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4. Industrial Processes and Product Use

The Industrial Processes and Product Use (IPPU) chapter includes greenhouse gas emissions occurring from
industrial processes and from the use of greenhouse gases in products. The industrial processes and product use
categories included in this chapter are presented in Figure 4-1 and Figure 4-2. Greenhouse gas emissions from
industrial processes can occur in two different ways. First, they may be generated and emitted as the byproducts
of various non-energy-related industrial activities. Second, they may be emitted due to their use in manufacturing
processes or by end-consumers.

In the case of byproduct emissions, the emissions are generated by an industrial process itself and are not directly
a result of energy consumed during the process. For example, raw materials can be chemically or physically
transformed from one state to another. This transformation can result in the release of greenhouse gases such as
carbon dioxide (COz), methane (CHa), nitrous oxide (N20), and fluorinated greenhouse gases (e.g., HFC-23). The
greenhouse gas byproduct generating processes included in this chapter include, iron and steel production and
metallurgical coke production, cement production, petrochemical production, lime production, ammonia
production, nitric acid production, other process uses of carbonates (e.g., flux stone, flue gas desulfurization, and
glass manufacturing), urea consumption for non-agricultural purposes, adipic acid production, HCFC-22
production, aluminum production, soda ash production and use, ferroalloy production, titanium dioxide
production, caprolactam, glyoxal, and glyoxylic acid production, glass production, zinc production, phosphoric acid
production, lead production, and silicon carbide production and consumption.

Greenhouse gases that are used in manufacturing processes or by end-consumers include man-made compounds
such as hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SFe), and nitrogen trifluoride
(NF3). The present contribution of HFCs, PFCs, SFs, and NFs gases to the radiative forcing effect of all anthropogenic
greenhouse gases is small; however, because of their extremely long lifetimes, many of them will continue to
persist in the atmosphere long after they were first released. In addition, many of these gases have high global
warming potentials; SFs is the most potent greenhouse gas the Intergovernmental Panel on Climate Change (IPCC)
has evaluated. Use of HFCs is growing rapidly since they are the primary substitutes for ozone depleting substances
(ODS), which are being phased-out under the Montreal Protocol on Substances that Deplete the Ozone Layer.
Hydrofluorocarbons, PFCs, SFs, and NFs are employed and emitted by a number of other industrial sources in the
United States, such as semiconductor manufacture, electric power transmission and distribution, and magnesium
metal production and processing. Carbon dioxide is also consumed and emitted through various end-use
applications. In addition, nitrous oxide is used in and emitted by semiconductor manufacturing and anesthetic and
aerosol applications.

In 2019, IPPU generated emissions of 374.0 million metric tons of CO2 equivalent (MMT CO: Eq.), or 5.7 percent of

total U.S. greenhouse gas emissions.l Carbon dioxide emissions from all industrial processes were 167.7 MMT CO;
Eqg. (167,705 kt CO2) in 2019, or 3.2 percent of total U.S. CO2 emissions. Methane emissions from industrial

1 Emissions reported in the IPPU chapter include those from all 50 states, including Hawaii and Alaska, as well as from U.S.
Territories to the extent of which industries are occurring.
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processes resulted in emissions of approximately 0.4 MMT CO: Eq. (15 kt CHa) in 2019, which was less than 1
percent of U.S. CHs emissions. Nitrous oxide emissions from IPPU were 21.1 MMT CO: Eq. (71 kt N20) in 2019, or
4.6 percent of total U.S. N20 emissions. In 2019 combined emissions of HFCs, PFCs, SFe, and NFs totaled 184.9

MMT CO: Eq. Total emissions from IPPU in 2019 were 8.2 percent more than 1990 emissions. Indirect greenhouse

gas emissions also result from IPPU and are presented in Table 4-112 in kilotons (kt).

Figure 4-1: 2019 Industrial Processes and Product Use Chapter Greenhouse Gas Sources
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Figure 4-2: Trends in Industrial Processes and Product Use Chapter Greenhouse Gas Sources
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The increase in overall IPPU emissions since 1990 reflects a range of emission trends among the emission sources,
as shown in Figure 4-2. Emissions resulting from most types of metal production have declined significantly since
1990, largely due to production shifting to other countries, but also due to transitions to less-emissive methods of
production (in the case of iron and steel) and to improved practices (in the case of PFC emissions from aluminum
production). Carbon dioxide and CH4 emissions from many chemical production sources have either decreased or
not changed significantly since 1990, with the exception of petrochemical production, Carbon Dioxide
Consumption, and Urea Consumption for Non-Agricultural Purposes which has steadily increased. Emissions from
mineral sources have either increased (e.g., cement manufacturing) or not changed significantly (e.g., glass and
lime manufacturing) since 1990 but largely follow economic cycles. Hydrofluorocarbon emissions from the
substitution of ODS have increased drastically since 1990 and are the largest source of IPPU emissions (45.4
percent in 2019), while the emissions of HFCs, PFCs, SFs, and NF3 from other sources have generally declined.
Nitrous oxide emissions from the production of adipic and nitric acid have decreased, while N.O emissions from
product uses have remained nearly constant over time. Some emission sources exhibit varied interannual trends.
Trends are explained further within each emission source category throughout the chapter. Table 4-1 summarizes
emissions for the IPPU chapter in MMT CO: Eq. using IPCC Fourth Assessment Report (AR4) GWP values, following
the requirements of the current United Nations Framework Convention on Climate Change (UNFCCC) reporting
guidelines for national inventories (IPCC 2007).2 Unweighted native gas emissions in kt are also provided in Table
4-2. The source descriptions that follow in the chapter are presented in the order as reported to the UNFCCC in the
Common Reporting Format (CRF) tables, corresponding generally to: mineral products, chemical production, metal
production, and emissions from the uses of HFCs, PFCs, SFe, and NFs.

