Pathways to Decarbonize the PVC Value Chain in 2050

Appendix 1: Sources of Data and Information

Industry Structure

The locations of sites in the PVC chain, the plants in operation on the sites, the specific
technologies employed by the plants and their capacities, and the capacities and feedstocks
used by the crackers associated with the chain were obtained through published company
annual reports and confidential interviews.

Plant Performance

The energy requirements of the plants, their input-output balances and cost information were
obtained from a variety of sources, summarized below for each technology.

Ethylene Steam Crackers
“Best Available Techniques (BAT) Reference Document for the Production of Large Volume Organic

Chemicals,” H. Falcke et al., Industrial Emissions Directive, European Union, 2017

“Decarbonization Options for Large Volume Organic Chemicals Production, Sabic Geleen,” C Oliveria and
T Van Dril, MIDDEN, PBL Netherlands Environmental Assessment Agency, 2021

“New Ethane Cracker in Antwerp—What is Project One?” Ineos, 2021, from https://project-
one.ineos.com/en/about-project-one/

“Cradle-to-Gate Life Cycle Analysis of Olefins,” Franklin Associates, 2020
“Decarbonization of Steam Crackers,” J. Middleton, at www.decarbonizationtechnology.com, 2022

“Table 2 GaBi—predicted cradle-to-gate environmental impacts associated with manufacturing 400,000
tonnes of ethylene from naphtha, ethane and ethanol using natural gas as energy source in all
cases” in “Environmental impacts of ethylene production from diverse feedstocks and energy
sources,” Ghanta, Fahey, and Subramaniam, Applied Petrochemical Research 4:167—-179 (2014),
https://link.springer.com/article/10.1007/s13203-013-0029-7

“Understanding Variability to Reduce the Energy and GHG Footprints of US Ethylene Production,” Y. Yao
et al., Environmental Science & Technology 49:14704-16, (2015)

“Prevention of Significant Deterioration Permit for Greenhouse Gas Emissions, Permit Application,”
ExxonMobil Chemical Company Baytown Olefins Plant, 11/25/13

Confidential discussions with industry sources and other open literature sources.
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Chlor-Alkali Plants

“Best Available Technology (BAT) Reference Document for the Production of Chlor-Alkali,” T. Brinkman
et al., Industrial Emissions Directive, European Union, 2014

“Decarbonization Options for the Dutch Chlor-Alkali Industry,” E. Scherpbier and H. Eerens, MIDDEN,
PBL Netherlands Environmental Assessment Agency, 2021

“Brine Electrolysis,” T. Bommaraju and T. O’Brien, Electrochemistry Encyclopedia, The Electrochemical
Society, 2015

“Results of the Second 2011-2020 Programme and Introduction to the Third 2021-2030 Programme,
The Euro Chlor Sustainability Programme,” EuroChlor 17, 2021

Confidential discussions with industry sources and other open literature sources.

Ethylene Dichloride, Vinyl Chloride and Polyvinyl Chloride Plants

“Best Available Techniques (BAT) Reference Document for the Production of Large Volume Organic
Chemicals,” H. Falcke et al., Industrial Emissions Directive, European Union, 2017.

“Reference Document on Best Available Techniques in the Production of Polymers,” European Union,
2007

“Cradle-to-Gate Life Cycle Analysis of Polyvinyl Chloride (PVC) Resin,” Franklin Associates, 2021

“Decarbonization Options for the Dutch PVC Industry,” V. Semeijn and K. Schure, MIDDEN, PBL
Netherlands Environmental Assessment Agency, 2020

“Vinyl Chloride (VCM) and Polyvinyl Chloride (PVC),” Plastics Europe, The European Council of Vinyl
Manufacturers (ECVM), 2015

“Vinyl Chloride and Polyvinyl Chloride: The Vinnolit EDC/VCM/PVC Process — a Climate-Friendly
Technology,” ThyssenKrupp, 2021
https://ucpcdn.thyssenkrupp.com/_binary/UCPthyssenkruppBAIS/en/products-and-
services/chemical-plants-and-processes/edcvc/20210702_EDC_VCM_PVC_white_paper.pdf

Confidential discussions with industry sources and other open literature sources.

Combined Heat and Power Plants

“US Department of Energy Combined Heat and Power and Microgrid Installation Databases,”
https://doe.icfwebservices.com/chp, downloaded January 6, 2022

“Cost and Performance Characteristics of New Generating Technologies, Annual Energy Outlook 2021,”
US Energy Information Administration, www.eia.gov/outlooks

“Net-Zero America: Potential Pathways, Infrastructure, and Impacts—Interim Report,” E. Larson et al.,
Princeton University, 2020

“Robert Wholey: Building America’s First Power Plant to Burn Cleaner Hydrogen Fuel,” Engineering
News Record Jan 13, 2022

“US Construction Costs of Installed Natural Gas Generators by Type, 2019,” N. Sonnichsen, 2021,
www.statistica.com/statistics/55732
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“O&M Costs of New Power Plants in the US by Technology 2020,” 2021, B. Alves,
www.statistica.com/statistics/519144

Ethanol and Ethanol to Ethylene Plants

“Petroleum & Other Liquids, US Fuel Ethanol Plant Production Capacity,” US Energy Information
Administration, 2021, www.eia.gov/petroleum/ethanol/capacity/

“Best Available Techniques (BAT) Reference Document for the Production of Large Volume Organic
Chemicals,” H. Falcke et al., Industrial Emissions Directive, European Union, 2017.

