 summarizes the location-based evidence schema. It distinguishes direct CPU manufacturing, logic-fabrication exposure, memory pathways, storage pathways and residual modules. The table also records where public evidence is partial, so that the allocation does not infer non-public product shares.
Supplementary Table S5 | Location-based manufacturing evidence schema16-18.
	Module group
	Manufacturing pathway
	Evidence basis
	Treatment

	CPU
	Intel direct; AMD-related exposure represented through the TSMC manufacturing pathway where appropriate
	Public CPU share, foundry or process evidence
	Does not infer non-public product allocation.

	GPU logic excluding HBM
	TSMC logic-fabrication pathway where public process evidence supports mapping
	Foundry or process-node disclosure
	Logic die only; not full board-level GPU module.

	HBM
	Samsung Electronics DS, Micron and SK hynix HBM pathways
	Public HBM shipment or supplier-share evidence
	Supplier shares may not be server-node-specific.

	DDR/DIMM
	DRAM supplier pathways
	Public total-DRAM evidence
	Server-only DDR shares are generally unavailable.

	SSD/NVMe
	NAND or enterprise SSD pathways
	Public enterprise SSD or storage evidence
	Affiliated storage buckets are retained explicitly where reporting combines entities.

	Other modules
	Distributed suppliers
	PCF residual and public component evidence
	Not forced into selected suppliers without robust evidence.



Exact-geography manufacturing aggregation is retained at the most resolved public geography supported by the evidence audit. Exact-geography results are aggregated only after module-level attribution. The market-based comparison in the exact-geography figure applies the relevant market-based disclosure adjustment to the same physical activity weights and is not interpreted as a change in physical production geography2,16-18.
Supplementary Fig. 4 brings manufacturing and operations geography into the same diagnostic frame. It shows where location-based emissions are concentrated and then overlays market-based implied values on the same activity weights. The key reading rule is that diamonds or MB markers change the accounting factor, not the physical location of manufacturing or computing activity.
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Supplementary Fig. 4 | 2024 full exact-geography rankings. a, Manufacturing exact-geography location-based emissions ranked by geography. Bars show location-based emissions and diamonds show market-based implied values allocated to the same activity weights. b, Operations exact-geography location-based emissions for resolved data-center geographies, with market-based values shown for comparison. Market-based values apply approved facility or company-boundary factors from the evidence protocol to the same physical activity weights and should not be interpreted as facility-specific renewable-electricity claims unless the relevant tier evidence supports that treatment.
[bookmark: _Toc231764578]9. Manufacturing market-based corporate disclosure envelopes
Market-based manufacturing estimates use corporate or division-level electricity procurement and Scope 2 accounting to construct market-based emissions envelopes for selected manufacturing disclosure entities. If an entity reports comparable market-based Scope 1 and Scope 2 values, those emissions envelopes are used directly. If only partial market-based information is disclosed, renewable-electricity share or procurement information is used only within the reporting boundary of the disclosing entity and is documented as a modeled bridge1,2,25-29.
The same module structure and supplier-evidence mapping are used for LB and MB manufacturing calculations. Differences between the two estimates therefore reflect the corporate emissions envelope used for the selected accounting basis, not a change in the AI hardware boundary. Market-based electricity procurement by one company is not transferred to products or modules manufactured outside that company boundary2.
Table S6 records the manufacturing market-based electricity-emission-factor source audit. It shows the disclosure source, processing rule, selected factor and allocation logic for each selected manufacturer, which makes the MB estimate traceable to the disclosing entity boundary25-29.
Supplementary Table S6 | Market-based electricity-emission-factor source audit for hardware manufacturers.
	Entity
	Electricity/emissions source
	Processing rule
	Selected factor
	Logic used in allocation

	TSMC
	Corporate electricity and Scope 2 market-based disclosure25
	Scope 2 MB emissions divided by corporate electricity use
	428.0 g CO2e per kWh
	Direct supplier-level MB EF for GPU logic, AMD-related CPU pathway and eligible interconnect logic.

	Intel
	Corporate electricity and Scope 2 market-based disclosure26
	Scope 2 MB emissions divided by corporate electricity use
	10.1 g CO2e per kWh
	Direct supplier-level MB EF for CPU manufacturing pathway; low value reflects disclosed renewable procurement.

	Samsung Electronics DS
	Device Solutions division electricity and Scope 2 market-based disclosure27
	DS-level Scope 2 MB emissions divided by DS electricity use
	346.9 g CO2e per kWh
	Division-specific MB EF for DRAM, HBM and storage-related pathways where supported.