Each year, some emission and sink estimates in the IPPU sector of the Inventory are recalculated and revised with
improved methods and/or data. In general, recalculations are made to the U.S. greenhouse gas emission estimates
either to incorporate new methodologies or, most commonly, to update recent historical data. These

2 see <http://unfccc.int/resource/docs/2013/cop19/eng/10a03.pdf>.
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improvements are implemented consistently across the previous Inventory’s time series (i.e., 1990 to 2018) to
ensure that the trend is accurate.

This year’s estimates of HFC emissions from use of Ozone Depleting Substances Substitutes reflect updates to
market size, substitute transitions, and charge size assumptions for Metered Dose Inhalers (MDI) aerosols to align
with stakeholder input and market research. Market transitions for the ice maker end-use were updated based on
manufacturer information on refrigerant use. In addition, several updates to the foam sector were implemented.
The commercial refrigeration foam end-use was replaced with ten discrete commercial refrigeration application
end-uses, in order to better define a market that was not adequately encompassed by the current commercial
refrigeration foam end-use. Within the domestic refrigerator foam end-use, manufacturing emissions were
adjusted to only include equipment manufactured within the United States, including those that are produced for
export, and excluding those that are imported with foam. Market size, manufacturing loss rate, disposal lost rate,
and post-life emission rate assumptions were also updated for PU and PIR boardstock foams based on market
research.

Carbon content factors were also updated for the Iron and Steel emissions calculations. Finally, the methods to
estimate the CO2 emission factors to recalculate emissions for earlier parts of the time series (i.e., 1990 to 2009)
for petrochemical subcategories ethylene, ethylene dichloride and vinyl chloride monomer, and carbon black were
updated to reflect GHGRP data updates. Together, these updates decreased greenhouse gas emissions an average
of 1.1 MMT COz2 Eq. (0.3 percent) across the time series.

Emissions reported in the IPPU chapter include those from all 50 states, including Hawaii and Alaska, as well as
from U.S. Territories to the extent of which industries are occurring. See Annex 5 for more information on EPA’s
assessment of the sources not included in this inventory.

Table 4-1: Emissions from Industrial Processes and Product Use (MMT CO: Eq.)

Gas/Source 1990 2005 2015 2016 2017 2018 2019
CO; 212.3 194.1 173.5 165.2 163.9 164.5 167.7
Iron and Steel Production &

Metallurgical Coke Production 104.7 70.1 47.9 43.6 40.6 42.6 41.3
Iron and Steel Production 99.1 66.2 43.5 41.0 38.6 41.3 39.9
Metallurgical Coke Production 5.6 3.9 4.4 2.6 2.0 1.3 1.4

Cement Production 33.5 46.2 39.9 394 40.3 39.0 40.9
Petrochemical Production 21.6 27.4 28.1 28.3 28.9 29.3 30.8
Lime Production 11.7 14.6 13.3 12.5 12.9 13.1 13.0
Ammonia Production 13.0 9.2 10.6 10.2 11.1 12.2 12.3
Other Process Uses of Carbonates 6.3 7.6 12.2 11.0 9.9 7.5 7.5
Urea Consumption for Non-

Agricultural Purposes 3.8 3.7 4.6 5.1 5.0 6.1 6.6
Carbon Dioxide Consumption 1.5 14 49 4.6 4.6 4.1 4.9
Ferroalloy Production 2.2 1.4 2.0 1.8 2.0 2.1 1.6
Soda Ash Production 14 1.7 1.7 1.7 1.8 1.7 1.8
Titanium Dioxide Production 1.2 1.8 1.6 1.7 1.7 1.5 1.5
Aluminum Production 6.8 4.1 2.8 1.3 1.2 1.5 1.9
Glass Production 1.5 1.9 1.3 1.2 1.3 1.3 1.3
Zinc Production 0.6 1.0 0.9 0.9 1.0 1.0 1.0
Phosphoric Acid Production 1.5 1.3 1.0 1.0 1.0 0.9 0.9
Lead Production 0.5 0.6 0.5 0.5 0.5 0.5 0.5
Carbide Production and

Consumption 0.4 0.2 0.2 0.2 0.2 0.2 0.2
Magnesium Production and

Processing + + + + + + +

CH,4 0.3 0.1 0.2 0.3 0.3 0.3 0.4
Petrochemical Production 0.2 0.1 0.2 0.2 0.3 0.3 0.3
Ferroalloy Production + + + + + + +

4-4 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019



Carbide Production and

Consumption + + + + + + +
Iron and Steel Production &

Metallurgical Coke Production + + + + + + +

\}{e} 33.3 24.9 22.2 23.3 22.7 25.8 21.1
Adipic Acid Production 15.2 7.1 4.3 7.0 7.4 10.3 5.3
Nitric Acid Production 12.1 11.3 11.6 10.1 9.3 9.6 10.0
N,O from Product Uses 4.2 4.2 4.2 4.2 4.2 4.2 4.2
Caprolactam, Glyoxal, and Glyoxylic

