Measuring the economic contribution of the bioeconomy and circular economy
Appendix A
Bioeconomy Industries and Activities in this Study 
Table A1. Southern Arizona bioeconomy Industries with corresponding NAICS and sector codes
	IMPLAN Sectors
	NAICS Codes
	NAICS Code Description

	Production of Biological Resources

	1-10
	111
	Crop production

	11-14
	112
	Animal Production and Aquaculture

	15-16
	113
	Forestry and Logging

	17-18
	114
	Fishing, Hunting, and Trapping

	19
	115
	Support Activities for Agriculture & Forestry

	Processing of Biological Resources

	63-103
	311
	Food Manufacturing

	104-109
	312
	Beverage and Tobacco Product Manufacturing

	110-116
	313
	Textile Mills

	129
	3161
	Leather and Hide Tanning and Finishing

	   Bioenergy / Industrial

	45
	221117
	Biomass Electric Power Generation

	163
	32519
	Other Basic Organic Chemical Manufacturing

	167*
	325311*
	Nitrogenous fertilizer manufacturing**

	168*
	325312*
	Phosphatic fertilizer manufacturing**

	169*
	325314*
	Fertilizer (mixing only) manufacturing**

	
	325315
	Compost manufacturing 

	170*
	32532*
	Pesticide and other agricultural chemical manufacturing**

	Health Biosciences 

	[bookmark: _Hlk115869269]171
	325411
	Medicinal and Botanical Manufacturing 

	172
	325412
	Pharmaceutical Preparation Manufacturing

	173
	325413
	In-vitro Diagnostic Substance Manufacturing

	174
	325414
	Biological Product (except diagnostic) Manufacturing

	311
	334510
	Electro-medical and Electrotherapeutic Apparatus Manufacturing

	317
	334516
	Analytical Laboratory Instrument Manufacturing

	318
	334517
	Irradiation Apparatus Manufacturing

	376
	339112
	Surgical and Medical Instrument Manufacturing

	Bio-based Private Sector Research and Development

	464*
	541714
	Research and Development in Biotechnology (except Nano-biotechnology)

	464*
	541715*
	[bookmark: _Hlk115864442]Research and Development in the Physical, Engineering, and Life Sciences (except Nanotechnology and Biotechnology)**


* indicates mixed industries – those with a portion of economic activity within the bioeconomy
** Although these are mixed sectors, all their activities are included in our estimates of the contribution of the bioeconomy


