Supplementary Material 1
Environmental Digital Capability under Mandated Industry 4.0: Longitudinal Evidence from HAL and BEL
Discover Sustainability
Authors: Dr. Catherene Julie Aarthy C and Dr. Smriti Verma
Affiliation: Symbiosis Institute of Business Management, Nagpur Campus, Symbiosis International (Deemed University), Pune, India
Corresponding-author email: catherene.aarthy@sibmnagpur.edu.in
S1. Purpose, scope and data provenance
This supplement documents the selected monthly series, index construction and exploratory calculations reported in the manuscript. The study covers HAL and BEL over six monthly assessment cycles, May–October 2025 (12 organisation-month observations). Environmental and traceability ratios were extracted from the ‘Process % Summary (Analysis)’ worksheets; PDI category scores and weights were taken from the ‘Statistical Analysis’ worksheets; cost and manpower estimates were taken from ‘Section A – Summary Data’. Original assessment forms are not reproduced in this supplement.
The authors report that HAL and BEL permitted access to and use of the organisational assessment data for this study. The scope of permission for publication should be confirmed against the written permissions before submission.
S2. Measures and calculation rules
EDI = 100 × (waste-reduction automation + material-utilisation monitoring + environmental-compliance digitalisation completion ratios) / 3. DTI = 100 × (component-level traceability + end-to-end lot tracking completion ratios) / 2. Both are unweighted descriptive indices based on the selected common parameters.
The original PDI is the weighted six-category Industry 4.0 maturity score reported in the organisation’s analysis records. Its P6 Energy & Sustainability category overlaps with the environmental parameters used in EDI. The adjusted PDI excludes P6 and renormalises P1–P5 weights from 85% to 100%. This is a sensitivity comparator, not a validated scale.
Reported zero is retained as zero; missing or unquantified values are not recoded as zero. Displayed values are rounded to one decimal place. Calculations use source values at their available precision.
S3. Original and adjusted production index, EDI and adjusted gaps
	Month
	HAL original PDI
	HAL adjusted PDI
	HAL EDI
	HAL adjusted gap
	BEL original PDI
	BEL adjusted PDI
	BEL EDI
	BEL adjusted gap

	May-25
	25.5
	30.0
	0.0
	30.0
	31.7
	31.4
	33.3
	-2.0

	Jun-25
	37.9
	38.5
	34.2
	4.3
	42.6
	44.2
	33.3
	10.9

	Jul-25
	58.6
	58.5
	59.0
	-0.5
	54.1
	57.8
	33.3
	24.5

	Aug-25
	72.1
	71.7
	74.0
	-2.3
	64.7
	64.8
	63.9
	0.9

	Sep-25
	87.3
	88.0
	83.3
	4.7
	80.1
	79.5
	83.3
	-3.9

	Oct-25
	93.3
	93.5
	92.2
	1.3
	100.0
	100.0
	100.0
	0.0

	Mean adjusted gap
	
	
	
	6.3
	
	
	
	5.1


Adjusted gap = adjusted PDI − EDI. The original PDI is shown for transparency but should not be compared directly with EDI because the original PDI contains the overlapping P6 category.
S4. Environmental component completion ratios
HAL
	Parameter
	May-25
	Jun-25
	Jul-25
	Aug-25
	Sep-25
	Oct-25

	Waste-reduction automation
	0
	29.4
	41
	58.8
	76.5
	76.5

	Material-utilisation monitoring
	0
	33.3
	66
	83.3
	83.3
	100

	Environmental-compliance digitalisation
	0
	40
	70
	80
	90
	100



BEL
	Parameter
	May-25
	Jun-25
	Jul-25
	Aug-25
	Sep-25
	Oct-25

	Waste-reduction automation
	50
	50
	50
	50
	75
	100

	Material-utilisation monitoring
	0
	0
	0
	66.7
	100
	100

	Environmental-compliance digitalisation
	50
	50
	50
	75
	75
	100



S5. Harmonised traceability component completion ratios
HAL
	Parameter
	May-25
	Jun-25
	Jul-25
	Aug-25
	Sep-25
	Oct-25

	Component-level traceability
	0
	22.2
	33
	33
	55.5
	66.7

	End-to-end lot tracking
	0
	13
	13
	13
	52.2
	78.3


BEL
	Parameter
	May-25
	Jun-25
	Jul-25
	Aug-25
	Sep-25
	Oct-25

	Component-level traceability
	11.1
	11.1
	22.2
	38.9
	66.7
	88.9

	End-to-end lot tracking
	0
	0
	20
	60
	100
	100



S6. PDI category inputs and sensitivity calculation
	Organisation
	PDI category
	Weight (%)
	May-25
	Jun-25
	Jul-25
	Aug-25
	Sep-25
	Oct-25

	HAL
	P1: Smart Manufacturing (IoT/Robotics)
	20
	42.1
	61.9
	69.8
	84.1
	84.1
	90.3

