Supplementary Material A: Categorization of Circularity, Environmental Sustainability & Social Sustainability Indicators
Table A1: Categorization of Circularity Indicators: Types and Definitions
	Circularity Indicator 
	Indicator Type
	Definition/ Description 
	Measurement Unit
	Manufacturing Sector(s) from reference(s)
	Reference(s)

	Indicator group C0: System-Level Circularity

	Circularity (CIRC)
	Composite
	It quantifies the number of times a resource passes through different product cycles within a system.
	Dimensionless 
	Outdoor Power Equipment
	[1–3]

	Circular Economy Index (CEI)
	Quantitative
	Material Value Recycled from EOL Product(s)/Material Value Needed for (Re-) Producing EOL Product(s)
	Dimensionless 
	Automotive, Outdoor Power Equipment, Packaging, Healthcare Equipment
	[3–8]

	Material Circularity Indicator (MCI)
	Quantitative
	It measures how circular a product or process is by evaluating the use of recycled materials, product lifespan, material recovery at EOL, and waste during production.
MCI = (1 - LFI)*F(x), where:
LFI (Linear Flow Index) is calculated using the formula: LFI=(1−CR−CU)/W0.​ Here, CR is the recycling rate, CU is the fraction of the product reused,  W0 is the irrecoverable waste and F(X) is a utility factor representing the functional performance of the product.
	Dimensionless (scores from 0 [fully linear] to 1 [fully circular])
	Healthcare Equipment, Agricultural Manufacturing, Energy & Plastics, Construction, Plastics, Packaging, Automotive, Textile, Bio-based products, Outdoor Power Equipment Sector, HVAC (Heating, Ventilation, and Air Conditioning) Equipment, Agri-food, Chemical, Electronics
	[2–5,7,9–30]

	Circular Economy Performance Indicator (CEPI)
	Composite
	It measures the ratio of the actual obtained environmental benefit from a waste treatment process to the ideal environmental benefit based on the quality and recoverability of the material or waste stream.
	Dimensionless 
	Automotive, Bio-based products, Packaging, Healthcare Equipment
	[5,9,19,29,31]

	Circular Input Rate (CIR)
	Quantitative
	CIR=(R1.1 +R1.2 + R1.3 + G1.1 + G1.2) / (B1.1 + B1.2 +C1.3 + D1.3 + C1.4 + G1.1 + G1.2 + R1.1 + R1.2 + R1.3), where; R1.1: Materials embedded in products/components subject to direct reuse, R1.2​: Materials embedded in products/components subject to remanufacturing and recirculated in in-stock products/components, R1.3​: Materials embedded in products/components subject to remanufacturing and recirculated in manufacturing new products/components, G1.1​: Production of secondary material from post-consumer functional recycling sent for processing, G1.2​: Production of secondary material from post-consumer functional recycling  sent for manufacturing, B1.1​: Production of primary material as the main product sent for processing, B1.2​: Production of primary material as a by-product sent for manufacturing, C1.3​: Imports of primary material, D1.3​: Imports of processed material, C1.4​: Imports of secondary materials.
	Dimensionless 
	Automotive Sector
	[32]

	Circular Material Use Rate (CMU)
	Quantitative
	CMU Rate = [Amount of secondary (recycled)  material
used/ Total Material Used (primary + secondary)]​×100
	Percentage (%)
	Energy & Plastics
	[22]

	End of Life Index (EOLI)
	Composite
	EoLI=α⋅DAIP+β⋅ RIP +(1/n)*Σ(γ⋅ MIT)+(1/m)*Σ(λ⋅ CIT) where; DAIP is the disassembly sub-index for the product, RIP is the recovery sub-index for the product, MIT is the module overall EoL index of modules in the product,
CIT is the components EoL index of the loose components attached to the module directly, n is the total number of modules in the product, m is the total number of the loose components attached to the module directly, and
α, β, γ, λ are weighting factors for the indices
	Percentage (%) or Unitless Score
OR
Monetary Units
	General, Automotive
	[17,18,33]

	Material Reutilization Score (MRS)
	Quantitative
	MRS = [% Recycled or rapidly renewable product content +2*(% of product recyclable or biodegradable/compostable]/3 *100
OR
MRS = [%Intrinsic Recyclability(IR)*2]+[%Recycled Content (RC)]/3*100
	Percentage (%)
	Plastics, General, Packaging, Automotive, Textile
	[7,17,18,21,23,27,30]

	Percentage of collected or taken-back end-of-life products prepared for reuse, refurbishment, remanufacture, and recycling compared to sales of new products
	Quantitative
	Collected or Processed EOL Products (in units or weight)/Sales of new Products (in units or weight)
	Percentage (%)
	Electrical & Electronics
	[34]

	Indicator group C1: Product Design & Adaptability

	Material Durability Indicator (MDI)
	Composite
	MDI = Dch*Dm*E, where; 
Dch: quartic square root of (a1*a2*a3*a4) (a1: flammability resistance, a2: resistance to UV radiation, a3: resistance to water, a4: resistance to organic solvents), 
Dm: square root of (b1*b2) (b1: fatigue strength, b2: yield strength), 
E=I/Imax (I: environmental impact calculated from energy consumption and carbon footprint, Imax: maximum environmental impact)
	Dimensionless Score
	Healthcare Equipment
	[19]

	Recycling Desirability Index (RDI)
	Quantitative
	DDesirability = (DSimplicity + DMSI +DTR) .The RDI indicator results from the sum of the three factors: the Simplicity Index of
separation of materials, the Material Safety Index (MSI), and the assessment of technological maturity through the Technology Readiness Level (TRL). The closer the result of this indicator is to 3, the more desirable it is to recycle
the product under study.
	Dimensionless 
	Packaging, Automotive, General
	[7,17,18]