Acid Production 1.7 2.1 1.9 1.7 1.5 1.4 1.4
Electronics Industry + 0.1 0.2 0.2 0.3 0.3 0.2

HFCs 46.5 127.5 168.3 168.1 170.1 169.3 173.8
Substitution of Ozone Depleting

Substances? 0.2 107.3 163.6 164.9 164.5 165.5 169.7
HCFC-22 Production 46.1 20.0 4.3 2.8 5.2 3.3 3.7
Electronics Industry 0.2 0.2 0.3 0.3 0.4 0.4 0.3
Magnesium Production and

Processing 0.0 0.0 0.1 0.1 0.1 0.1 0.1

PFCs 24.3 6.7 5.2 4.4 4.1 4.7 4.5
Electronics Industry 2.8 33 3.1 2.9 2.9 3.0 2.7
Aluminum Production 215 3.4 2.1 14 11 1.6 1.8
Substitution of Ozone Depleting

Substances 0.0 + + + + 0.1 0.1

SFs 28.8 11.8 5.5 6.0 5.9 5.8 6.0
Electrical Transmission and

Distribution 23.2 8.4 3.8 4.1 4.2 3.9 4.2
Magnesium Production and

Processing 5.2 2.7 1.0 1.1 1.1 1.1 1.0
Electronics Industry 0.5 0.7 0.7 0.8 0.7 0.8 0.8

NF3 + 0.5 0.6 0.6 0.6 0.6 0.6
Electronics Industry + 0.5 0.6 0.6 0.6 0.6 0.6

Unspecified Mix of HFCs, PFCs, SFg,
and NF; + + + + + + +
Electronics Industry + + + + + + +

Total 345.5 365.7 375.4 367.9 367.6 371.0 374.0

Note: Totals may not sum due to independent rounding.

+ Does not exceed 0.05 MMT CO; Eq.

2 Small amounts of PFC emissions also result from this source.

Table 4-2: Emissions from Industrial Processes and Product Use (kt)

Gas/Source 1990 2005 2015 2016 2017 2018 2019

CO; 212,317 194,068 173,517 165,219 163,864 164,537 167,705
Iron and Steel Production &

Metallurgical Coke Production 104,730 70,076 47,941 43,621 40,566 42,627 41,290
Iron and Steel Production 99,122 66,155 43,525 40,979 38,587 41,345 39,924
Metallurgical Coke Production 5,608 3,921 4,417 2,643 1,978 1,282 1,366

Cement Production 33,484 46,194 39,907 39,439 40,324 38,971 40,896
Petrochemical Production 21,611 27,383 28,062 28,310 28,910 29,314 30,792
Lime Production 11,700 14,552 13,333 12,545 12,875 13,112 12,963
Ammonia Production 13,047 9,177 10,616 10,245 11,112 12,163 12,272
Other Process Uses of Carbonates 6,297 7,644 12,182 10,972 9,933 7,469 7,457
Urea Consumption for Non-

Agricultural Purposes 3,784 3,653 4,578 5,132 4,972 6,056 6,569
Carbon Dioxide Consumption 1,472 1,375 4,940 4,640 4,580 4,130 4,870
Ferroalloy Production 2,152 1,392 1,960 1,796 1,975 2,063 1,598
Soda Ash Production 1,431 1,655 1,714 1,723 1,753 1,714 1,792
Titanium Dioxide Production 1,195 1,755 1,635 1,662 1,688 1,541 1,474
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Aluminum Production 6,831 4,142 2,767 1,334 1,205 1,451 1,880

Glass Production 1,535 1,928 1,299 1,249 1,296 1,305 1,280
Zinc Production 632 1,030 933 882 951 982 964
Phosphoric Acid Production 1,529 1,342 999 998 1,028 940 891
Lead Production 516 553 473 500 513 513 540
Carbide Production and
Consumption 370 213 176 170 181 184 175
Magnesium Production and
Processing 1 3 3 3 3 1 1
CH, 12 4 9 11 11 13 15
Petrochemical Production 9 3 7 10 10 12 13
Ferroalloy Production 1 + 1 1 1 1 +
Carbide Production and
Consumption 1 + + + + + +
Iron and Steel Production &
Metallurgical Coke Production 1 1 + + + + +
N.O 112 84 74 78 76 87 71
Adipic Acid Production 51 24 14 23 25 35 18
Nitric Acid Production 41 38 39 34 31 32 34
N,O from Product Uses 14 14 14 14 14 14 14
Caprolactam, Glyoxal, and
Glyoxylic Acid Production 6 7 6 6 5 5
Electronics Industry + + 1 1 1 1 1
HFCs M M M M M M M
Substitution of Ozone Depleting
Substances? M M M M M M M
HCFC-22 Production 3 1 + + + + +
Electronics Industry M M M M M M

Magnesium Production and

Processing 0 0 + + + + +
PFCs M M M M M M M
Electronics Industry M M M M M M M
Aluminum Production M M M M M M M
Substitution of Ozone Depleting
Substances 0 + + + + + +
SFe 1 1 + + + + +
Electrical Transmission and
Distribution 1 + + + + + +
Magnesium Production and
Processing + + + + + + +
Electronics Industry + + + + + + +
NFs + + + + + + +
Electronics Industry + + + + + + +
Unspecified Mix of HFCs, PFCs, SFg,
and NF; M M M M M M M
Electronics Industry M M M M M M M

Note: Totals may not sum due to independent rounding.

