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1. Expanded discussion of metal material flow analyses

Existing MFAs for the elements of the periodic table were the subject of an extensive review by
Chen and Graedel (2012). Since that review was completed, a number of other MFAs have been
published. It is not appropriate in this work to conduct an exhaustive review, but it is useful to
list work of interest that was either not captured in the earlier publication or has appeared since
that time. The entries in Table S1 are intended to indicate the breadth of MFAs that can serve as
sources of information on MFA structure and analysis.

Although the individual elements (mostly metals) are the most common subject of MFA material
studies, not all of the elements have thus far been addressed in MFAs, as can be seen from the
compilation of Chen and Graedel (2012) and of Table S1. None of the noble gas cycles have
been studied, nor have the halogens save chlorine (which sees significant industrial use). Among
the alkali metals, only lithium has been investigated. Of the alkali earth metals, calcium and
barium remain unstudied. Chemists have quantified much of the life cycles of hydrogen, carbon,
nitrogen, oxygen, and sulfur in the atmosphere, but quantification of the uses of those elements
within human technology and society awaits analysts. Even one of the transition metals —
scandium — awaits a cycle analysis.
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Table S1. Notable material flow analyses since 2012 for specific elements
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2. Expanded discussion of polymer material flow analyses

a. Molecular structures of common polymers (in order of molecular weight of
monomer)
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v. Polyethylene terephthalate (PET)
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vii. Acrylonitrile butadiene styrene (ABS)
ABR acrylonitrile butadiene styrene (Terpolymer- addition)
T
L1

b. Relative rates of production of common polymers

Table S2. Global production rates (2015) of common polymers (Guyer et al., 2017)

Polymer type Production | Year Reference
(Tg/yr)

PE 116 2015 Geyer et al., 2017

PP 68 2015 Geyer et al., 2017
PVC 38 2015 Geyer et al., 2017

PS 25 2015 Geyer et al., 2017
PET 33 2015 Geyer et al., 2017
PUR 27 2015 Geyer et al., 2017
ABS 11 2016 Plastics Insight, 2019
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C.

Example of a quantified cycle of a common polymer

Figure S1. The aggregated European cycle of PVC, 1960-2012 (Ciacci et al., 2017)

d. Published MFA analyses for common polymers

As of the date of this review, there are few published MFA analyses for the common polymers or
common polymer uses. However, complete cycles for Europe are available for all of the
principal industrial polymers except PUR, and a dynamic cycle for the United States covers the

years 1996-2007 (Table SI-2). Additionally, partial cycles that have useful content include those

of Patel et al. (1968; PE, PP, PVC, PS), Zhou et al. (2013; PVC), Van Eygen et al. (2017,

polymer use in products), and Levi and Cullen (2018, PE, PS, PET).

Table S3. Polymer MFA analyses as of the end of 2018

Polymer Venue Year(s) Reference

PE (all types) Europe 2014 Kawecki et al. (2018)

PP Europe 2014 Kawecki et al. (2018)

PVC Europe 1960-2012 Ciacci et al. (2017)

PVC Europe 2014 Kawecki et al. (2018)

PS Europe 2014 Kawecki et al. (2018)

PET United States 1996-2007 Kuczenski and Guyer (2010)
PET Europe 2014 Kawecki et al. (2018)
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3. Expanded discussion of fiber material flow analyses

a. Published MFA analyses for wood and wood-based fibers

As of the date of this review, only a few published MFA analyses for wood and wood-based
fibers have thus far been completed; they are listed in Table SI-3. Additionally, partial cycles
that have useful content include those of WBCSD (2015, fiber recycling), O’Brien and Bringezu
(2018, fiber products), and Spruce-Up GE3LS (2018, spruce fiber in Canada).

Table S4. Wood and wood-based MFA analyses as of the end of 2018

Polymer Venue Year(s) Reference
Wood United States 2014 AFPA (2015)
Wood Europe 2011 Mantau (2015)
Wood (spruce) Canada 2017 Spruce-Up GE3LS, 2017
Paper Global 2012 Van Ewijk et al. (2018a)
Paper Global 2012 Van Ewijk et al. (2018b)
b. Example of a quantified cycle of a common fiber
Harvest Pulping Making Use/discard End-of-life
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Figure S2. Global paper flows, 2012 (Tg) [Van Ewijk, 2018a].
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4. Composite Materials

To date it appears that only a single MFA for composite materials has been produced, that of
Lefeuvre et al. (2019) for carbon fiber reinforced polymers. It is reproduced below.
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Figure S3. Carbon fiber reinforced polymers, global, 2017 (Lefeuvre et al., 2019).