	Index of Reusability/ Recyclability/Recoverability (RRR)
	Composite
	It is a weighted sum of four components: technical (RRRT​), environmental (RRREn​), economic (RRREc), and societal (RRRSb​). Mathematically, it is expressed as:
RRR = aT⋅RRRT + aEn⋅RRREn + aEc⋅RRREc + aSb⋅RRRSb, where aT​, aEn​, aEc​, and aSb​ are the respective weights, and ST, SEn​, SEc​, SSb​ are the expert-assigned scores for each component.
	Dimensionless 
	Energy, Chemical
	[35,36]

	Reconfiguration Index (RI)
	Composite
	RI = R*P/n , where; R is the number of possible reconfigurations in the product family, P is the number of product variants within the product family, n is the number of pieces in the whole product family.
	Dimensionless 
	Healthcare Equipment
	[37]

	Indicator group C2: Disassembly & Repair

	Cost of non-destructive disassembly
	Quantitative
	The costs associated with the disassembly of products or components in a manner that does not cause damage to them, allowing for their reuse, remanufacture, or refurbishment.
	Monetary Units (e.g. $USD/unit)
	General
	[38]

	Disassembly Effort Index (DEI)
	Composite
	Work and processes required to disassemble a product to provide a score for the
product.
	Dimensionless 
	Chemical, General
	[4,17,18,39]

	Effective Disassembly Time (EDT)
	Quantitative
	It calculates the total time required to disassemble a product and isolate target components, using a simpler approach that focuses solely on disassembly time without breaking down specific tasks.
	Time (seconds)
	Automotive, Chemical, General
	[4,17,18]

	Degree of repairability of product
	Semi-Quantitative
	It is defined by the product’s technical ease of repair—such as access to spare parts, repair instructions, and disassembly—and the availability of repair services.
	Index/Score from the evaluation of factors such as ease of repair, availability of parts, etc.
	Electrical & Electronics
	[34]

	Energy consumption for disassembly
	Quantitative
	It quantifies the energy required to perform disassembly tasks
	kilowatt-hours (kWh) or joules (J)
	Outdoor Power Equipment
	[3]

	Indicator group C3: Material Input & Composition 

	Fraction of renewable raw materials
	Quantitative
	(Quantity of Renewable Raw Materials Used/Total Quantity of Raw Materials Used)*100
	Percentage (%)
	General
	[38]

	Reduction of Toxic Substances
	Quantitative
	It aims to quantify the reduction of the use of toxic substances considering RoHS (Restriction of Certain Hazardous Substances).
	Percentage (%), concentration (ppm, mg/L) or weight (kg, t)
	Electro-electronic, Plastics, Textiles & Fashion
	[40]

	Proportion of recycled content in a product
	Quantitative
	ENV CI1 = (Mass of Recycled Material Used/ Total Mass of the Product)*100
	Percentage (%)
	Electrical & Electronics
	[34]

	Proportion of recyclable materials in a product
	Quantitative
	(Mass of Recyclable Materials/Total Product Mass)*100
	Percentage (%)
	Electrical & Electronics
	[34]

	Indicator group C4: Reuse, Remanufacturing & Refurbishment

	Reuse Potential Indicator (RPI)
	Quantitative
	RPI = Amount of Material Economically Recoverable through available technologies/ Total amount of material generated
	Percentage (%)
	Coal-fired electricity generation, General
	[41,42]

	Reuse Rate (ReR)
	Quantitative
	RER = (Mass of Reused Product/ Total Mass of the Product)*100
	Percentage (%)
	Packaging
	[21]

	Proportion of reused components in manufacturing process
	Quantitative
	ENV CI7 =(Total number of reused components/Total number of components used in manufacturing) *100
	Percentage (%)
	Electrical & Electronics
	[34]

	Market share of repair and reuse services compared to sales of new products
	Quantitative
	(Total Value of Repair and Reuse Services/Total Value of New Product Sales)*100
	Percentage (%)
	Electrical & Electronics
	[34]

	Percentage of products remanufactured compared to total manufactured products
	Quantitative
	ECO C12 = (Number of remanufactured products/Total Number of Manufactured Products)*100
	Percentage (%)
	Electrical and Electronics
	[34]

	Quantity of refurbished products
	Quantitative
	It is the quantity of the total recovery or parts (components) of the product, without necessarily going through all stages of remanufacturing.
	 Number/ Percentage/ Weight/ Volume of total products /components refurbished
	Electro-electronics, Plastics, Textiles & Fashion
	[40]

	Indicator group C5: Efficiency & Value Performance

	Resource Efficiency Account (REA)
	Quantitative
	REA=f/(Rv+De+Dp), where; f = the function or service provided by the system (this represents the societal benefit or utility provided by the product or service over its lifecycle), Rv: the total value of materials mined from the eco-sphere, De: the dissipation of resource value at the EoL stage, Dp: the dissipation of resource value during the manufacturing and processing stages.
	Functional or Service Unit/(Monetary Value/ kg)
	Automotive
	[5]

	Conversion efficiency ratio
	Quantitative
	C = Useful Output/Input Quantity required to meet the functional unit
	Dimensionless 
	Furniture
	[43]

	Eco-cost/Value Creation (EVR)
	Quantitative
	EVR=Eco-costs/Value Creation where; 
Eco-costs represent the environmental burden associated with the production, use, and EOL stages of a product, Value creation refers to the economic value generated by the product for the stakeholders.
	Dimensionless 
	Chemical, Healthcare Equipment, General
	[4,17,19]