+ Does not exceed 0.5 kt.

M (Mixture of gases)

a Small amounts of PFC emissions also result from this source.

This chapter presents emission estimates calculated in accordance with the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories (2006 IPCC Guidelines) and its refinements. For additional detail on IPPU sources that
are not included in this Inventory report, please review Annex 5, Assessment of the Sources and Sinks of
Greenhouse Gas Emissions Not Included. These sources are not included due to various national circumstances,
such as that emissions from a source may not currently occur in the United States, data are not currently available
for those emission sources (e.g., ceramics, non-metallurgical magnesium production, glyoxal and glyoxylic acid
production, CHa from direct reduced iron production), emissions are included elsewhere within the Inventory
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report, or data suggest that emissions are not significant (e.g., various fluorinated gas emissions from the
electronics industry and other produce uses). Information on planned improvements for specific IPPU source
categories can be found in the Planned Improvements section of the individual source category.

In addition, as mentioned in the Energy chapter of this report (Box 3-5), fossil fuels consumed for non-energy uses
for primary purposes other than combustion for energy (including lubricants, paraffin waxes, bitumen asphalt, and
solvents) are reported in the Energy chapter. According to the 2006 IPCC Guidelines, these non-energy uses of
fossil fuels are to be reported under the IPPU, rather than the Energy sector; however, due to national
circumstances regarding the allocation of energy statistics and carbon balance data, the United States reports
these non-energy uses in the Energy chapter of this Inventory. Although emissions from these non-energy uses are
reported in the Energy chapter, the methodologies used to determine emissions are compatible with the 2006
IPCC Guidelines and are well documented and scientifically based. The methodologies used, as described in Section
3.2, Carbon Emitted from Non-Energy Uses of Fossil Fuels and Annex 2.3, Methodology for Estimating Carbon
Emitted from Non-Energy Uses of Fossil Fuels. The emissions are reported under the Energy chapter to improve
transparency, report a more complete carbon balance, and avoid double counting. For example, only the emissions
from the first use of lubricants and waxes are to be reported under the IPPU sector, and emissions from use of
lubricants in 2-stroke engines and emissions from secondary use of lubricants and waxes in waste incineration with
energy recovery are to be reported under the Energy sector. Reporting non-energy use emissions from only first
use of lubricants and waxes under IPPU would involve making artificial adjustments to the non-energy use carbon
balance and could potentially result in double counting of emissions. These artificial adjustments would also be
required for asphalt and road oil and solvents (which are captured as part of petrochemical feedstock emissions)
and could also potentially result in double counting of emissions. For more information, see the Methodology
discussion in Section 3.1, CO2 from Fossil Fuel Combustion, Section 3.2, Carbon Emitted from Non-Energy Uses of
Fossil Fuels and Annex 2.3, Methodology for Estimating Carbon Emitted from Non-Energy Uses of Fossil Fuels.

Finally, as stated in the Energy chapter, portions of the fuel consumption data for seven fuel categories—coking
coal, distillate fuel, industrial other coal, petroleum coke, natural gas, residual fuel oil, and other oil—are
reallocated to the IPPU chapter, as they are consumed during non-energy related industrial process activity.
Emissions from uses of fossil fuels as feedstocks or reducing agents (e.g., petrochemical production, aluminum
production, titanium dioxide and zinc production) are reported in the IPPU chapter, unless otherwise noted due to
specific national circumstances. This approach is compatible with the 2006 IPCC Guidelines and is well documented
and scientifically based. The emissions from these feedstocks and reducing agents are reported under the IPPU
chapter to improve transparency and to avoid double counting of emissions under both the Energy and IPPU
sectors. More information on the methodology to adjust for these emissions within the Energy chapter is
described in the Methodology section of CO2 from Fossil Fuel Combustion (3.1 Fossil Fuel Combustion [CRF Source
Category 1A]) and Annex 2.1, Methodology for Estimating Emissions of CO2 from Fossil Fuel Combustion.
Additional information is listed within each IPPU emission source in which this approach applies.

Box 4-1: Methodological Approach for Estimating and Reporting U.S. Emissions and Removals

In following the United Nations Framework Convention on Climate Change (UNFCCC) requirement under Article
4.1 to develop and submit national greenhouse gas emission inventories, the emissions and removals presented
in this report and this chapter are organized by source and sink categories and calculated using internationally
accepted methods provided by the Intergovernmental Panel on Climate Change (IPCC) in the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories (2006 IPCC Guidelines) and its supplements and
refinements. Additionally, the calculated emissions and removals in a given year for the United States are
presented in a common manner in line with the UNFCCC reporting guidelines for the reporting of inventories
under this international agreement. The use of consistent methods to calculate emissions and removals by all
nations providing their inventories to the UNFCCC ensures that these reports are comparable. The presentation
of emissions and removals provided in the IPPU chapter do not preclude alternative examinations, but rather,
this chapter presents emissions and removals in a common format consistent with how countries are to report
Inventories under the UNFCCC. The report itself, and this chapter, follows this standardized format, and
provides an explanation of the application of methods used to calculate emissions and removals from industrial
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processes and from the use of greenhouse gases in products.

