Supplementary materials
Text A: Establishing the circularity level system
Text-A1 Establishment of a circularity classification for industrial waste management
A total of nine circularity classes were formulated (Table S1). Class 1 is most favourable in terms of sustainability, and class 9 is least favourable.
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Text-A2 Identification of circular economy criteria and sustainability preferences
Circular economy (CE) is a general term with different definitions depending on the application. For waste management, the European Commission has adopted a “waste hierarchy” which ranks waste management options from most to least preferred in the order of “prevention”, “minimization”, “reuse”, “recycling”, “energy recovery” and “disposal” (EC, 2008). The Chinese Circular Economy Promotion Law (China, 2008) defined CE as “the reduce, reuse and recycle activities conducted during production, circulation and consumption”. The Ellen MacArthur Foundation advocates CE value creation through “the inner circle”, “circling longer”, “cascaded use” and “pure input” for (EMF, 2014). The McKinsey Center introduced the ReSOLVE framework of “Regenerate”, “Share”, “Optimise”, “Loop”, “Virtualize” and “Exchange” as actions for circular transition (McKinsey, 2016). Kirchherr et al. (2017) reviewed 114 definitions of CE and concluded that the most common elements are “reduce”, “reuse”, “recycle”, “system perspective” and “economic perspective”.
The above CE definitions were recategorized into environmental, economic and social perspectives, and the following key elements were identified. 
(1) Environmental: the ecological efficiency of the treatment process used. From the perspective of natural resource circulation, the ranking from most to least favourable is “return to the original resource”, “transform into material”, “transform into energy” and “return to biosphere”.
(2) Economic: the economic value of the resource from both absolute and relative perspectives. The absolute economic value refers to the market demand and is assessed based on whether the waste generated has a positive or negative market value. A positive value indicates that the waste producer received money for providing the waste for treatment, and a negative value indicates that the waste producer needs to pay for the waste to be treated. The relative value refers to the economic value after the treatment process. CE encourages the “upcycling” of waste for higher economic value and discourages “downcycling” due to its relatively low market value. 
(3) Social: optimizing resource intensity by keeping the resource within society for as long as possible, measured by the number of loops enabled within the recycling process.
[bookmark: _Hlk113530832]The identified key CE factors and respective sustainability preferences are shown in Table S2. 

Text-A3 Quantification of recycling circularity
The procedure for assigning the circularity level is as follows. 
(1) Inventory of recycling processes: the list of all industrial waste treatment processes is obtained from the waste statistics. The basic data should include the quantity of waste generated by various sectors and the respective treatment methods. Additional information such as the sector, spatial location and treatment cost is useful for additional analysis. 
(2) Pairing recycling process with circularity classes: the inventory of the recycling processes is paired with the circularity classes established in Table 3. Depending on data availability, all nine circularity classes should be matched with relevant treatment processes for optimum assessment.
(3) Assigning the circularity level: the circularity level provides an indication of the relative sustainability preference of the paired recycling processes. The lowest circularity level of 1 is assigned to the least preferred circularity class followed by level 2 to the next least preferred circularity class until all paired circularity classes are assigned a circularity level. For example, when recycling processes are paired with all nine circularity classes, nine circularity levels are adopted with the least preferred as level 1. The list of parameters used to calculate recycling circularity and circularity performance are shown in Table S3.


Text B: System boundaries
The European Union adopted a set of 10 indicators to monitor the transition towards a circular economy[footnoteRef:1]. The indicators are grouped into four stages intended to cover the entire life cycle of a resource: (1) production and consumption, (2) waste management, (3) secondary raw material and (4) competitiveness and innovation. The circularity indicator in this study is used to examine how waste resources are treated to allow further resource circulation that takes place at the waste management stage. Waste minimization, which is also an important aspect of a circular economy, is not included in this research as it takes place during the production and consumption stage.  [1:  https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A52018DC0029 ] 