For the Processing of Biological Resources, we included Food Manufacturing, Beverage and Tobacco Product Manufacturing, Textile Mills, and Leather and Hide Tanning and finishing sectors in their entirety. These sectors have scope for near-future transformations based on life science innovations. One example is fabric made from biosynthetic spider silk. Another is “cellular agriculture” or “lab-grown meats,” which uses “animal cell culture technology to grow animal tissue directly from animal cells, rather than from a live animal” (Saavoss, 2019).  
Also included is Biomass Electric Power Generation (IMPLAN 45; NAICS 221117), which includes operations that produce electricity using biomass (e.g., wood, waste, alcohol fuels) for supply to electric power transmission or distribution systems. Other Basic Organic Chemical Manufacturing (IMPLAN 163; NAICS 32519) includes ethanol and biodiesel fuel production as well as gum and wood chemical manufacturing.  This technically is a “mixed sector” as products are also produced using petroleum-based feedstocks. We nevertheless include data from this sector in its entirety on our analysis. Some EU studies also include wood products (including furniture) and paper products (Lier et al., 2018).  Golden et al. (2015), Daystar et al., (2019), Golden et al. (2023) include paper products and wood-base manufacturing (e.g. kitchen cabinets). We do not include these, as these industries (at present) are farther removed from emerging innovations in biological sciences.
Finally, this subsection includes industries that manufacture pesticides, fertilizer, and other agricultural chemicals (IMPLAN 167-170; NAICS 3253). Activities under this NAICS code include fossil-fuel and inorganic chemical-based production, which is usually not associated with the bioeconomy (or circularity). Yet it also includes bio-based processes (some of which also exhibit aspects of circularity). Nitrogenous fertilizer manufacturing (IMPLAN 167; NAICS 325311) includes natural organic fertilizers, which includes bone meal (usually from cattle), blood meal (from slaughterhouses), feather meal (from poultry), fish emulsion, and manure-based fertilizers. Fertilizer mixing (IMPLAN 169; NAICS 325315) includes compost manufacturing and sewage and animal waste compost manufacturing. Pesticide and other agricultural chemical manufacturing ((IMPLAN 170; NAICS 325320) includes several biopesticides, which are derived from animals, plants, and bacteria (U.S. EPA, 2023). These include foliar Bt spray products, pyrethrin insecticides (derived from Chrysanthemum cinerariifolium), nicotine insecticides (derived from tobacco plants), xanthone insecticides (derived from Garcinia and Harungana and other plants), and rotenone insecticides (derived from some leguminous plants (such as Derris, Lonchocarpus, and Tephrosia), and other botanical insecticides (derived from plants). Biobased herbicides include pelargonic acid (derived from geraniums), citric acid (found in citrus fruits), acetic acid (found in vinegar), clove and lemongrass oils, corn gluten meal (used as a pre-emergent herbicide for lawns and gardens), and allelopathic plant extracts (derived from sorghum, mustard, walnut or other plants to suppress weed growth).
These agricultural input industries were not included in the NASEM bioeconomy landscape and are often excluded in EU studies (e.g. Ronzon et al., 2017; Ronzon and M’Barek, 2018).  Yet the entire chemical industry is often included. Lier et al. (2018) conducted a survey of ministries from EU member states tasked with monitoring the performance of the bioeconomy or developing bioeconomy strategies. Of twelve responding ministries, four (Finland, Italy, Spain, and Turkey) reported that they included the chemical industry in its entirety (including agricultural chemicals) as completely within the bioeconomy. Lier et al. (2019) further reported that of 27 studies surveyed in the EU, 13 treated the entire chemical industry (including agricultural chemicals) as entirely within the bioeconomy.  In addition, fertilizer and agricultural chemical manufacturing is included in the "Bioscience" industry in the Southern Arizona Bioscience Roadmap (Battelle, 2002). They call this the “Agricultural Feedstock and Chemicals” subsector that applies "life science knowledge and biotechnologies to the processing of agricultural goods and production of organic and agricultural chemicals." Further, the development of genetically modified crops with Plant-Incorporated Protectants (PIPs), pesticidal substances made by the plants themselves and herbicide-resistant crop varieties blurs the distinction between biotech/seed industry and the agricultural chemical industry. Further, even if fertilizer and agricultural chemical production is excluded from direct effects in economic contribution analysis, they would be captured in total contributions estimates via indirect multiplier effects.  
Industries that use biological products and processes for health-related outcomes are also included in the bioeconomy in this study. This approach follows the NASEM (2020) bioeconomy report. This component includes industries that are involved in developing medicines, pharmaceutical products, diagnostic substances and products, as well as industries that are involved in producing equipment and instruments necessary to engage in medical diagnostic, evaluation, or treatment processes. 