QA/QC and Verification Procedures

For IPPU sources, a detailed QA/QC plan was developed and implemented for specific categories. This plan is
consistent with the U.S. Inventory QA/QC plan outlined in Annex 8 but was tailored to include specific procedures
recommended for these sources. The IPPU QA/QC Plan does not replace the Inventory QA/QC Plan, but rather
provides more context for the IPPU sector. The IPPU QA/QC Plan provides the completed QA/QC forms for each
inventory reports, as well as, for certain source categories (e.g., key categories), more detailed documentation of
quality control checks and recalculations due to methodological changes.

Two types of checks were performed using this plan: (1) general (Tier 1) procedures consistent with Volume 1,
Chapter 6 of the 2006 IPCC Guidelines that focus on annual procedures and checks to be used when gathering,
maintaining, handling, documenting, checking, and archiving the data, supporting documents, and files; and (2)
source category-specific (Tier 2) procedures that focus on checks and comparisons of the emission factors, activity
data, and methodologies used for estimating emissions from the relevant industrial process and product use
sources. Examples of these procedures include: checks to ensure that activity data and emission estimates are
consistent with historical trends to identify significant changes; that, where possible, consistent and reputable data
sources are used and specified across sources; that interpolation or extrapolation techniques are consistent across
sources; and that common datasets, units, and conversion factors are used where applicable. The IPPU QA/QC
plan also checked for transcription errors in data inputs required for emission calculations, including activity data
and emission factors; and confirmed that estimates were calculated and reported for all applicable and able
portions of the source categories for all years.

For sources that use data from EPA’s Greenhouse Gas Reporting Program (GHGRP), EPA verifies annual facility-
level reports through a multi-step process (e.g., including a combination of pre-and post-submittal electronic
checks and manual reviews by staff) to identify potential errors and ensure that data submitted to EPA are
accurate, complete, and consistent.3 Based on the results of the verification process, EPA follows up with facilities
to resolve mistakes that may have occurred. The post-submittals checks are consistent with a number of general
and category-specific QC procedures, including: range checks, statistical checks, algorithm checks, and year-to-year
checks of reported data and emissions. See Box 4-2 below for more information on use of GHGRP data in this
chapter.

General QA/QC procedures (Tier 1) and calculation-related QC (category-specific, Tier 2) have been performed for
all IPPU sources. Consistent with the 2006 IPCC Guidelines, additional category-specific QC procedures were
performed for more significant emission categories (such as the comparison of reported consumption with
modeled consumption using EPA’s Greenhouse Gas Reporting Program (GHGRP) data within Substitution of Ozone
Depleting Substances) or sources where significant methodological and data updates have taken place. The QA/QC
implementation did not reveal any significant inaccuracies, and all errors identified were documented and
corrected. Application of these procedures, specifically category-specific QC procedures and
updates/improvements as a result of QA processes (expert, public, and UNFCCC technical expert reviews), are
described further within respective source categories, in the Recalculations and Planned Improvement sections.

For most IPPU categories, activity data are obtained via aggregation of facility-level data from EPA’s GHGRP (See
Box 4-2 below and Annex 9), national commodity surveys conducted by U.S. Geological Survey National Minerals
Information Center, U.S. Department of Energy (DOE), U.S. Census Bureau, industry associations such as Air-
Conditioning, Heating, and Refrigeration Institute (AHRI), American Chemistry Council (ACC), and American lron
and Steel Institute (AISI) (specified within each source category). The emission factors used include those derived
from the EPA’s GHGRP and application of IPCC default factors. Descriptions of uncertainties and assumptions for

3 See <https://www.epa.gov/sites/production/files/2015-07/documents/ghgrp_verification_factsheet.pdf>.
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activity data and emission factors are included within the uncertainty discussion sections for each IPPU source
category.

Box 4-2: Industrial Process and Product Use Data from EPA’s Greenhouse Gas Reporting Program

EPA collects greenhouse gas emissions data from individual facilities and suppliers of certain fossil fuels and
industrial gases through its Greenhouse Gas Reporting Program (GHGRP). The GHGRP applies to direct
greenhouse gas emitters, fossil fuel suppliers, industrial gas suppliers, and facilities that inject CO2 underground
for sequestration or other reasons and requires reporting by sources or suppliers in 41 industrial categories.
Annual reporting is at the facility level, except for certain suppliers of fossil fuels and industrial greenhouse
gases.

In general, the threshold for reporting is 25,000 metric tons or more of CO2 Eq. per year, but reporting is
required for all facilities in some industries. Calendar year 2010 was the first year for which data were collected
for facilities subject to 40 CFR Part 98, though some source categories first collected data for calendar year
2011. See Annex 9 “Use of EPA Greenhouse Gas Reporting Program in Inventory” for more information.

EPA uses annual GHGRP data in a number of categories to improve the national estimates presented in this
Inventory, consistent with IPCC guidelines (e.g., minerals, chemicals, product uses). Methodologies used in
EPA’s GHGRP are consistent with IPCC guidelines, including higher tier methods; however, it should be noted
that the definitions for source categories in EPA’s GHGRP may differ from those used in this Inventory in
meeting the UNFCCC reporting guidelines (IPCC 2011). In line with the UNFCCC reporting guidelines, the
Inventory is a comprehensive accounting of all emissions from source categories identified in the 2006 IPCC
Guidelines. EPA has paid particular attention to ensuring both completeness and time-series consistency for
major recalculations that have occurred from the incorporation of GHGRP data into these categories, consistent
with 2006 IPCC Guidelines and IPCC Technical Bulletin on Use of Facility-Specific Data in National GHG
Inventories.*