Text C: Industry classification and sector codes 
[bookmark: _Hlk127961118][bookmark: _Hlk127961090]This study follows the 11th revision of the “Statistical Classification of Industries”, the latest industry classification from the Taiwanese Directorate General of Budget, Accounting & Statistics released in January 2021[footnoteRef:2]. The classification was established based on the United Nation’s “International Standard Industrial Classification for all economic activities”[footnoteRef:3] and is revised every five years with survey data from the annual Industry, Commerce and Service Census.  [2:  https://eng.stat.gov.tw/News_Content.aspx?n=2597&s=224515 ]  [3:  https://unstats.un.org/unsd/publication/seriesM/seriesm_4rev4e.pdf ] 

The statistical classification of industries consists of four tiers. The tabulation categories, identified by letters, are called “sections”; the 2-digit categories, “divisions”; the 3-digit categories, “groups” and the 4-digit categories, “classes”. The medical industry is referred to as Human Health and Social Work Activities” the “under Section Q of the statistical classification of industries from division 86 to 88 and is further divided into 7 groups and 13 classes. Calculations for this research were performed for class 8610 (hospital activities) and 8620 (clinic activities) and excluding the remaining classes. 


Text D: Waste Characterization
The circularity potential of industrial waste is largely influenced by the characteristics of the waste generated which differs across sectors. Studies have highlighted the influenced of the toxic, infectious and hazardous nature of medical waste to the relative low recycling rate despite the high percentage of non-hazardous and potentially recyclable medical waste. The Taiwan “waste disposal act” classify industrial waste into “hazardous industrial waste” and “general industrial waste”. Hazardous industrial waste refers to the waste produced by industry that is toxic or dangerous with the concentration or quantity is sufficient to affect human health or pollute the environmental. General industrial waste refers to waste produced by industry that is not hazardous industrial waste. For this study, medical waste is classified according to TEPA’s waste code into the 4 categories of “hazardous industrial waste”, “biomedical infectious waste”, “general industrial waste’ and “recyclable waste” as shown in the Table S5 below. 

Text E: Circularity class pairing
The first step in the quantification of recycling circularity is to determine the circularity levels to be used for evaluation by pairing the inventory of recycling processes (as shown in Table S4) with the classification of circularity. 
In this case study, the 20 recycling processes present in the waste statistics were matched to seven out of nine circularity classes. The results are shown in the Table S6 below. Additional information on recycling cost and the state of the material when being recycled was required to further pair recycling processes to the two remaining circularity classes. 
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Table S1 Classification of circularity
	Environmental (hierarchy)
	Economic (value)
	Social (loop)
	Circularity class
	Definition

	Returned to the original material
	Derived product
	Energy source
	Returned to the biosphere
	Absolute value
(+/ -)*
	Value of the derived product
	No. of loops
	Re-entering the loop
	
	

	X
	
	
	
	positive
	same
	unlimited
	Yes
	1
	Unlimited recycling as raw material in the original form

	X
	
	
	
	positive
	decrease
	multiple
	Yes
	2
	Multiple recycling as raw material in the original form

	X
	
	
	
	positive
	decrease
	multiple
	Yes
	3
	Multiple recycling as raw material in different forms

	
	X
	
	
	positive
	higher
	single
	Yes
	4
	Single recycling as an additive with a higher market value (upcycling) and the potential for further recycling 

	
	X
	
	
	positive
	lower 
	single
	Yes
	5
	Single recycling as an additive with a lower market value (downcycling) and the potential for further recycling 

	
	X
	
	
	positive
	lower
	single
	No
	6
	Single recycling as an additive with a lower market value (downcycling) and no potential for further recycling

	
	
	X
	
	negative
	decrease
	single
	No
	7
	Single recycling as an energy source with no potential to be reused and a negative market value

	
	
	
	X
	negative
	decrease
	single
	No
	8
	Single recycling returned to the biosphere with no potential to be reused and a negative market value