	Value-Based Resource Efficiency Indicator (VRE)
	Quantitative
	VRE=Y/∑pi​*Xi​, where; Y = output value (which could be the value added by a product, process, or industry), Xi​ = volume of the resource i used in production, pi​ = market price of resource i, used as a weight to reflect both the scarcity and quality of the resource.
	Dimensionless 
	General
	[17,44]

	Material Loss during Production
	Quantitative
	Material Loss (%) = (Total Material Wasted/Total Material Input)*100
	Percentage (%)
	Household Products
	[45]

	Indicator group C6: Waste Generation & Management

	Total Waste Generated (W) 
	Quantitative
	W: Total waste generated

	Mass (kg)
	Construction
	[26]

	Waste from Recycled Content (WF)
	Quantitative
	WF: Waste generated to produce any recycled content used as raw material. It is calculated as (1−EF)×(FR−EF), where EF is the efficiency of the recycling process, and FR is the mass fraction of product raw material from recycled resources
	Mass (kg)
	Construction
	[26]

	Irrecoverable Waste (WO)
	Quantitative
	WO: Irrecoverable waste, which is calculated as 1−CR−CU, where CR is the mass fraction of the product being collected for recycling, and CU is the mass fraction of the product taken for component reuse

	Mass (kg)
	Construction
	[26]

	Waste Generated in Recycling (WC)
	Quantitative
	WC: Waste generated in the recycling process, calculated as (1−EC)×CR, where EC is the efficiency of the recycling process for the part of the product collected for recycling.
	Mass (kg)
	Construction
	[26]

	Environmental Factor
	Quantitative
	EF = Non-product mass/Mass of product, where: Non-product mass includes all mass generated in the process that does not contribute to the final product, such as waste or by-products, Mass of product is the total mass of the desired product output.
	Dimensionless unit
	Chemical and Petrochemical Sector
	[46]

	By-Product Recovery Rate
	Quantitative
	It is the proportion of by-products generated during production that are successfully recovered and repurposed for secondary uses.
	Percentage (%)
	Agri-food
	[14]

	Energy Recovery
	Quantitative
	It measures the extent to which energy is recovered from waste instead of landfilling. It is considered a lower-tier circular practice but preferable to disposal without recovery.
	Megajoules (MJ) or Kilowatt-hours (kWh)
	Construction, Electrical & Electronics
	[12,34]

	Indicator group C7: Recycling Performance 

	Potential Recycle Index
	Quantitative
	PRI = Σ(mi*Fi*Ei)/Mf, where:
mi​: the mass of the i-th component,
Fi​: the fraction of recyclable mass for the i-th component,
Ei​: the efficiency of the recycling process for the same component,
Mf​: the total mass of the product family.
	Percentage (%)
	Healthcare Equipment
	[37]

	Resource Footprint of the Recycling Process (R)
	Quantitative
	R = CEENE value of the recycling process (Cumulative Exergy Extraction from the Natural Environment)
	Megajoules of exergy (MJex)
	Plastics
	[31]

	Overall Processing Rate (Overall PR)
	Quantitative
	OPR = (i+k)/(g+j), where;  i: the amount of product contained in separated old scrap sent to recovery, k: the amount of product contained in separated new scrap sent to recovery, g: the amount of product contained in collected old scrap, j: the amount of product contained in new scrap available for recycling
	Dimensionless 
	Metal
	[47,48]

	End of Life Recycled Content (EoL RC)
	Composite
	EOL RC = (i+k)/(a+i+k), where i: Flow of collected and separated old scrap (EOL scrap), k: Flow of collected and separated new scrap (manufacturing scrap), a: Flow of primary product into the anthropogenic cycle
	Percentage (%)
	Metal
	[47]

	End of Life Recycling Input Rate (EoL RIR)
	Quantitative
	EOL RIR = i/(a+i+k), where:  a: the flow of primary product into the anthropogenic cycle, i: the amount of EoL scrap collected and separated for recycling, k: the amount of new scrap (generated during manufacturing) collected and separated for recycling
	Percentage (%)
	Metal, Energy & Plastics
	[22,47,48]

	End of Life Process Efficiency Rate (EoL ER)
	Quantitative
	EOL ER = g/e2, where; g represents the amount of secondary material recovered (after processing), e2 represents the amount of material that enters the EOL recycling system (after collection)
	Percentage (%)
	Automotive 
	[49]

	End of Life Processing Rate (EoL PR)
	Quantitative
	EoL PR=i/g where; i represents the amount of secondary product from post-consumer flows, g represents the total EoL product flows that are collected for recycling
	Dimensionless 
	Metal
	[48]

	Indicator group C8: Resource Retention & Product Lifespan

	Acircularity Indicator
	Composite
	Acircularity=(Rv+De+Dp)/M, where; Rv= Residual value loss, De= Downcycling effect cost, Dp= Dissipative loss, M = value of the total constituent material in the product. It shows the fraction of material value lost due to waste, downcycling, and dissipation, compared to the total material value of the product.
	Dimensionless 
	Automotive, Electronics
	[5,20]

	Final Retention in Society (FRS)
	Composite
	FRS = (mth/ms,1)*100%, where; mth: the mass of the primary raw material still available at the end of the time horizon,
ms,1​: the mass of the primary raw material initially used in the first product cycle.
	Percentage (%)
	Electronics
	[20]

	In-Use Occupation Ratio (UOR)
	Composite
	UOR=(ΣOccUj/OccUmax)*100%, where;
OccUj = (mu,j-lu,j/2)*Δtu,j,  where; mu,j​: the mass of material entering the in-use phase in product cycle j,lu,j​: the material loss during the in-use phase in product cycle j, Δtu,j​: the duration of the in-use phase for product cycle j, OccUmax = ms,1*TH, where;  mS,1​: the mass of the primary raw material entering the supply phase of the first product cycle, TH: the given time horizon, typically measured in years.
	Percentage (%)
	Electronics
	[20]