For certain source categories in this Inventory (e.g., nitric acid production, lime production, cement production,
petrochemical production, carbon dioxide consumption, ammonia production, and urea consumption for non-
agricultural purposes), EPA has integrated data values that have been calculated by aggregating GHGRP data
that are considered confidential business information (CBI) at the facility level. EPA, with industry engagement,
has put forth criteria to confirm that a given data aggregation shields underlying CBI from public disclosure. EPA
is only publishing data values that meet these aggregation criteria.> Specific uses of aggregated facility-level
data are described in the respective methodological sections (e.g., including other sources using GHGRP data
that is not aggregated CBI, such as aluminum, electronics industry, electrical transmission and distribution,
HCFC-22 production, and magnesium production and processing.). For other source categories in this chapter,
as indicated in the respective planned improvements sections,® EPA is continuing to analyze how facility-level
GHGRP data may be used to improve the national estimates presented in this Inventory, giving particular
consideration to ensuring time-series consistency and completeness.

Additionally, EPA’s GHGRP has and will continue to enhance QA/QC procedures and assessment of uncertainties
within the IPPU categories (see those categories for specific QA/QC details regarding the use of GHGRP data).

4 see <http://www.ipcc-nggip.iges.or.jp/public/tb/TFI_Technical_Bulletin_1.pdf>.

5 U.S. EPA Greenhouse Gas Reporting Program. Developments on Publication of Aggregated Greenhouse Gas Data, November
25, 2014. See <http://www.epa.gov/ghgreporting/confidential-business-information-ghg-reporting>.

6 Ammonia Production, Glass Production, Lead Production, and Other Fluorinated Gas Production.
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4.1 Cement Production (CRF Source Category
2A1)

Cement production is an energy- and raw material-intensive process that results in the generation of carbon
dioxide (COz) both from the energy consumed in making the clinker precursor to cement and from the chemical
process to make the clinker. Emissions from fuels consumed for energy purposes during the production of cement
are accounted for in the Energy chapter.

During the clinker production process, the key reaction occurs when calcium carbonate (CaCOs), in the form of
limestone or similar rocks, is heated in a cement kiln at a temperature range of about 700 to 1,000 degrees Celsius
(1,300 to 1,800 degrees Fahrenheit) to form lime (i.e., calcium oxide, or CaO) and CO2 in a process known as
calcination or calcining. The quantity of CO2 emitted during clinker production is directly proportional to the lime
content of the clinker. During calcination, each mole of CaCOs heated in the clinker kiln forms one mole of CaO and
one mole of CO2. The CO: is vented to the atmosphere as part of the kiln lime exhaust:

CaCO; + heat - Ca0O + CO,

Next, over a temperature range of 1000 to 1450 degrees Celsius, the CaO combines with alumina, iron oxide and
silica that are also present in the clinker raw material mix to form hydraulically reactive compounds within white-
hot semifused (sintered) nodules of clinker. Because these “sintering” reactions are highly exothermic, they
produce few CO2 process emissions. The clinker is then rapidly cooled to maintain quality and then very finely
ground with a small amount of gypsum and potentially other materials (e.g., ground granulated blast furnace slag,
etc.) to make Portland and similar cements.”

Carbon dioxide emitted from the chemical process of cement production is the second largest source of industrial
CO2 emissions in the United States. Cement is produced in 34 states and Puerto Rico. Texas, California, Missouri,
Florida, Alabama, Michigan, and Pennsylvania were the leading cement-producing states in 2019 and accounted
for almost60 percent of total U.S. production (USGS 2020). Clinker production in 2019 remained at relatively flat
levels, compared to 2018 (EPA 2020; USGS 2020). In 2019, cement sales increased slightly, and imports of clinker
for consumption increased by approximately 14 percent from 2018 (USGS 2020). In 2019, U.S. clinker production
totaled 78,600 kilotons (EPA 2020). The resulting CO2 emissions were estimated to be 40.9 MMT CO: Eq. (40,896
kt) (see Table 4-3).

Table 4-3: CO:z Emissions from Cement Production (MMT CO: Eq. and kt)

Year MMT CO; Eq. kt

1990 33.5 33,484
2005 46.2 46,194
2015 39.9 39,907
2016 394 39,439
2017 40.3 40,324
2018 39.0 38,971
2019 40.9 40,896

Greenhouse gas emissions from cement production, which are primarily driven by production levels, increased
every year from 1991 through 2006 but decreased in the following years until 2009. Since 1990, emissions have

7 Approximately three percent of total clinker production is used to produce masonry cement, which is produced using
plasticizers (e.g., ground limestone, lime, etc.) and Portland cement (USGS 2011). Carbon dioxide emissions that result from the
production of lime used to create masonry cement are included in Section 4.2 Lime Production (CRF Source Category 2A2).

4-10 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019
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increased by 22 percent. Emissions from cement production were at their lowest levels in 2009 (2009 emissions
are approximately 28 percent lower than 2008 emissions and 12 percent lower than 1990) due to the economic
recession and the associated decrease in demand for construction materials. Since 2010, emissions have increased
by about 30 percent, due to increasing demand for cement. Cement continues to be a critical component of the
construction industry; therefore, the availability of public and private construction funding, as well as overall
economic conditions, have considerable impact on the level of cement production.