5. Discussion of construction material flow analyses

Although the annual flows of construction materials (sand, crushed stone, cement) are larger than
those of metals, polymers, or fibers, the complete lack of recycling of those components does not
permit the construction or analysis of MFAs.

S8



Supporting Information References

American Forest and Park Association (AFPA), Understanding the Effects of Paper Recovery
and Recycling, Washington, DC, 2015.

Ayres, R.U., and L.W. Ayres, Accounting for Resources, 1: Economy-Wide Applications of
Mass-Balance Principles to Materials and Waste, Cheltenham, UK: Edward Elgar, pp. 125-128,
1998.

Ayres, R.U., and L.W. Ayres, Accounting for Resources, 2: The Life Cycle of Materials,
Cheltenham, UK: Edward Elgar, pp. 147-182, 1999.

Cha, K., M. Son, Y. Matsuno, V. Fthenakis, and T. Hur, Substance flow analysis of cadmium in
Korea, Resources, Conservation, and Recycling, 71, 31-39, 2013.

Chen, W.-Q., and T.E. Graedel, Anthropogenic cycles of the elements: A critical review,
Environmental Science & Technology, 46, 8574-8586, 2012.

Ciacci, L., F. Passarini, and 1. Vassura, The European PVC cycle: In-use stock and flows,
Resources, Conservation, and Recycling, 123, 108-116, 2017.

Ciacci, L., I. Vassura, and F. Passarini, Shedding light on the anthropogenic europium cycle in
the EU-28. Marking product turnover and energy progress in the lighting sector, Resources, 7,
59, doi:10:3390/resources7030059, 2018.

Cordell, D., and S. White, Life’s bottleneck: Sustaining the world’s phosphorus for a food secure
future, Annual Reviews of Environment and Resources, 39, 161-188, 2014.

Deetman, S., Lauran van Oers, E. van der Voet, and A. Tukker, Deriving European tantalum
flows using trade and production statistics, Journal of Industrial Ecology, 22, 166-179, 2018.

Domene, L.A.F., and R.U. Ayres, Nitrogen’s role in industrial systems, Journal of Industrial
Ecology, 5(1), 77-103, 2001.

Geyer, R., J.R. Jambeck, and K.L. Law, Production, use, and fate of all plastics ever made,
Science Advances, 3:¢1700782, 2017.

Gsodam, P., M. Lassnig, A. Kreuzeder, and M. Mrotzek, The Austrian silver cycle: A material
flow analysis, Resources, Conservation, and Recycling, 88, 76-84, 2014.

Guyonnet, D., et al., Material flow analysis applied to rare earth elements in Europe, Journal of
Cleaner Production, 107, 215-228, 2015.

Han, F., W. Li, and Z. Cui, Industrial metabolism of chlorine: A case study of a chlor-alkali
industrial chain, Environmental Science and Pollution Research, 21, 5810-5817, 2014.

S9



Kavlak, G., and T.E. Graedel, Global anthropogenic selenium cycles for 1940-2010, Resources,
Conservation, and Recycling, 73, 17-22, 2013a.

Kavlak, G., and T.E. Graedel, Global anthropogenic tellurium cycles for 1940-2010, Resources,
Conservation, and Recycling, 76, 21-26, 2013b.

Kawecki, D., P.R.W. Scheeder, and B. Nowack, Probabilistic material flow analysis of seven
commodity plastics in Europe, Environmental Science & Technology, 52, 9874-9888, 2018.

Kuczenski, B., and R. Geyer, Material flow analysis of polyethylene terephthalate in the US,
1996-2007, Resources, Conservation, and Recycling, 54, 1161-1169, 2010.

Laner, D., H. Rechberger, and T. Astrup, Applying fuzzy and probabilistic uncertainty concepts
to the material flow analysis of palladium in Austria, Journal of Industrial Ecology, 19, 1055-
1069, 2015.

Leal-Ayala, D.R., J.M. Allwood, E. Petavratzi, T.J. Brown, and G. Gunn, Mapping the global
flow of tungsten to identify key material efficiency and supply security opportunities, Resources,
Conservation, and Recycling, 103, 19-28, 2015.

Lefeuvre, A., S. Garnier, L. Jacquemin, B. Pillain, and G. Sonnemann, Anticipating in-use stocks
of carbon fibre reinforced polymers and related waste generated by the wind power sector until
2050, Resources, Conservation, and Recycling, 141, 30-39, 2019.

Lenglet, J., J.-Y. Courtonne, and S. Caurla, Material flow analysis fo the forest-wood supply
chain: A consequential approach for log export policies in France, Journal of Cleaner Production,
165, 1296-1305, 2017.

Le Quére¢, C., et al., Global carbon budget 2017, Earth System Science Data, 10, 405-448, 2018.