	Resource Duration Indicator (RDI)
	Composite
	It measures the total time a resource is retained within a product system to maximize its exploitation through use, reuse, and recycling. It is expressed as the sum of three components: the product's initial lifetime (A), the additional lifetime gained through refurbishment (B), and the lifetime extended through material recycling (C).
	Time (e.g. years)
	Electronics, Automotive, Packaging
	[7,17,18,24,50]



Table A2: Categorization of Environmental Sustainability Indicators: Types and Definitions

	Environmental Sustainability Indicator 
	Indicator Type
	Definition/ Description 
	Measurement Unit
	Manufacturing Sector(s) from reference(s)
	Reference(s)

	Indicator Group E0: Air Pollutant Emissions

	NOx Emissions
	Quantitative
	NOx Emissions = Efuel​×EFNOx​, where: Efuel​ is the total fuel consumption (e.g., in metric tons) over a given period or operational cycle, EFNOx​ is the NOx emission factor specific to the type of fuel used.
	g/kWh
	Maritime
	[51]

	Particulate Matter (PM) Concentration
	Quantitative
	PM Concentration = Mass of Collected Particles/Volume of Air Sampled
	μg/
	Electrical Equipment & Components, Food Packaging 
	[52,53]

	SOx Emissions
	Quantitative
	SOx Emissions=Fuel Consumption×Sulfur Content in Fuel×Emission Factor, where: Fuel Consumption is measured in tons of fuel burned over a specific period or distance, Sulfur Content in Fuel is a percentage representing the sulfur concentration in the fuel, Emission Factor (EF) is based on the chemical assumption that most sulfur in the fuel converts to SOx during combustion
	Mass (g,t) or g/kWh or g/km
	Maritime
	[51]

	Indicator Group E1: Atmospheric Impact 

	Ozone Depletion Potential (ODP)
	Quantitative
	ODP = Σ(mi x ODPi), where: mi​ is the mass of substance I emitted, and ODPi is the ozone depletion potential factor of substance i
ODP refers to the impact of substances on the stratospheric ozone layer, which protects life on Earth from harmful ultraviolet radiation. It measures the potential of a substance to contribute to ozone layer depletion in the upper atmosphere (stratosphere).
	kg CFC-11 equivalents (trichlorofluoromethane)
	Food (Chocolate Production)
	[54]

	Photochemical Ozone Formation Potential (POFP)
	Quantitative
	POFP=∑​(Emissionsi​ ×Characterization Factori​), where: Emissionsi​: The amount of each ozone precursor pollutant i (e.g., VOCs, NOx) emitted, Characterization Factori​: The relative ozone formation potential of pollutant i compared to a reference substance, typically ethylene (C2H4 equivalents).
POFP assesses the contribution of emissions (e.g., VOCs, NOx) to the formation of ground-level (tropospheric) ozone, a key component of smog. This indicator measures how pollutants react in the presence of sunlight to form ozone at lower atmospheric levels (troposphere).
	kilogram ethylene equivalents (kg C₂H₄-eq.)
	Electrical Equipment & Components
	[52]

	Acidification Potential (AP)
	Quantitative
	AP = Σ (Εi**Api), Ei​: the emission amount of each acidifying substance iii (e.g., NOx, SO2​, NH3​),
APi​: the acidification potential factor of that substance, typically expressed in terms of SO₂-equivalents.
	Mass (kg)
	Agri-food, Machining 
	[55,56]

	Indicator Group E2: Climate Change

	CO2 efficiency indicator (CEI)
	Composite
	CEI= Total CO₂ emissions associated with the product or system​/ Predicted service life or operational duration
	mass of CO₂
(e.g., kg, tons)
per unit of time (e.g., year)
	Construction
	[57]

	GHG emissions from fossil fuels, transportation, purchased electricity, waste, and secondary materials
	Quantitative
	Total GHG Emissions = GHGstationary​+GHGmobile​+GHGtransport​+GHGwaste​+GHGprocess​
	Kilograms of CO₂ equivalent (kg CO₂e)
	Furniture Manufacturing, Chemical and Petrochemical, Wine 
	[46,58,59]

	Climate Change (biogenic, fossil, land use change)
	Quantitative
	Climate Change Impact = ∑(Biogenic Emissions + Fossil Emissions + Land Use Change Emissions), where:
Biogenic Emissions = (CH₄ emissions from biogenic sources) × Global Warming Potential (GWP of CH₄) + CO₂ from natural sources, Fossil Emissions = Total CO₂ from fossil fuel combustion, Land Use Change Emissions = Net CO₂ released due to deforestation or other land alterations.
	kilograms of carbon dioxide equivalents (kg CO₂e)
	Packaging, Food, Construction, Automotive
	[52–54,60–62]

	Indicator Group E3: Environmental – Economic Trade-Off Metrics

	Cost-Benefit Ratio
	Composite
	Cost-Benefit Ratio (CBR) = Total Benefits/Total Costs, ​
where: Total Benefits is the sum of all monetary, environmental, or other measurable benefits gained from the investment (e.g., money saved, CO₂ emissions reduced, resources conserved), Total Costs is the sum of all expenses incurred to implement the action or measure (e.g., indicator application costs, production costs, and associated operational costs).
	Dimensionless Measure
	Food Packaging
	[63]

	Net Environmental Benefit
	Composite
	NEB=Total Environmental Savings−Total Environmental Costs
	Monetary value, Energy Consumption (MJ,kWh), Resource Use (kg) or Carbon Footprint (COe)
	Food Packaging 
	[63]