Methodology

Carbon dioxide emissions from cement production were estimated using the Tier 2 methodology from the 2006
IPCC Guidelines as this is a key category. The Tier 2 methodology was used because detailed and complete data
(including weights and composition) for carbonate(s) consumed in clinker production are not available,8 and thus a
rigorous Tier 3 approach is impractical. Tier 2 specifies the use of aggregated plant or national clinker production
data and an emission factor, which is the product of the average lime fraction for clinker of 65 percent and a
constant reflecting the mass of COz released per unit of lime. The U.S. Geological Survey (USGS) mineral
commodity expert for cement has confirmed that this is a reasonable assumption for the United States (Van Oss
2013a). This calculation yields an emission factor of 0.510 tons of CO2 per ton of clinker produced, which was
determined as follows:

EFdinker = 0.650 Ca0 X [(44.01 g/mole COz) + (56.08 g/mole Ca0)] = 0.510 tons COz/ton clinker

During clinker production, some of the raw materials, partially reacted raw materials, and clinker enters the kiln
line’s exhaust system as non-calcinated, partially calcinated, or fully calcinated cement kiln dust (CKD). To the
degree that the CKD contains carbonate raw materials which are then calcined, there are associated CO2 emissions.
At some plants, essentially all CKD is directly returned to the kiln, becoming part of the raw material feed, or is
likewise returned to the kiln after first being removed from the exhaust. In either case, the returned CKD becomes
a raw material, thus forming clinker, and the associated CO2 emissions are a component of those calculated for the
clinker overall. At some plants, however, the CKD cannot be returned to the kiln because it is chemically unsuitable
as a raw material, or chemical issues limit the amount of CKD that can be so reused. Any clinker that cannot be
returned to the kiln is either used for other (non-clinker) purposes or is landfilled. The CO2 emissions attributable
to the non-returned calcinated portion of the CKD are not accounted for by the clinker emission factor and thus a
CKD correction factor should be applied to account for those emissions. The USGS reports the amount of CKD used
to produce clinker, but no information is currently available on the total amount of CKD produced annually.®
Because data are not currently available to derive a country-specific CKD correction factor, a default correction
factor of 1.02 (2 percent) was used to account for CKD CO2 emissions, as recommended by the IPCC (IPCC 2006).10
Total cement production emissions were calculated by adding the emissions from clinker production and the
emissions assigned to CKD.

Small amounts of impurities (i.e., not calcium carbonate) may exist in the raw limestone used to produce clinker.
The proportion of these impurities is generally minimal, although a small amount (1 to 2 percent) of magnesium
oxide (MgO) may be desirable as a flux. Per the IPCC Tier 2 methodology, a correction for MgO is not used, since

8 As discussed further under “Planned Improvements,” most cement-producing facilities that report their emissions to the
GHGRP use CEMS to monitor combined process and fuel combustion emissions for kilns, making it difficult to quantify the
process emissions on a facility-specific basis. In 2019, the percentage of facilities not using CEMS was 8 percent.

9 The USGS Minerals Yearbook: Cement notes that CKD values used for clinker production are likely underreported.

10 As stated on p. 2.12 of the 2006 IPCC Guidelines, Vol. 3, Chapter 2: “...As data on the amount of CKD produced may be scarce
(except possibly for plant-level reporting), estimating emissions from lost CKD based on a default value can be considered good
practice. The amount of CO; from lost CKD can vary, but ranges typically from about 1.5 percent (additional CO2 relative to that
calculated for clinker) for a modern plant to about 20 percent for a plant losing a lot of highly calcinated CKD (van Oss, 2005). In
the absence of data, the default CKD correction factor (CFcad) is 1.02 (i.e., add 2 percent to the CO: calculated for clinker). If no
calcined CKD is believed to be lost to the system, the CKD correction factor will be 1.00 (van Oss, 2005)...”
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the amount of MgO from carbonate is likely very small and the assumption of a 100 percent carbonate source of
Ca0 already yields an overestimation of emissions (IPCC 2006).

The 1990 through 2012 activity data for clinker production (see Table 4-4) were obtained from USGS (Van Oss
2013a, Van Oss 2013b). Clinker production data for 2013 were also obtained from USGS (USGS 2014). USGS
compiled the data (to the nearest ton) through questionnaires sent to domestic clinker and cement manufacturing
plants, including facilities in Puerto Rico. Clinker production values in the current Inventory report utilize GHGRP
data for the years 2014 through 2019 (EPA 2020). Details on how this GHGRP data compares to USGS reported
data can be found in the section on QA/QC and Verification.

Table 4-4: Clinker Production (kt)

Year Clinker
1990 64,355
2005 88,783
2015 76,700
2016 75,800
2017 77,500
2018 74,900
2019 78,600

Notes: Clinker production from 1990
through 2019 includes Puerto Rico
(relevant U.S. Territories).

Uncertainty and Time-Series Consistency — TO BE UPDATED

The uncertainties contained in these estimates are primarily due to uncertainties in the lime content of clinker and
in the percentage of CKD recycled inside the cement kiln. Uncertainty is also associated with the assumption that
all calcium-containing raw materials are CaCOs, when a small percentage likely consists of other carbonate and
non-carbonate raw materials. The lime content of clinker varies from 60 to 67 percent; 65 percent is used as a
representative value (Van Oss 2013a). The amount of CO2 from CKD loss can range from 1.5 to 8 percent
depending upon plant specifications. Additionally, some amount of CO2 is reabsorbed when the cement is used for
construction. As cement reacts with water, alkaline substances such as calcium hydroxide are formed. During this
curing process, these compounds may react with CO in the atmosphere to create calcium carbonate. This reaction
only occurs in roughly the outer 0.2 inches of the total thickness. Because the amount of CO; reabsorbed is
thought to be minimal, it was not estimated.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-5. Based on the
uncertainties associated with total U.S. clinker production, the CO2 emission factor for clinker production, and the
emission factor for additional CO2 emissions from CKD, 2019 COz emissions from cement production were
estimated to be between 37.8 and 42.8 MMT CO: Eq. at the 95 percent confidence level. This confidence level
indicates a range of approximately 6 percent below and 6 percent above the emission estimate of 40.9 MMT CO2

Eq.