	
	
	
	X
	negative
	-
	single
	No
	9
	Direct return to the biosphere without treatment and a negative market value


* positive absolute value indicates that the waste generator sells the waste generated for recycling 
** negative absolute value indicates that the waste generator needs to pay for the waste to be recycled
*** relative value of the derived product (upcycling/downcycling)
**** number of loops
A-4
Table S2 Key CE factors and sustainability preferences
	Sustainability aspect
	CE factor
	Sustainability
preference
	Definition

	Environmental (waste hierarchy)
	Return to the original resource
	Preference in descending CE factor column order
	The waste resource is returned to the original form

	
	Recycle as material used for new products
	
	The waste resource is used as material for new products

	
	Recycle as an energy source
	
	This waste resource is used as an energy source

	
	Return to the biosphere
	
	The waste resource is reused through its return to the biosphere

	Economic (value)
	Absolute value (+/−)
	Preference for a positive absolute value over a negative absolute value
	A positive absolute economic value indicates that the waste is sold and shows market demand

A negative absolute economic value indicates that the waste generator pays for the waste to be treated and there is less market demand

	
	Relative value
	Preference for higher economic value
	The value of the derived product that undergoes the same treatment process

	Social (loops)
	Number of loops
	Preference for a higher number of loops
	The higher the number of loops, the higher the resource intensity




Table S3 Definitions and equations of parameters
	No.
	Term
	Unit
	Definitions and equations

	1
	Total waste generated (WTG)
	Tonnes
	Refers to the amount of waste generated by a particular manufacturing sector under circularity level n.
WTG = W1 + W2 + W3 + … + Wn
n ranges from 1 to the number of circularity levels used. 

	2
	Total recycled waste (WTR)
	Tonnes
	Refers to the waste resources generated by the manufacturing sector that are recycled. Total recycled waste (WTR) is the sum of all recycled waste under circularity level n.
WTR = WR1 + WR2  + WR3 + …+ WRn
n ranges from 1 to the number of circularity levels used.

	3
	Recycling rate (R)
	Percentage
	The recycling rate is the proportion of recycled waste among total waste generated.
R = WTR / WTG × 100%

	4
	Circularity level score
	Unitless
	Refers to the product of the assigned circularity level and the weight of the recycled waste. 
CLn = n × WRn
n is the assigned circularity level of the recycling process. The unit of circularity level is (1/tonne)

	5
	Cumulative circularity level score (CT)
	Unitless
	Refers to the sum of all circularity level scores for all circularity levels assigned. 
CT = CL1 + CL2 + CL3 + …+ CLn

	6
	Recycling circularity (RC)
	Percentage
	Refers to the average circularity score as an indicator of relative circularity efficiency with respect to the target of concern (sector, city, waste type, etc.). This parameter is calculated by dividing the cumulative circularity level score by the total weight of the waste generated.
RC = CT / WTG × 100%

	7
	Circularity performance (CP) 
	Percentage
	Refers to the overall circularity of all industrial waste generated. It is the product of the recycling rate and recycling circularity.
CP = R × RC

	8
	Base Year Correction Factor (CF)
	Unitless
	Refers to the ratio of waste generation in the assessment year to the base year. It is calculated by dividing the total waste generation in year n + x by the total waste generation in year n, where year n is the base year and x is the no. of years after year n.
CFn+x = WTRn+ x / WTRn

	9
	Dynamic Circularity performance (DCP)
	Percentage
	Refers to the base year corrected circularity performance converting the circularity performance from nominal to real number. It is the product of CPn+x and CFn+x, where year n is the base year and x is the no. of years after year n.
RCP n+x = CPn+x × CFn+x,






Table S4 Treatment process codes
	Category
	[bookmark: _Hlk92121202]Code
	Name
	Description

	Recycling and reuse
	R01
	Recycling of waste through channels certified by the waste fund management board
	Recycling of listed recyclable waste announced by the waste recycling fund management board through certified channels