	Indicator Group E4: Packaging

	Package-to-Product (PtP) Indicator
	Composite
	PtPCC​(%) = (∑CCPa​​/ΣCCPr)×100, where:
PtPCC​ (%): The Package-to-Product indicator for the climate change category, expressed as a percentage.
CCPa​: The climate change impact of the packaging materials.
CCPr​: The climate change impact of the product itself.
	Percentage (%)
	Construction, 
 Food Packaging (paper, plastic, glass, metal)

	[60,61]

	Marine Litter Indicator (MLI)
	Quantitative
	MLI = (F1×F4)/(F2×F3), where each component is defined as follows: F1​: The potential number of dispersed containers, calculated as the ratio of the estimated number of dispersed containers (Bd) to the maximum number of dispersed containers: F1=Bd/Bdmax, F2​: The incentive for returning bottles, expressed as a ratio of the current incentive (Pi) to the maximum incentive available (Pimax) F2=Pi/Pimax, F3​: The weight of the packaging material, calculated as the ratio of the bottle's weight (Wb) to the maximum weight of packaging material among all options (Wbmax) F3=Wb/Wbmax, F4​: The degradation time of the material, expressed as a ratio of the degradation time (Dt) of the specific material to the longest degradation time among the options F4=Dt/Dtmax
	Dimensionless Unit
	Food Packaging 
	[64]

	Material-Specific Efficiency Packaging Indicators (Plastic, Fiber, Glass, Metal)
	Quantitative
	Measure packaging efficiency at company and sector levels by calculating the amount of each primary packaging material (plastic, fiber, glass, metal) used per unit of economic turnover. Sector indicators aggregate these values, weighting each company’s material usage by its turnover share, to provide an overall view of material efficiency across the packaging sector.
	kg/monetary value
	Packaging 
	[65]

	Indicator Group E5: Material Sustainability

	Biodegradability
	Composite
	The ability of a substance to break down into simpler, non-toxic components through natural processes involving microorganisms, such as bacteria or fungi, thus minimizing long-term environmental impact
	Percentage over a specified period (%), CO₂ or O₂ Consumption (mg/g or mL/g), Biological Oxygen Demand (BOD), Half-life (days)
	Chemical & Petrochemical
	[46]

	Material Degradation Time
	Quantitative
	F4 = Dt/(Dt)max​, where: Dt represents the degradation time of the material (in years), (Dt)max​ is the maximum degradation time among the materials being compared, applicable to any product lifecycle
	Dimensionless Ratio
	Food Packaging

	[64]

	Indicator Group E6: Resource Use, Scarcity & Depletion

	Abiotic Depletion Potential (ADP)
	Quantitative
	ADP=∑​(​Qi/Ri​​×CFi​), where: Qi​: Quantity of each resource i used in the production process (e.g., kg or MJ for fossil fuels), Ri: Total known reserves of resource i (in kg or MJ), which represents the resource's availability in the Earth's crust, CFi​: Characterization factor of resource i, which converts the quantity of the resource used into a depletion potential in terms of a reference substance, usually antimony (Sb eq), to normalize scarcity impacts across different resources.
	kg Sb eq (kilograms of antimony equivalent)
	Agri-food, Food
	[52,56,66]

	Fossil Resource Scarcity
	Quantitative
	Fossil Resource Scarcity=∑​(Qi​×EFi​), where: Qi​: Quantity of each fossil resource i used (e.g., kg or MJ), EFi​: Characterization factor for resource i (often measured in kg oil equivalent per unit of Qi​)
	kg oil equivalent (kg oil-eq)
	Food Packaging 
	[64]

	Material Intensity of Use (MIU)
	Quantitative
	MIU= Material Use (mass)/ Economic Output ​, where:
Material Use is the amount of a particular material (often in mass units like tons), Economic Output is typically measured in terms of GDP or another economic indicator
	kg/EU (mass/monetary value)
	Metal, chemical processes, construction materials
	[67]

	Share of Renewable Sources
	Composite
	(Mass or volume of renewable feedstocks​/ Total mass or volume of all feedstocks) × 100
	Percentage (%)
	Chemical & Petrochemical
	[46]

	Total Energy consumption (renewable/non-renewable)
	Quantitative
	Represents the total energy used in the production, operation, or lifecycle of a product, normalized either per unit mass or per individual product.
	kilowatt-hours per kilogram or kilowatt-hours per item (kWh/kg or kWh/item)
	Railway
	[68]

	Land Requirement
	Quantitative
	The total area of land needed to establish, operate, and maintain manufacturing facilities, including spaces for production lines, storage, logistics, waste management, and auxiliary operations
	Square meters per unit of output (m²/unit) or Square meters per production capacity (m²/capacity unit) or Square meters (m²) or hectares (ha)
	Energy 
	[69]

	Indicator Group E7: Toxicity & Eutrophication

	Weighted Hazard Exposure
	Quantitative
	Weighted Hazard Exposure=∑ (​mass of materiali​​/ Permissible Exposure Limit (PEL)i), where: mass of materiali​ is the mass (in kg) of each material i used in the process, PELi is the Permissible Exposure Limit (in ppm) for material i.
	Dimensionless unit
	Chemical and Petrochemical
	[46]

	Ecotoxicity Potential (Fresh Water Aquatic -FAWP, Marine Aquatic-MAEP, Terrestrial-TEP)
	Quantitative
	ETPcompartment​ = ∑Ei​×Fi,compartment​×EFi,compartment​, where: Ei​: Emission quantity of substance i (e.g., kg of emitted chemical), Fi,compartment​: Fate Factor of substance i in the specified compartment (e.g., freshwater, marine water, terrestrial),  EFi,compartment: Factor for ecotoxicity of substance i in the specified compartment.
	kilograms of dichlorobenzene equivalents (kg DCB-eq)
	Agri-food, Food, Machining, Energy, Automotive, Disposable diapers
	[54–56,62,66,70,71]