[bookmark: _Hlk125959575]Industries that manufacture medicinal and pharmaceutical products (NAICS 3254) prepare uncompounded medicinal chemicals, grading, grinding, and milling botanical drugs and herbs, manufacturing pharmaceutical products such as tablets, capsules, or solutions, manufacturing substances for diagnostic tests, or manufacturing other biological products such as vaccines (U.S. Census Bureau, 2017). Soejarto and Farnsworth (1989) estimated that roughly a quarter of prescription drugs contained some natural products, derived from plants and animals. In addition to providing raw materials for pharmaceuticals, natural products provide information for pharmaceutical development. Semi-synthesis isolates large, complex molecules from plants, animals, or bacteria to serve as building blocks to produce a wide range of medicines (Nicolaou, et al., 1996). The molecular structures of natural products serve as blueprints or as leads in developing compounds (Frisvold, 2023). Of the 1,394 small-molecule approved drugs worldwide from 1981 to 2019, 6% were natural products or natural product botanicals, 28% were derived from a natural product (often relying on semi-synthesis), and 31% were “natural product mimics” produced via total synthesis but whose molecular framework came from a natural product (Newman and Cragg, 2020). 
[bookmark: _Hlk125959598]Industries that enable research, medical diagnostic, evaluation, or treatment processes through the manufacturing of medical devices and equipment is also included within the bioeconomy. More specifically, these manufacturing industries include electromedical and electrotherapeutic apparatus manufacturing (NAICS 334510), analytical laboratory instrument manufacturing (NAICS 334516), irradiation apparatus manufacturing (NAICS 334517), and surgical and medical instrument manufacturing (NAICS 339112).  The NASEM report includes these industries noting “Some medical devices require the extensive use of newly developed biotechnologies and the most current biological research ... Because all medical devices have life science R&D in their life cycle, their inclusion in the bioeconomy is warranted.” 
Medical devices and equipment are also grouped with biotechnology and other biological innovations in U.S. policies. The America Invents Act of 2011 (P.L. 112-29) groups medical devices with biotechnology and advanced manufacturing initiatives to speed the patent granting process. The U.S. inter-agency Coordinated Framework for the Regulation of Biotechnology addresses “The manufacture by the newer technologies [i.e., genetic engineering] of food, the development of new drugs, medical devices, biologics for humans and animals, and pesticides” together (OSTP, 1986). The Food and Drug Administration (FDA) regulates medical devices along with foods and pharmaceuticals as biological knowledge is required for all three. 
Establishments in the electromedical and electrotherapeutic apparatus manufacturing industry (NAICS 334510) manufacture MRI equipment, ultrasound equipment, pacemakers, and many other types of electromedical devices. The NASEM report notes “Mass spectrometers are the workhorse instruments in the field of proteomics, an important field of life science.” Establishments within the analytical laboratory instrument manufacturing industry (NAICS 334516) manufacture instruments for laboratories, specifically instruments for analyzing the chemical or physical composition or concentration of various materials. Another subset of medical device and equipment manufacturing involves producing irradiation scanners, devices, and equipment (NAICS 334517), including CT scanners and X-ray equipment. Finally, the surgical and medical instrument manufacturing industry (NAICS 339112) includes all other medical manufacturing not included within the three previous subsectors. This includes establishments manufacturing “syringes, hypodermic needles, anesthesia apparatus, blood transfusion equipment, catheters, surgical clamps, and medical thermometers” (U.S. Census Bureau, 2017). 
Finally, Scientific R&D Services (IMPLAN code 164; NAICS 5417) is a mixed sector. This sector includes R&D in Nanotechnology (NAICS 541713), R&D in Biotechnology (except Nanotechnology) (NAICS 541713(NAICS 541714), R&D in Physical, Engineering, and Life Sciences (NAICS 541715), and R&D in Social Sciences and Humanities (NAICS 54172). We exclude activities in NAICS 541713 (nanotechnology) and NAICS 54172 (social sciences and humanities research) from our direct measures of the bioeconomy. 
Bioeconomy Industries and Activities: Comparison with other Studies
Other research has provided comparisons across studies and countries of which sectors are treated as wholly within, partially within, and outside the bioeconomy (Kardung, et al., 2021; Lier et al., 2018; Lier et al. 2019; NASEM, 2020). To illustrate the commonality, but also the breadth in classification approaches, we compare bioeconomy sectors included in our current studies with a selection of different approaches, drawing primarily from Kardung, et al., 2021 and NASEM, 2020) (Table A2).  As noted in NASEM (2020), North American studies place greater emphasis on biotechnology and medical applications, while European studies place greater emphasis on agriculture, natural resources, on traditional bio-based sectors (food, wood, paper, textiles, apparel).  Our present study is somewhat of a compromised between or synthesis of North American and European approaches, emphasizing medical and biotechnology applications (as in North America) while being more inclusive of traditional agricultural and bio-based processing industries (as in Europe).  
Table A2. Sectors Included, Excluded, or Partially Included in the Bioeconomy in Selected Studies
	Study / Regions
	Industry