	
	R02
	Recycling of waste as raw material
	Used as a raw material of a product

	
	R03
	Recycling of waste as an ingredient or additive
	Used as a material or additive for other purposes (such as graded aggregates)

	
	R04
	Recycling of waste as fuel
	Used as a material for energy generation through combustion

	
	R05
	Recycling of waste as feedstock
	Used as direct animal feedstock

	
	R06
	Recycling of waste as fertilizer
	Used as a nutrient for cultivating plants

	
	R07
	Recycling of waste as an engineering filling material
	Used as filling material for engineering purposes

	
	R08
	Recycling of waste for improvement of land (soil) quality
	Improved quality of land (soil) through the recycled waste

	
	R09
	Recycling of waste as reusable land 
	The transformation of land unfit for farming into land that can be used for farming

	
	R10
	Recycling of waste for land reclamation
	The transformation of land unfit for farming into land that can be used for farming through scientific methods

	
	R99
	Recycling for other purposes
	Reuse in applications recognized by other competent central authorities

	Reuse of renewable resources
	G01
	Reuse of renewable resources
	Direct reuse of a renewable resource without changing the state of the original material, or use after restoring the original function or part of the function through appropriate procedures

	
	G02
	Reuse of renewable resources as raw material
	Used as raw material for making products

	
	G03
	Reuse of renewable resources as material 
	Used as a material or an additive for other purposes (such as graded aggregates)

	
	G04
	Reuse of renewable resources as fuel
	Used as a material for energy generation through combustion

	
	G05
	Reuse of renewable resources as feedstock
	Used as direct animal feedstock

	
	G06
	Reuse of renewable resources as fertilizer
	Used as nutrients for cultivating plants

	
	G07
	Reuse of renewable resources as filling material
	Used as filling material for engineering purposes

	
	G08
	Reuse of renewable resources for soil remediation
	Soil quality improvement through the use of renewable resources

	
	G99
	Reuse of renewable resources for other purposes
	


Source: Taiwan Environmental Protection Administration, 2021, “Waste and renewable resources code” https://waste1.epa.gov.tw/NMS40/_res/FileLoad.ashx?i=E28B60160D56F706 


Table S5 Waste characterization result
	Waste Category
	Definition
	Taiwan EPA Waste Code

	Hazardous industrial waste (excluding biomedical waste)
	Includes Manufactured hazardous industrial waste and scrap metal
	Class B and C wastes (excluding C-05)

	Biomedical and infectious waste
	refers to waste produced in the course of medical treatment, medical testing, autopsies, quarantine inspections, research, or the manufacture of chemical agents or biological materials by medical treatment organizations, medical testing institutions, medical laboratories, industrial and research organization laboratories of biological safety grade two or above, or laboratories engaged in genetic or bio-technological research.
	Class C-05

	General waste
	Waste produced by industry that is not hazardous industrial waste
	Class D

	Recyclable waste
	Recyclable and reusable waste
	Class R





Table S6 Circularity class pairing result
	Circularity class
	Circularity level
	Treatment code
	Definition

	C1
	CL7
	G01, R01
	Unlimited recycling as raw material in original form

	C2
	CL6
	R02
	Multiple recycling as raw material in original form

	C3
	
	R02
	Multiple recycling as raw materials in different forms (upcycling)

	C4
	
	R02
	Multiple recycling as raw materials in different forms with a higher market value (upcycling)

	C5
	CL5
	R03
	Single recycling as additives of other products

	C6
	CL4
	R04
	Single recycling as an energy source with no potential to be reused and a negative market value

	C7
	CL3
	R05, R06
	Single recycling returned to the biosphere with no potential to be reused and a negative market value

	C8
	CL2
	R07,
	Direct return to the biosphere without treatment and a negative market value

	C9
	CL1
	R08, R09, R10, R99
	Single recycling as an energy source with no potential to be reused and a negative market value