	Human Toxicity Potential (HTP) (via soil, water, air) (carcinogenic/non-carcinogenic)
	Quantitative
	HTPcompartment​=∑​(Ei​×CFi,compartment​), where:
Ei​: Emission of substance i (e.g., kg or g released per unit of time or activity), CFi,compartment​: Characterization factor for substance i in a given environmental compartment (soil, water, or air), representing the potential impact per unit of emission on human health.
	kilograms of 1,4-dichlorobenzene equivalents
	Machining, Agri-food
	[55,56]

	Eutrophication Potential (EP) (Freshwater (EPFW), Marine (EPM) and Terrestrial (EPT))
	Quantitative
	EP=∑​(mi​×EFi​), where: mi​ is the mass of emitted substance i, EFi​ is the eutrophication characterization factor for substance i, which is specific to the type of eutrophication (marine, freshwater, or terrestrial) and the impact model used.

	kg PO4(3−)​ equivalents or kg N equivalents
	Electrical Equipment & Components,
Agri-food, Food,
Disposable diapers
	[52,56,66,70]

	Indicator Group E8: Water Management

	Biochemical Oxygen Demand (BOD) Grey Water Footprint
	Quantitative
	BOD Grey Water Footprint= BOD load​/(BOD limit−natural BOD concentration), where
BOD Load: The total amount of BOD introduced into the water system, typically measured in units, such as mg of BOD per liter (mg/L) or kg/day. BOD load reflects the concentration of organic matter that, when decomposing, consumes oxygen from the water. High BOD levels indicate more organic pollutants, which means more oxygen is needed for breakdown, BOD Limit: This is the maximum acceptable concentration of BOD in water according to water quality standards, Natural BOD Concentration:
This is the baseline or “natural” concentration of BOD in water bodies.
	L/day (liters per day) or m³/day (cubic meters per day)
	Electronics 
	[72]

	Chemical Oxygen Demand (COD) Grey Water Footprint
	Quantitative
	COD Grey Water Footprint= COD load​/(COD limit−natural COD concentration), where
COD Load: The total amount of COD introduced into the water system, typically measured in kg/day or mg/day.
COD Limit: This is the maximum acceptable concentration of COD in water according to water quality standards. Natural COD Concentration: This is the baseline or “natural” concentration of COD in water bodies.
	L/day (liters per day) or m³/day (cubic meters per day)
	Electronics 
	[72]

	Suspended Solids (SS) Grey Water Footprint
	Quantitative
	SS Grey Water Footprint=SSload/(SSlimit−natural SSconcentration), where: SS Load: This is the total amount of suspended solids introduced into the water system, typically measured in units such as mg/L or kg/day. The SS load represents the concentration of particulate matter (such as soil, silt, organic and inorganic particles) in the water, SS Limit: The maximum acceptable concentration of suspended solids in the water, as defined by water quality standards, Natural SS Concentration: This is the baseline or “natural” concentration of suspended solids in water bodies, representing typical background levels without additional pollution.
	cubic meters per day (m³/day)
	Electronics 
	[72]

	Total Volume of Wastewater Treated
	Quantitative
	Measures the quantity of wastewater processed in a treatment system to reduce pollutants and contaminants
	cubic meters per year (m³/year)
	Energy and Plastics 
	[22]

	Volume of Water Recycled and Reused
	Quantitative
	(Volume of water recycled or reused/Total water used)​×100
	Percentage (%)
	Energy and Plastics 
	[22]

	Water Footprint (WF)
	Quantitative
	Blue Water Footprint: Refers to the volume of surface and groundwater consumed, calculated as: Blue Water Footprint = Blue Water Evaporation + Blue Water Incorporation + Lost Return Flow (volume/time), 
Green Water Footprint: Refers to the volume of rainwater stored in the soil that is consumed, expressed as: Green Water Footprint = Green Water Evaporation + Green Water Incorporation (volume/time), 
Gray Water Footprint: Refers to the volume of freshwater needed to dilute pollutants, based on existing water quality standards, calculated as: Gray Water Footprint=L/(Cmax−Cnat)
	cubic meters (m³)
	Electronics 
	[72]



Table A3: Categorization of Social Sustainability Indicators: Types and Definitions
	Social Sustainability Indicator 
	Indicator Type
	Definition/ Description
	Measurement Unit
	Manufacturing Sector(s) from reference(s)
	Reference(s)

	Indicator Group S0: Employment Practices

	Job Creation & Qualification
	Quantitative
	Employment opportunities created in a circular economy, emphasizing both quantity and quality, including the development of skilled jobs and addressing the risk of insecure, exploitative roles
	Number of jobs created
	Textile & Fashion
	[73]

	Formalized work
	Quantitative
	Employment agreements that adhere to legal standards, ensuring workers have formal contracts and benefits, reducing risks of informal labor and increasing traceability in the workforce
	Percentage of formal contracts; Number of workers under legal agreements
	Textile & Fashion
	[73]

	Inclusive Employment Practices
	Quantitative
	Practices aimed at increasing diversity in hiring, including employment of women, migrants, individuals with disabilities, and those in vulnerable situations, ensuring equity across all levels of employment
	Percentage of diverse hires (e.g., women, migrants, etc.); Diversity index
	Textile & Fashion, General
	[73,74]

	Social security
	Quantitative
	Coverage provided to workers through formal systems ensuring access to basic needs during periods of unemployment, illness, or retirement
	Percentage of workers covered
	Various manufacturing sectors, Electronics Manufacturing, Chemical Manufacturing
	[75,76]

	Equal pay 
	Quantitative
	Guaranteeing equal compensation for all workers, irrespective of gender, race, ethnicity, disability, or other personal characteristics, ensuring pay equity across roles and responsibilities
	Gender pay gap; Percentage of roles with pay parity
	Textile & Fashion
	[73]