“Ethanol Production Profits in 2020: A Year Like No Other,” S. Irwin, Farmdoc Daily, University of lllinois,
Jan 27, 2021

“Determining the Cost of Producing Ethanol from Corn Starch and Lignocellulosic Feedstocks” NREL/TP-
580-28893, A. McAloon et al., National Renewable Energy Laboratory, 2000

“How Corn is Processed to Make Ethanol,” “EEG 439: Alternative Fuels from Biomass Sources” 7.3b, C.
Clifford, Energy Institute, The Pennsylvania State University, 2020

“Ethanol Benchmarking and Best Practices,” Minnesota Technical Assistance Program, University of
Minnesota, 2008

“Net Energy Balance on Ethanol Production,” Ethanol Across America, Spring 2009

“Global Production of Second-Generation Biofuels: Trends and Influences,” Q Nguyen et al., Dovetail
Partners Inc., 2017

“US Fuel Ethanol Plant Production Capacity as of January 1, 2021,” US Energy Information
Administration, 2022

“Braskem Invests US$61 Million to Increase Biopolymer Production,” Feb 23, 2021,
www.braskem.com.br/usa/news-detail

“Bioethylene Production from Ethanol: A Review and Techno-economical Evaluation,” A. Mohsenzadeh
et al., ChemBioEngRev 4:2 (75-91), 2017

“Ethylene from Bioethanol,” 2014, https://doi.org/10.1036/1097-8542.BR0120141
“Low-Carbon Futures for Bioethylene in the United States,” G. Foster, Energies 12, 1958, 2019

Confidential discussions with industry sources and other open literature sources

Technologies Under Development

“e-Shuttle EDC Process, Paradigm Shifting Technology,” IHS Global Chlor-alkali, Vinyls and Polyurethane
Conference, October 7, 2020

“Sustainable PVC,” Presentation by Alex Shanosky, Transform Materials, April 2022
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Carbon Dioxide Capture, Use, Transportation and Disposal

“Capturing and Utilizing CO, from Ethanol: Adding Economic Value and Jobs to Rural Communities while
Reducing Emissions,” State CO, -EOP Deployment Workgroup, Dec 2017

“Active Carbon Management: Critical Tools in the Climate Toolbox,” S. Koester and D. Hart, 2022

“Cost of Capturing CO;, from Industrial Sources” DOE/NETL-2013/1602, National Energy Technology
Laboratory, 2014

“A Comparison of Physical Solvents for Acid Gas Removal,” B. Burr and L. Lyddon, 2008, from
https://www.semanticscholar.org/paper/A-COMPARISON-OF-PHYSICAL-SOLVENTS-FOR-ACID-GAS-
Burr-Lyddon/02a69d76747ddb2513ad43249¢823dd620c57bac

“Parametric Process Design and Economic Analysis of Post-Combustion CO, Capture and Compression
for Coal-and Natural Gas-Fired Power Plants,” E. Adu et al., Energies 2020, 13(10):2519

“As CCS Investment Grows, Can Government and Industry Avoid Past Mistakes?” K. Adler, Net-Zero
Business Daily™ News, Jan 2022, https://cleanenergynews.ihsmarkit.com/research-analysis

“Projects to Capture Carbon Emissions get New Boost Despite Dismal Record,” J. Hiller and C. Eaton, Feb
7, 2022, Wall Street Journal, from https://www.wsj.com/articles/

“Net-Zero America: Potential Pathways, Infrastructure, and Impacts — Interim Report,” E. Larson et al.,
2020, Princeton University

“Net-Zero Europe, Decarbonization Pathways and Socioeconomic Implications,” McKinsey & Company,
2020

“Carbon Dioxide Enhanced Oil Recovery,” National Energy Technology Laboratory, March 2010
“Houston as a Global Hydrogen Hub,” Center for Houston’s Future, February 2022

Congressional Research Service, June 8, 2021, “Tax Credits for Carbon Sequestration (Section 45Q),”
https://crsreports.congress.gov/product/pdf/IF/IF11455

“Climate Change Mitigation Potential of Carbon Capture and Utilization in the Chemical Industry,” A.
Katelhon et al., 2019

“Total Cost of Carbon Capture and Storage Implemented at a Regional Scale: Northeastern and
Midwestern United States,” W. Schmelz et al., 2020