	
	Crop Production
	Livestock Production
	Fisheries / Aquaculture
	Forestry
	Electricity Generation
	Mining

	Our study / Arizona, US
	++
	++
	++
	++
	+
	 

	Daystar et al. (2018) / US
	+
	 
	 
	++
	 
	 

	Ernst & Young / US
	 
	 
	 
	 
	 
	 

	Carlson / US
	+
	 
	 
	 
	 
	 

	de Avillez / Canada
	+
	+
	+
	+
	+
	 

	Pellerin and Taylor / Canada
	+
	 
	 
	 
	 
	+

	Hevesi and Bleiwas  /  New York, US
	 
	 
	 
	 
	 
	 

	Ehrenfeld & Kropfhäußer / Germany
	+
	+
	+
	+
	+
	 

	Ronzon et al.  / EU
	++
	++
	++
	++
	+
	 

	Loizou et al.  / Poland
	++
	++
	++
	++
	 
	 

	NRI / Finland
	++
	++
	++
	++
	+
	 

	Wen et al. / Japan
	++
	++
	++
	++
	+
	 

	Causapé / EU
	++
	++
	++
	++
	+
	 

	Smeets et al. / EU
	++
	++
	++
	++
	+
	 

	Philippidis et al. / EU
	++
	++
	++
	++
	+
	 

	NASEM / US
	+
	 
	 
	 
	+
	 

	Fumagali & Trenti / EU 
	++
	++
	++
	++
	 
	 

	Piotrowski et al. / EU
	++
	++
	++
	++
	 
	 

	Kardung et al. / EU 
	++
	++
	++
	++
	+
	 


NOTES: + = a sector in which some activities are included; ++ = a sector that is wholly included. Blank cells represent industries not included in the bioeconomy. Adapted and updated from NASEM (2020) and Kardung, et al. (2021). 

Table A2. Sectors Included, Excluded, or Partially Included in the Bioeconomy in Selected Studies (continued)
	Study / Regions
	Industry


	
	Processed Food
	Beverages & Tobacco
	Leather & Products
	Wood Products
	Paper Products
	Furniture Products

	Our study / Arizona, US
	++
	++
	++
	 
	 
	 

	Daystar et al. (2018) / US
	+
	 
	 
	++
	++
	+

	Ernst & Young / US
	 
	 
	 
	 
	 
	 

	Carlson / US
	+
	 
	 
	 
	 
	 

	de Avillez / Canada
	+
	+
	 
	+
	+
	 

	Pellerin &Taylor / Canada
	+
	+
	 
	 
	+
	 

	Hevesi & Bleiwas / New York, US
	 
	 
	 
	 
	 
	 

	Ehrenfeld & Kropfhäußer / Germany
	+
	 
	 
	+
	 
	 

	Ronzon et al.  / EU
	++
	++
	++
	++
	++
	+

	Loizou et al.  / Poland
	++
	++
	++
	++
	++
	+

	NRI / Finland
	+
	 
	+
	+
	+
	+

	Wen et al. / Japan
	++
	++
	 
	++
	++
	 

	Causapé / EU
	++
	++
	 
	+
	 
	 

	Smeets et al. / EU
	++
	++
	++
	++
	++
	 

	Philippidis et al. / EU
	++
	++
	++
	++
	++
	 

	NASEM / US
	+
	 
	 
	 
	 
	 

	Fumagali & Trenti / EU 
	++
	++
	 
	++
	++
	 

	Piotrowski et al. / EU
	++
	++
	 
	++
	++
	++

	Kardung et al. / EU 
	++
	++
	++
	++
	++
	++


NOTES: + = a sector in which some activities are included; ++ = a sector that is wholly included. Blank cells represent industries not included in the bioeconomy. Adapted and updated from NASEM (2020) and Kardung, et al. (2021).




Table A2. Sectors Included, Excluded, or Partially Included in the Bioeconomy in Selected Studies (continued)
	Study / Regions
	Industry


	
	Textiles
	Apparel
	Chemicals
	Plastics & Rubber
	Water Treatment & Supply
	Construction

	Our study / Arizona, US
	+
	 
	+
	+
	 
	 

	Daystar et al. (2018) / US
	+
	+
	+
	+
	 
	 

	Ernst & Young / US
	 
	 
	 
	 
	 
	 

	Carlson (2014) / US
	 
	 
	+
	+
	 
	 

	de Avillez / Canada
	+
	 
	+
	 
	 
	 

	Pellerin & Taylor / Canada
	 
	 
	+
	 
	 
	 