	HAL
	P2: Production Process Automation (ERP/MES/OEE)
	20
	39.7
	49.0
	62.2
	85.3
	90.4
	92.7

	HAL
	P3: Advanced Manufacturing (CNC/CAM)
	15
	17.8
	26.9
	35.5
	50.6
	76.2
	85.7

	HAL
	P4: AI/ML Intelligent Automation
	20
	12.5
	12.5
	60.0
	67.5
	92.5
	100.0

	HAL
	P5: VR/AR Applications
	10
	40.0
	40.0
	60.0
	60.0
	100.0
	100.0

	HAL
	P6: Energy & Sustainability
	15
	0.0
	34.2
	59.0
	74.0
	83.3
	92.2

	BEL
	P1: Smart Manufacturing (IoT/Robotics/CMM)
	20
	28.3
	48.3
	50.8
	55.8
	73.1
	100.0

	BEL
	P2: Production Process Automation (ERP/MES/OEE)
	20
	23.6
	32.0
	54.5
	59.9
	63.3
	100.0

	BEL
	P3: Advanced Manufacturing (3D/Machines)
	15
	45.2
	69.0
	69.0
	69.0
	100.0
	100.0

	BEL
	P4: AI / ML Intelligent Automation
	20
	22.5
	30.8
	63.6
	70.6
	88.9
	100.0

	BEL
	P5: VR / AR Applications
	10
	50.0
	50.0
	50.0
	75.0
	75.0
	100.0

	BEL
	P6: Energy & Sustainability
	15
	33.3
	33.3
	33.3
	63.9
	83.3
	100.0


Adjusted PDI for each month = 100 × [Σ(weight × category score) for P1–P5] / 85. Category scores are proportions in the source workbooks. The adjustment removes P6 from the composite because P6 overlaps with EDI; it does not imply that the remaining five categories form a validated production-performance scale.
S7. Reported operational indicators
	Month
	HAL cost (INR lakh)
	BEL cost (INR lakh)
	HAL MH/year
	BEL MH/year

	May-25
	1,178
	800
	15,660
	9,500

	Jun-25
	2,181
	1,900
	23,700
	11,500

	Jul-25
	3,517
	2,700
	32,100
	20,500

	Aug-25
	4,070
	3,900
	47,200
	27,000

	Sep-25
	4,509
	5,200
	61,800
	32,000

	Oct-25
	4,892
	6,000
	65,000
	37,000


BEL cost values are converted from INR crore to INR lakh (1 crore = 100 lakh). The source forms do not establish whether successive monthly cost and MH/year values are incremental, cumulative or revised annualised estimates. They are reported as recorded and are not interpreted as independently realised monthly savings.
S8. Exploratory lagged associations
	Organisation
	Pairing
	Pearson r
	Nominal p
	n

	HAL
	Concurrent (t)
	0.943
	0.005
	6

	HAL
	One-month lead (t+1)
	0.972
	0.006
	5

	HAL
	Two-month lead (t+2)
	0.994
	0.006
	4

	BEL
	Concurrent (t)
	0.938
	0.006
	6

	BEL
	One-month lead (t+1)
	0.831
	0.081
	5

	BEL
	Two-month lead (t+2)
	0.744
	0.256
	4


These correlations are exploratory-level associations from short, trending repeated monthly series. Nominal p-values are shown for transparency only and are not confirmatory. They do not establish temporal precedence, benefit realisation lag or causality.
S9. SDG mapping boundary
	SDG target
	Study measure
	Supported interpretation
	Not established

	SDG 9.4
	P1–P5 adjusted PDI and EDI trajectories
	Implementation progress in selected digital and environmental functions is documented.
	No measured resource-use efficiency, industrial emissions reduction or retrofit outcome.

	SDG 12.2
	Material-utilisation monitoring completion
	Implementation of a material-use monitoring function is documented.
	No quantified material consumption, intensity or resource savings.

	SDG 12.5
	Waste-reduction automation completion
	Implementation of a waste-related digital function is documented.
	No measured waste prevention, reduction, recycling, reuse or recovery.



S10. Interpretation and limitations
EDI and DTI are study-specific descriptive indices, not validated scales. DTI contains only two common items and excludes organisation-specific traceability parameters. The study includes two organisations and six-monthly observations per organisation; monthly observations may be serially dependent. Operational estimates have an unresolved month-to-month reporting basis. No direct environmental outcomes (energy consumption, material intensity, waste tonnage, water use or greenhouse-gas emissions) were available. The results describe implementation progress and selected reported operational indicators; they do not demonstrate environmental improvement or measured progress against SDG targets.
S11. Data availability and responsible use
Selected processed data and calculations are supplied in this supplement and the accompanying workbook. Original assessment forms are not reproduced. They should be shared with editors or reviewers only if permitted by the organisations and applicable government disclosure requirements. Ensure that the manuscript’s data-availability and consent-for-publication statements reflect the permissions actually granted.