	Micron
	Scope 2 market-based disclosure with reconstructed electricity denominator28
	Scope 2 MB emissions divided by derived electricity use
	435.1 g CO2e per kWh
	Derived-denominator MB EF for DRAM, HBM and storage-related pathways.

	SK hynix
	Corporate electricity and Scope 1+2 market-based disclosure29
	Derive Scope 2 MB as Scope 1+2 MB less Scope 1, then divide by electricity use
	137.8 g CO2e per kWh
	Derived Scope 2 MB EF for DRAM, HBM and affiliated storage bucket where supported.




[bookmark: _Toc231764579]10. Manufacturing allocation equations and product-family decomposition
Let  index selected manufacturing disclosure entities,  index AI hardware modules,  denote accounting basis and  denote scenario case. The company-level AI allocation share is constructed from the module share, supplier-evidence mapping share and coverage modifier:19-24

The disclosure-based AI hardware manufacturing estimate is then calculated by applying the allocation share to the corresponding corporate emissions envelope:

The entity-level contribution can be written as:

where  is the 2024 corporate or division emissions envelope,  is the module share within the 12-module AI server/node boundary,  is the supplier-evidence mapping share and  is the coverage modifier used when public evidence supports partial attribution but not full module ownership19-24.
Table S7 gives the coefficient schema used in this allocation. It links each module group to a supplier-evidence basis, a module-share source and a coverage-modifier rule, keeping partial public attribution separate from full module ownership.
Supplementary Table S7 | Manufacturing coefficient schema19-24.
	Module group
	Supplier-evidence basis
	Module-share source
	Coverage-modifier use

	CPU
	Server CPU share and manufacturing pathway
	PCF/module decomposition
	AMD-through-TSMC pathway or partial coverage where applicable.

	GPU logic excluding HBM
	Foundry/process evidence
	PCF/module decomposition
	Limits attribution to logic-fabrication exposure.

	HBM
	HBM supplier or shipment-share evidence
	PCF/module decomposition
	Generation or package coverage where public evidence is partial.

	DDR/DIMM
	Total-DRAM proxy
	PCF/module decomposition
	Server-only shares are not robustly disclosed.

	SSD/NVMe
	Enterprise SSD/storage proxy
	PCF/module decomposition
	Affiliated storage buckets where reporting combines entities.

	Other modules
	No robust selected-entity evidence
	PCF residual
	Retained as unallocated.



Supplementary Fig. 5, formerly separated as an extended-data-style panel, is integrated here because it directly interprets the allocation result. The figure decomposes manufacturing emissions by product-family layer and shows how assigned module fractions relate to the unallocated remainder under both LB and MB accounting.
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Supplementary Fig. 5 | Product-family decomposition integrated into the manufacturing allocation section. The panel reports manufacturing emissions by product-family layer for selected hardware module groups under location-based and market-based accounting. It supports interpretation of module-level manufacturing contributions while preserving the 12-module hardware boundary and the distinction between assigned module fractions and unallocated remainder.
[bookmark: _Toc231764580]11. PCF and shipment-equivalent manufacturing diagnostics
Server- and node-level product-carbon-footprint (PCF) files are used to preserve the full hardware boundary and to test the scale of the unallocated remainder. They do not replace the disclosure-based manufacturing estimate. For shipment-equivalent diagnostics, the product-side manufacturing estimate is:3,4,19-24

where  is the shipment-equivalent node count and  is the node manufacturing-stage product carbon footprint in case . The diagnostic difference relative to the manufacturing estimate is:

For product anchors that define a fuller hardware boundary, the boundary-expanded diagnostic is:

where  is the selected-supplier-covered share of the PCF boundary. The uncovered remainder is interpreted as a PCF-constrained boundary gap rather than an error term. These diagnostics provide order-of-magnitude checks on the manufacturing estimate and do not close unobserved hardware fractions by assumption19.
[bookmark: _Toc231764581]12. Robustness checks, incomplete-data treatment and reporting limits
Robustness checks evaluate whether the estimates are sensitive to evidence coverage, emission-factor assignment and aggregation choices. For manufacturing, checks include PCF-scale comparisons, shipment-equivalent node-PCF calculations and the size of the unallocated boundary-preserving remainder. For operations, checks include facility coverage, market-based source-policy tiers and activity-weighted location-based emission-factor exposure2,5,6,8-10,19.
Missing or non-comparable evidence is not reassigned by assumption. It is retained as an explicit unallocated remainder, a lower-tier evidence classification or a diagnostic quantity. Qualitative mitigation statements and forward-looking decarbonization commitments are reported as evidence attributes but do not modify the 2024 central estimates unless they provide a comparable, attributable emissions or electricity factor2,12,13.
Market-based factors in this study are procurement-based attributional reporting factors. They are interpreted alongside location-based estimates because annual procurement matching can differ from hourly physical grid consumption. The final reporting preserves the distinction between physical electricity burden and procurement-adjusted reported emissions2,12-14.
Supplementary Fig. 6 is the final diagnostic because it tests the emission-factor exposure behind the location-based estimates. The figure asks whether the LB results are driven by a few high-intensity geographies or by broadly distributed activity-weighted exposure. It is therefore a robustness figure, not a separate accounting boundary.
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Supplementary Fig. 6 | 2024 facility-level emission-factor exposure distribution. a, Activity-weighted local location-based emission-factor exposure distributions for manufacturing and operations, with dashed lines showing activity-weighted central tendencies. b, Sorted exact-geography exposure audit for manufacturing and operations geographies. The figure is used to diagnose whether the LB results are driven by a small number of high-emission-factor geographies or by broader activity-weighted exposure5,6.
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S-Figure 2 | 2024 full exact-geography rankings

o S -~
o [ -

CN-SN —- 0.9 Mt

CN-JS —_ 0.5 Mt

US-TX —p.Z Mt
SGP —p.Z Mt

CN-LN -u 0.2 Mt

—b.l Mt

US-AZ —I 0.1 Mt

3

P

=2

ISR 0.1 Mt

CN-SH -b).l Mt
US-NM —} 0.1 Mt
MYS —}0.0 Mt

US-OR —}0.0 Mt

US-VA —b.o Mt
IRL ->o.o Mt

US-WA —| o mt
USID -)9.0 Mt & implied market-based
mmm |ocation-based
I I I I I 1
0.0 0.5 1.0 15 2.0 2.5

GHG emissions (Mt COze/yr)

b

NLD — I ST I | 2.0 Mt
US-wy ~C S I I . 1.9 Mt
koR (SN I . 1.7 Mt
Us-UT - I e 1.5 Mt
USTX - I 1.5 Mt
US-PA - I 12 Mt
SGP - I 1.2 Mt
us-1A - | 1.0 Mt
Us-vA KN I 0.9 Mt
CN-SX IS 0.9 Mt
CN-SH - > 0.8 Mt
CN-HE - 0.8 Mt
CN-NM - 0.5 Mt
Us-oH -CIIN 0.4 Mt
US-NV - 0.4 Mt
CN-HA - 0.4 Mt
mys IR 0.3 Mt
Us-AZ -3l 0.3 Mt
USTN -3 0.3 Mt
CN-Js - 0.2 Mt
IND -3l 0.2 Mt
Us-orR -l 0.2 Mt
ARE -KCJ 0.2 Mt
IRL -3 0.2 Mt
Twn -C3ll 0.2 Mt
Us-ks -IRC0.2 Mt
JpN -Cll 0.2 Mt

US-ND -3l 0.1 Mt
Us-CA -3 0.1 Mt
NZL-¥ 0.1 Mt
Us-IL=Y 0.1 Mt
BEL -L0.1 Mt
us-co -(»0.1 Mt
US-IN »0.0 Mt
Us-GA -(0.0 Mt
ESP -»0.0 Mt
BRA —go.o Mt
US-NC 0.0 Mt
DEU 0.0 Mt
CN-HL 0.0 Mt
CN-BJ —¥.0 Mt
SWE —;.0 Mt &> implied market-based
US-FL - ¥.0 Mt mmm |ocation-based
1 1 1 1 I
0.0 0.5 1.0 15 2.0
GHG emissions (Mt COze/yr)




image5.png
Figure 3b support | Product-family decomposition relocated from main panel
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S-Figure 5 | 2024 facility-level emission factor exposure distribution
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12-Module Final: Representative Al Server / Node Structural Decomposition
Example based on Dell XE9680L / HGX-class 8-GPU liquid-cooled node (schematic, not official hardware drawing)
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S-Figure 3 | 2024 renewable status and decarbonization maturity
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S-Figure 4 | 2024 operations facility LB/MB by company
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