	Hevesi & Bleiwas / New York, US
	 
	 
	 
	 
	 
	 

	Ehrenfeld & Kropfhäußer / Germany
	 
	 
	+
	 
	 
	 

	Ronzon et al.  / EU
	+
	+
	+
	+
	 
	 

	Loizou et al.  / Poland
	+
	+
	+
	+
	 
	 

	NRI / Finland
	+
	+
	+
	+
	+
	+

	Wen et al. / Japan
	 
	 
	 
	 
	 
	 

	Causapé / EU
	+
	 
	+
	 
	 
	 

	Smeets et al. / EU
	++
	 
	+
	+
	 
	+

	Philippidis et al.  / EU
	++
	++
	+
	 
	 
	 

	NASEM / US
	+
	 
	+
	+
	 
	 

	Fumagali & Trenti / EU 
	 
	 
	+
	 
	 
	 

	Piotrowski et al. / EU
	++
	 
	+
	 
	 
	 

	Kardung et al. / EU 
	++
	++
	+
	+
	++
	+


NOTES: + = a sector in which some activities are included; ++ = a sector that is wholly included. Blank cells represent industries not included in the bioeconomy. Adapted and updated from NASEM (2020) and Kardung, et al. (2021).




Table A2. Sectors Included, Excluded, or Partially Included in the Bioeconomy in Selected Studies (continued)
	Study / Regions
	Industry


	
	Pharma-ceuticals
	Bio-technology R&D
	Other Physical, Engineering, & Life Sciences R&D
	Medical Diagnostics
	Healthcare

	Our study / Arizona, US
	++
	++
	+
	++
	++

	Daystar et al. (2018) / US
	 
	 
	 
	 
	 

	Ernst & Young / US
	+
	++
	+
	 
	 

	Carlson (2014) / US
	+
	++
	+
	 
	 

	de Avillez / Canada
	++
	++
	+
	+
	+

	Pellerin & Taylor / Canada
	++
	 
	 
	 
	+

	Hevesi Bleiwas / New York, US
	+
	++
	+
	 
	 

	Ehrenfeld and Kropfhäußer / Germany
	+
	+
	+
	 
	 

	Ronzon et al.  / EU
	+
	 
	 
	 
	 

	Loizou et al.  / Poland
	+
	 
	 
	 
	 

	NRI / Finland
	++
	 
	 
	 
	 

	Wen et al. / Japan
	 
	 
	 
	 
	 

	Causapé / EU
	 
	 
	 
	 
	 

	Smeets et al. / EU
	+
	 
	 
	 
	 

	Philippidis et al. / EU
	 
	 
	 
	 
	 

	NASEM / US
	++
	++
	+
	++
	 

	Fumagali & Trenti / EU 
	 
	 
	 
	 
	 

	Piotrowski et al. / EU
	++
	 
	 
	 
	 

	Kardung et al. / EU 
	+
	++
	 
	 
	 


NOTES: + = a sector in which some activities are included; ++ = a sector that is wholly included. Blank cells represent industries not included in the bioeconomy. Adapted and updated from NASEM (2020) and Kardung, et al. (2021).


Table A2. Sectors Included, Excluded, or Partially Included in the Bioeconomy in Selected Studies (continued)
	Study / Regions
	Industry


	Industry
	Nature Tourism, Hunting, Fishing
	Civil Engineering
	Wholesale & Retail Trade
	Accommo-dations
	Food & Beverage Service

	Our study / Arizona, US
	 
	 
	 
	 
	 

	Daystar et al. (2018) / US
	 
	 
	 
	 
	 

	Ernst & Young / US
	 
	 
	 
	 
	 

	Carlson (2014) / US
	 
	 
	 
	 
	 

	de Avillez / Canada
	 
	 
	+
	 
	 

	Pellerin & Taylor / Canada
	 
	 
	 
	 
	 

	Hevesi and Bleiwas / New York, US
	 
	 
	 
	 
	 

	Ehrenfeld & Kropfhäußer / Germany
	 
	 
	 
	 
	 

	Ronzon et al.  / EU
	 
	 
	 
	 
	 

	Loizou et al.  / Poland
	 
	 
	 
	 
	 

	NRI / Finland
	+
	 
	 
	 