Levi, P.G., and J.M. Cullen, Mapping global flows of chemicals: From fossil fuel feedstocks to
chemical products, Environmental Science & Technology, 52, 1725-1734, 2018.

Licht, C., L. Talens Piero, and G. Villalba, Global substance flow analysis of gallium,
germanium, and indium, Journal of Industrial Ecology, 19, 890-903, 2015.

Liu, G., C.E. Bangs, and D.B. Miiller, Stock dynamics and emission pathways of the global
aluminium cycle, Nature Climate Change, 3, 338-342, 2013.

Mantau, U., Wood flow analysis: Quantification of resource potentials, cascades and carbon
effects, Biomass and Bioenergy, 79, 28-38, 2015.

Meylan, G., and B.K. Reck, The anthropogenic cycle of zinc: Status quo and perspectives,
Resources, Conservation, and Recycling, 123, 1-10, 2017.

S10



Meylan, G., B.K. Reck, H. Rechberger, T.E. Graedel, and O. Schwab, Assessing the reliability of
material flow analysis results: The cases of rhenium, gallium, and germanium in the United
States economy, Environmental Science & Technology, 51, 11839-11847, 2017.

Nassar, N.T., Global stocks and flows, losses, and recoveries of platinum=group metals, PhD
Dissertation, Yale University, 2015.

O’Brien, M., and S. Bringezu, European timber consumption: Developing a method to account
for timber flows and the EU’s global forest footprint, Ecological Economics, 147, 323-332,
2018.

Patel, M.K., E. Jochem, P. Radgen, and E. Worrell, Plastics streams in Germany — An analysis of
production, consumption, and waste generation, Resources, Conservation, and Recycling, 24,
191-215, 1998.

Plastics Insight, ABS Plastic: Production, Market, Price, and Its Properties,
https://www.plasticsinsight.com/resin-intelligence/resin-prices/abs-plastic/, accessed Jan. 15,
2019.

Sekine, N., I. Daigo, and Y. Goto, Dynamic substance flow analysis of neodymium and
dysprosium associated with neodymium magnets in Japan, Journal of Industrial Ecology, 21,
356-367,2016.

Shi, Y.-L., W.-Q. Chen, S.-L. Wu, and Y .-G. Zhu, Anthropogenic cycles of arsenic in mainland
China: 1990-2010, Environmental Science & Technology, 51, 1670-1678, 2017.

Soulier, M., S. Gloser-Chahoud, D. Goldmann, and L.A. Tercero Espinosa, Dynamic analysis of
European copper flows, Resources, Conservation, and Recycling, 129, 143-152, 2018.

Spruce-Up GE’LS, Canada’s wood flows, Spruce-Up: Advanced spruce genomics for productive
and resilient forests, http://spruce-up.ca/en/ge3ls/, accessed Jan. 8, 2019.

Talens Piero, L., G. Villalba Méndez, and R.U. Ayres, Lithium: Sources, production, uses, and
recovery outlook, Journal of Metals, 65, 986-996, 2013.

Van Ewijk, S., J.A. Stegemann, and P. Ekins, Global life cycle paper flows, recycling metrics,
and material efficiency, Journal of Industrial Ecology, 22, DOI: 10.1111/jiec.12613, 2018a.

Van Ewijk, J.Y. Park, and M.R. Chertow, Quantifying the system-wide recovery potential of
waste in the global paper life cycle, Resources, Conservation, and Recycling, 134, 48-60, 2018b.

Van Eygen, E., J. Feketitsch, D. Laner, H. Rechberger, and J. Fellner, Comprehensive analysis
and quantification of national plastic flows: The case of Austria, Resources, Conservation, and
Recycling, 117, 183-194, 2017.

S11


https://www.plasticsinsight.com/resin-intelligence/resin-prices/abs-plastic/
http://spruce-up.ca/en/ge3ls/

Werner, T.T., L. Ciacci, G.M. Mudd, B.K. Reck, and S.A. Northey, Looking down under for a
circular economy of indium, Environmental Science & Technology, 52, 2055-2062, 2018.

Zeng, X., H. Zheng, R. Gong, D. Eheliyagoda, and X. Zeng, Uncovering the evolution of
substance flow analysis of nickel in China, Resources, Conservation, and Recycling, 135, 210-
215, 2018.

Zhang, F., H. Li, B. Chen, X. Guan, and Y. Zhang, Vanadium metabolism investigation using
substance flow and scenario analysis, Frontiers of Environmental Science and Engineering, 8,
256-266, 2014.

Zhou, Y., N. Yang, and S. Hu, Industrial metabolism of PVC in China: A dynamic material flow
analysis, Resources, Conservation, and Recycling, 73, 33-40, 2013.

S12