Confidential discussions with industry sources and other open literature sources

Methane Reforming-Hydrogen Production

“Decarbonized Hydrogen in the US Power and Industrial Sectors: Identifying and Incentivizing
Opportunities to Lower Emissions” Resources for the Future Report 20-25, J. Bartlett and A.
Krupnick, 2020

“Decarbonization Options for the Dutch Industrial Gases Production,” M. Cioli et al., MIDDEN, PBL
Netherlands Environmental Assessment Agency, 2021

“Net-Zero Europe, Decarbonization Pathways and Socioeconomic Implications,” P. D’Aprile et al.,
McKinsey & Company, 2020

“Use of Conventional and Green Hydrogen in the Chemical Industry,” C. Stiller and H. Hochrinner,
Hydrogen and Fuel Cell, Chapter 10, Springer-Verlag Berlin Heidelberg, 2016
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“Hydrogen Technologies for a CO5 -Neutral Chemical Industry—A Plant-Specific Bottom-Up Assessment
of Pathways to Decarbonise the German Chemical Industry,” M. Neuwirth and T. Fleiter, ECEEE
Industrial Summer Study Proceedings, 487, 2020

“The Shell Blue Hydrogen Process: White Paper,” N. Liu, Shell Catalysts & Technologies, 2020

“Europe’s Largest PEM Hydrogen Electrolyzer Commences Operations,” A. Rais, from www.process-
worldwide.com/, 6/7/2021

“Houston as a Global Hydrogen Hub,” Center for Houston’s Future, February 2022

“Cost of Capturing CO, from Industrial Sources” DOE/NETL-2013/1602, National Energy Technology
Laboratory, 2014

“Mission Possible: Reaching Net-Zero Carbon Emissions from Hard-to-Abate Sectors by Mid-Century,”
Energy Transition Commission, 2018

Confidential discussions with industry sources and other open literature sources

Electric Furnaces and Boilers

“Dow and Shell to Jointly Develop ‘e-Cracker’ Technology,” A, Jasi, The Chemical Engineer 26 June 2020,
https://www.thechemicalengineer.com/news/

“BASF, SABIC and Linde Join Forces to Realize the World’s First Electrically Heated Steam-Cracker
Furnace,” G. Ondrey, Mar 24, 2021 from https://www.chemengonline.com/,

“Electrification of Boilers in the US Manufacturing” LBNL-2001436, M Jibran et al., Lawrence Berkeley
National Laboratory, 2021

Energy Costs and Grid Emissions
US Energy Information Administration, “Annual Energy Outlook 2021”

US Energy Information Administration, “Natural Gas, Natural Gas Prices,” from www.eia.gov/dnav/ng

US Energy Information Administration, Electricity EIA-861, from www.eia.gov/electricity/data

US Energy Information Administration, Electricity Data EIA-923, from
www.eia.gov/electricity/data.phpgeneration

US Energy Information Administration, State Carbon Dioxide Emission Data, from
www.eia.gov/environmental/emissions/state/

Company Annual Reports

Formosa Plastics Group, Annual Report, 2020
Occidental, Annual Report, 2020

Olin Corporation, Form 10-K, 2021

Orbia Advance Corporation, Annual Report, 2020
Shin-Etsu Chemical Company, Annual Report, 2021
Westlake Chemical Company, Form 10-K, 2021
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Industry Reports
“Guide to the Business of Chemistry” (with supplementary data), American Chemistry Council, 2021
“Size and Impact Report” (with supplementary tables and data), Plastics Industry, 2021

“Ecoprofiles: Vinyl Chloride (VCM) and Polyvinyl Chloride,” PlasticsEurope and the European Council of
Vinyl Manufacturers, 2015

“Life Cycle Assessment of PVC Water and Sewer Pipe and Comparative Sustainability Analysis of Pipe
Materials,” Sustainable Solutions Corporation, 2017

“The European PVC Cycle: In-Use Stocks and Flows,” L. Ciacci et al., Resources, Conservation, and
Recycling, 2017

“The Economic Benefits of Polyvinyl Chloride in the United States and Canada,” American Chemistry
Council, 2016

“The Challenge of Decarbonizing Heavy Industry,” Samantha Gross, Brookings Institution, 2021
“Decarbonization of Industrial Sectors: The Next Frontier,” McKinsey & Company, 2018

“Manufacturing Energy and Greenhouse Gas Emissions Associated with Plastics Consumption,” N. Rorrer
etal., 2021

Other Topics

Average Freight Revenue per Ton-Mile, Bureau of Transportation Statistics, Table 3-21: Average Freight,
from www.bts.gov/content/

Chemical Engineering Plant Cost Index, from https://www.chemengonline.com/site/plant-cost-
index

Historical prices of select chemical products and raw materials from Westlake Chemical Company
Annual Reports for 2018 and 2020. Downloaded from company website and adjusted as required.

CBOT Ethanol, Historic Prices, NASDAQ, from www.nasdag.com/market-activity/commodities/eh
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