	Equal Leadership Opportunities
	Quantitative
	Ensuring women, migrants, people of different races and ethnicities, people in social vulnerability situations, people with disabilities, and LGBTQIA+ individuals are represented in tactical and strategic positions and leadership
	Percentage of underrepresented groups in leadership positions; Representation index for tactical/strategic roles
	Textile & Fashion, Electronics Manufacturing, Chemical Manufacturing
	[73,76]

	Educational Background of Persons Employed 
	Quantitative
	Tracks the education levels (vocational, university, etc.) of employees
	Number of employees by education level
	General
	[77]

	Subsidized Employment of Vulnerable Groups
	Quantitative
	Measures the proportion of employment opportunities specifically created for vulnerable or disadvantaged groups (e.g., long-term unemployed, disabled workers, refugees, and marginalized communities) through government, NGO, or corporate subsidies.
	Percentage of subsidized employees
	General
	[77]

	Encouragement of Local Labor
	Semi-Quantitative
	Evaluates the extent to which companies prioritize hiring from the local community, supporting regional economies and reducing economic disparities. It assesses both direct employment policies and indirect incentives for subcontractors to hire locally.
	Scored numerically based on a response scale (e.g., Scale: None, Low, Moderate, High, Very High)
	Textile & Fashion
	[73]

	Career Plan Programs for Workers
	Semi-Quantitative
	Evaluates the presence and effectiveness of structured career development pathways, including mentorship, promotion tracks, leadership programs, and succession planning. This indicator reflects an organization's commitment to long-term employee growth and retention.
	Scored numerically based on a response scale (Yes/No, or Scale: None to Extensive)
	Textile & Fashion
	[73]

	Qualification/Requalification of workers in the value chain to develop new specialties and skills
	Semi-Quantitative
	Tracks investment in reskilling and upskilling initiatives designed to prepare workers for new technologies, evolving industry needs, and emerging job roles. This includes certification programs, workforce adaptation strategies, and skill conversion efforts to ensure long-term employability and competitiveness.
	Scored numerically based on a response scale (Scale: None to High investment)
	Textile & Fashion
	[73]

	Training
	Semi-Quantitative
	Measures the frequency and availability of job-related training programs that help workers improve their current skills and maintain operational efficiency. Unlike requalification, this indicator tracks routine training on existing job functions rather than skill transformation.
	Scored numerically based on a response scale (Scale: None to Frequent training programs)
	Various Manufacturing Sectors
	[75]

	Indicator Group S1: Labour Standards & Workplace Conditions

	Working hour control measures
	Quantitative
	Policies to regulate and monitor working hours, preventing excessive workloads and ensuring compliance with labor standards for a healthy work-life balance
	Average weekly hours worked per employee; Percentage compliance with legal working hour limits
	Textile & Fashion, Electronics Manufacturing, Chemical Manufacturing, Food Manufacturing, Automotive manufacturing, Home Appliance Manufacturing, Leather Industry 
	[73,76,78–80]

	Cognitive parameters (Mental Workload & Cognitive Impact)
	Quantitative
	Mental Workload, Reaction Time, Concentration Levels, Stress Levels
	Subjective rating (e.g., NASA-TLX), Seconds (s), Percentage (%)/Index, Cortisol level (ng/mL)
	Woodworking, General
	[81,82]

	Ergonomics and Physical Parameters (Musculoskeletal & Physical Workload)
	Quantitative
	Posture, Force Exertion, Repetition Rate, Reach Zones, Energy Expenditure, Dust Exposure, Tool Accessibility, Recovery Time
	Angles (°), Newton (N), Cycles per minute (cpm), Distance (cm), Kilocalories (kcal)/Oxygen Consumption (mL/min), Dust concentration (mg/m³), Position accuracy (mm), Minutes (min)
	Woodworking, General, Automotive manufacturing, Home Appliance Manufacturing, Leather Industry
	[79,81,82]

	Psycho-physical Interaction Parameters
	Quantitative
	Heat Stress, Noise Exposure, Lighting, Vibration
	Wet Bulb Globe Temperature (°C), Decibels dB, Lux lx, Acceleration m/s²
	Woodworking, Automotive manufacturing, Home Appliance Manufacturing, Leather Industry
	[79,81]

	Policies against harassment and abuse
	Semi-Quantitative
	Existence and enforcement of anti-harassment policies
	Scored numerically based on a response scale (Yes/No, or Strength Scale: Weak to Strong)
	Textile & Fashion
	[73]

	Worker Satisfaction
	Semi-Quantitative
	Employee satisfaction level based on surveys
	Scored numerically based on a response scale (Scale: -5 to +5, or Satisfaction % index)
	Various Manufacturing Sectors
	[75]

	Indicator Group S2: Fair Compensation & Benefits

	Pay Levels 
	Quantitative
	Evaluates the median monthly salary of employees
	Median monthly salary (€)
	General, Electronics Manufacturing, Chemical Manufacturing
	[73,76,77,80]

	Living Wage Compliance
	Quantitative
	Providing wages that meet or exceed a middle-class living standard, ensuring economic security, personal autonomy, and career growth opportunities for workers
	Average wage vs. living wage benchmark; Percentage of employees earning above the living wage
	Textile & Fashion
	[73]

	Workers’ benefits (e.g., transport, food, health, etc.)
	Quantitative
	Provision of essential benefits such as transportation, food, and healthcare to support workers' overall well-being
	Percentage of employees receiving essential benefits
	Textile & Fashion
	[73]