	 

	Wen et al. / Japan
	 
	 
	 
	 
	 

	Causapé / EU
	 
	 
	 
	 
	 

	Smeets et al. / EU
	 
	 
	 
	 
	 

	Philippidis et al. / EU
	 
	 
	 
	 
	 

	NASEM / US
	 
	 
	 
	 
	 

	Fumagali & Trenti / EU 
	 
	 
	 
	 
	 

	Piotrowski et al. / EU
	 
	 
	 
	 
	 

	Kardung et al. / EU 
	+
	+
	+
	+
	+


NOTES: + = a sector in which some activities are included; ++ = a sector that is wholly included. Blank cells represent industries not included in the bioeconomy. Adapted and updated from NASEM (2020) and Kardung, et al. (2021).


Circular Industries and Activities
Table A3. Southern Arizona circular industries with corresponding NAICS and sector codes
	IMPLAN Sectors Name (Code)
	NAICS Description (Code)

	Repair and Maintenance
	

	Automotive repair & maintenance, except car washes (512)
	Automotive repair & maintenance (8111), excluding car washes (811192)

	Electronic & precision equipment repair & maintenance (514)
	Electronic & precision equipment repair & maintenance (8112)

	Commercial & industrial machinery & equipment repair & maintenance (515)
	Commercial & industrial machinery & equipment repair & maintenance (8113)

	Personal & household goods repair & maintenance (516)
	Personal & household goods repair & maintenance (8114)

	Reuse and Resale
	

	Wholesale - Motor vehicle & motor vehicle parts & supplies (392)*
	Motor vehicle parts (used) merchant wholesalers (42314)

	Retail - Motor vehicle & parts dealers (402)*
	Used car dealers (44112)

	Retail - Miscellaneous store retailers (412)*
	Used merchandise stores (45331)

	Truck transportation (417)*
	Used household & office goods moving (48421)

	Recycling and Remediation
	

	Waste management & remediation services (479)*
	Remediation services (56291)

	
	Materials recovery facilities (56292)

	Wholesale - Other durable goods merchant wholesalers (396)*
	Recyclable material merchant wholesalers (42393)


* indicates mixed industries – those with a portion of economic activity within the circular economy

[bookmark: _Toc132266731]Table A3 presents a list of circular industries in Southern Arizona and their corresponding IMPLAN sectors and NAICS codes. Repair and Maintenance (IMPLAN sectors 512-516) include industries that extend the life of existing products or materials. In the NAICS framework, this includes automotive repair and maintenance, excluding car washes (NAICS 8111 less NAICS 811192), electronic and precision equipment repair and maintenance (NAICS 8112), commercial and industrial machinery repair and maintenance (NAICS 8113), and personal and household goods repair and maintenance (NAICS 8114). Reuse and Resale are industries that extend the life of existing products or materials for another user. This represents sales of used goods. The matching IMPLAN sectors are mixed sectors: Wholesale – Motor Vehicle and Motor Vehicle Parts and supplies (IMPLAN 392), Retail - Motor Vehicle and Parts Dealers (IMPLAN 402), Retail - Miscellaneous Store Retailers (IMPLAN 412), Truck Transportation (IMPLAN 417). Circular sub-sectors for these general sectors involve the sale and transportation of used goods (Table 2): wholesale distribution of used motor vehicle parts (NAICS 423140); the retail sale of used cars, trucks, and other vehicles (NAICS 441120); the retail sale of used merchandise, antiques, and secondhand goods (NAICS 453310); or the distribution of used household and office furniture and equipment (NAICS 484210). Recycling and Remediation are industries that separate and sort recyclable materials, removing them from waste streams (NAICS 562920) and establishments engaged in (1) remediation of contaminated water and soils, (2) mine reclamation, including demolition, soil remediation, wastewater treatment, hazardous waste removal, contouring land, and revegetation; and (3) asbestos, lead paint, and other toxic material abatement (NAICS 562910). These two activities are sub-sectors of the broader, mixed IMPLAN sector, Waste Management & Remediation Services (479).  Kardung et al. (2021) included waste collection, treatment, and disposal activities; materials recovery and remediation activities and other waste management services as activities to be included in the bioeconomy. 
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