	Additional workers benefit (e.g., bonuses, profit sharing, etc.)
	Quantitative
	Offering supplementary benefits, including bonuses and profit-sharing schemes, to enhance worker satisfaction and motivation beyond the basic salary
	Percentage of employees receiving additional benefits; Value of bonuses/profit-sharing as a percentage of salary
	Textile & Fashion
	[73]

	Indicator Group S3: Ethical Practices

	Child Labour
	Quantitative
	The use of children (under the legal working age) in economic activities that may hinder their education, health, and development
	Number of children involved; percentage of total labor force
	General, Electronics Manufacturing, Chemical Manufacturing
	[76,83,84]

	Forced or Compulsory Labour
	Quantitative
	Work or services that individuals are compelled to perform against their will, under threat of penalty or harm, often without adequate compensation
	Number of cases reported; percentage of workforce affected
	General, Electronics Manufacturing, Chemical Manufacturing
	[76,84]

	Ethical Sourcing & Supplier Responsibility
	Semi-Quantitative
	A set of questions related to suppliers, including social responsibility, employee human rights, contract issues, health, safety, education, and training
	Scored numerically based on responses (e.g., Yes/No/Not Known, -5 to +5 scale)
	Process Industry, Metal manufacturing
	[85–87]

	Freedom of association and collective bargaining
	Quantitative
	Measures the extent to which workers have the right to form and join labor unions, participate in collective bargaining, and engage in worker representation without fear of retaliation.
	% of workers covered by collective agreements
	Textile & Fashion
	[73]

	Indicator Group S4: Health & Safety

	Work-related injuries
	Quantitative
	Physical harm sustained by workers due to workplace activities, regardless of the cause (accident or repetitive strain), potentially impacting their health or ability to work
	Number of injuries/year
	Various manufacturing sectors
	[75]

	Work accidents
	Quantitative
	Unplanned events occurring in the workplace that may or may not result in injury, including near-misses and unsafe incidents.
	Number of accidents/year
	Various manufacturing sectors
	[75,88]

	Personal protective equipment (PPE)
	Quantitative
	Equipment worn by workers to minimize exposure to occupational hazards that could cause injury or illness
	Percentage of workers using PPE
	Various manufacturing sectors, Metallurgical Manufacturing
	[75,89]

	Lost workdays
	Quantitative
	Days of work missed by workers due to injuries, accidents, or illnesses occurring as a result of workplace activities
	Days lost/year
	Various manufacturing sectors
	[75,88]

	Workplace safety control
	Quantitative
	Implementation of safety protocols and regular monitoring to prevent workplace accidents and ensure the health and well-being of all workers in the production chain
	Number of accidents/incidents reported; Compliance rate with safety standards
	Textile & Fashion, Automotive manufacturing, Home Appliance Manufacturing, Leather Industry
	[73,79]

	Indicator Group S5: Governance & Reporting

	Reporting Indicator
	Semi-quantitative
	Covers CSR and local community matters, including the extent and quality of policies, standards, compliance programs, third-party certification and auditing, transparency in reporting activities, and proactive communication (e.g., risk communication and change policies)
	Scored numerically based on responses to qualitative and quantitative aspects (e.g., -5 to +5 scale).
	Process Industry, Metal Manufacturing
	[85–87]

	Location Indicator
	Semi-quantitative
	Encompasses governance dimensions such as voice and accountability, political stability, government effectiveness, regulatory quality, rule of law, and control of corruption, supporting cross-country comparisons and trend evaluations
	Reported in standard normal units (-2.5 to 2.5) and percentile rank (0 to 100)
	Process Industry, Metal Manufacturing
	[85–87]

	Indicator Group S6: Impacts on Society

	Number of Workplaces and Personnel in CE Industries
	Quantitative
	Monitors the total number of workplaces and employees in CE industries, reflecting sector growth and economic contribution
	Count of workplaces and employees
	General
	[77]

	Consumer Health & Safety
	Semi-Quantitative
	Evaluates the extent to which a company ensures that its products and manufacturing processes do not pose health or safety risks to consumers. This includes compliance with health and safety regulations, use of non-toxic materials, adherence to product safety standards, and implementation of quality control measures. It also considers product recalls, reported safety incidents, and the presence of consumer protection policies.
	Scored numerically based on response scale (Scale: No Safeguards to Strong Safeguards) 
	General
	[84]

	Relationship and actions with local communities
	Semi-Quantitative
	Assesses the extent and nature of a company's engagement with local communities, focusing on corporate initiatives that support social development, economic growth, and environmental well-being (e.g., partnerships with local organizations, investment in community projects)
	Scored numerically based on response scale (Scale: No Engagement to Active Programs)
	Textile & Fashion
	[73]

	Opportunities to situate facilities improving future residents' lives
	Semi-Quantitative
	Evaluates the extent to which companies consider social and economic benefits when selecting locations for new facilities.
	Scored numerically based on response scale (Scale: No Consideration to Strong Integration)
	Industrial Material Manufacturing
	[90]

	Potential to attract government attention to ongoing community needs
	Semi-Quantitative
	Measures the company's influence in drawing government attention to pressing local community issues, encouraging policy changes, and securing public support for infrastructure or social development programs. 
	Scored numerically based on response scale (Scale: None to Strong Policy Influence)
	Industrial Material Manufacturing 
	[90]

	Fair Trading Relationships
	Semi-Quantitative
	Examines a company's commitment to ethical business practices, particularly in supplier and customer relationships.
	Scored numerically based on response scale (Scale: Not Considered to Fully Implemented)
	General
	[84]

	Philanthropy
	Semi-Quantitative
	Assesses the extent to which a company engages in philanthropic activities, including charitable donations, CSR programs, and employee volunteerism. This indicator captures both financial contributions and non-monetary efforts to support social and environmental causes.
	Scored numerically based on response scale (Scale: None to High Contribution)
	General
	[91]
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