Table 4-5: Approach 2 Quantitative Uncertainty Estimates for CO2 Emissions from Cement
Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Cement Production CO, 40.9 37.8 42.8 -6% +6%

2 Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

4-12 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019
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Methodological approaches were applied to the entire time series to ensure time-series consistency from 1990
through 2018. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

EPA relied upon the latest guidance from the IPCC on the use of facility-level data in national inventories and
applied a category-specific QC process to compare activity data from EPA’s GHGRP with existing data from USGS
surveys. This was to ensure time-series consistency of the emission estimates presented in the Inventory. Total
U.S. clinker production is assumed to have low uncertainty because facilities routinely measure this for economic
reasons and because both USGS and GHGRP take multiple steps to ensure that reported totals are accurate. EPA
verifies annual facility-level GHGRP reports through a multi-step process that is tailored to the reporting industry
(e.g., combination of electronic checks including range checks, statistical checks, algorithm checks, year-to-year
comparison checks, along with manual reviews involving outside data checks) to identify potential errors and
ensure that data submitted to EPA are accurate, complete, and consistent (EPA 2015). Based on the results of the
verification process, EPA follows up with facilities to resolve mistakes that may have occurred.1! Facilities are also
required to monitor and maintain records of monthly clinker production per section 98.84 of the GHGRP regulation
(40 CFR 98.84).

EPA’s GHGRP requires all facilities producing Portland cement to report greenhouse gas emissions, including CO>
process emissions from each kiln, CO> combustion emissions from each kiln, CHs and N2O combustion emissions
from each kiln, and CO2, CH4, and N20 emissions from each stationary combustion unit other than kilns (40 CFR
Part 98 Subpart H). Source-specific quality control measures for the Cement Production category are included in
section 98.84, Monitoring and QA/QC Requirements.

As mentioned above, EPA compares GHGRP clinker production data to the USGS clinker production data. For the
year 2014 and 2018, USGS and GHGRP clinker production data showed a difference of approximately 2 percent
and 3 percent, respectively. In 2015, 2016, 2017, and 2019, that difference was less than 1 percent between the
two sets of activity data. This difference resulted in an increase of emissions compared to USGS data by less than
0.1 MMT CO; Eq. in 2015, 2016, 2017, and 2019. The information collected by the USGS National Minerals
Information Center surveys continue to be an important data source.

Recalculations Discussion

Recalculations were performed for year 2018 based on updated clinker production data from EPA’s GHGRP.
Compared to the previous Inventory, emissions for 2018 decreased by 3 percent (1,353 kt CO: Eq.).

Planned Improvements

EPA is continuing to evaluate and analyze data reported under EPA’s GHGRP that would be useful to improve the
emission estimates for the Cement Production source category. Most cement production facilities reporting under
EPA’s GHGRP use Continuous Emission Monitoring Systems (CEMS) to monitor and report CO; emissions, thus
reporting combined process and combustion emissions from kilns. In implementing further improvements and
integration of data from EPA’s GHGRP, the latest guidance from the IPCC on the use of facility-level data in national

11 see GHGRP Verification Fact Sheet <https://www.epa.gov/sites/production/files/2015-
07/documents/ghgrp_verification_factsheet.pdf>.
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inventories will be relied upon, in addition to category-specific QC methods recommended by the 2006 IPCC
Guidelines.12 EPA’s long-term improvement plan includes continued assessment of the feasibility of using
additional GHGRP information beyond aggregation of reported facility-level clinker data, in particular
disaggregating the combined process and combustion emissions reported using CEMS, to separately present
national process and combustion emissions streams consistent with IPCC and UNFCCC guidelines. This long-term
planned analysis is still in development and has not been applied for this current Inventory.

Finally, in response to feedback from Portland Cement Association (PCA) during the Public Review comment period
of a previous Inventory, EPA plans to work with PCA to discuss additional long-term improvements to review
methods and data used to estimate CO2 emissions from cement production to account for both organic material
and magnesium carbonate in the raw material, and to discuss the carbonation that occurs across the duration of
the cement product. Priority will be to identify data and studies on the average MgO content of clinker produced in
the United States, the average carbon content for organic materials in kiln feed in the United States, and CO2
reabsorption rates via carbonation for various cement products. This information is not reported by facilities
subject to report to GHGRP. EPA met with PCA in the fall of 2020 to discuss PCA’s latest research on carbonation.

4.2 Lime Production (CRF Source Category
2A2)

Lime is an important manufactured product with many industrial, chemical, and environmental applications. Lime
production involves three main processes: stone preparation, calcination, and hydration. Carbon dioxide (COz) is
generated during the calcination stage, when limestone—mostly calcium carbonate (CaCO3s)—is roasted at high
temperatures in a kiln to produce calcium oxide (CaO) and CO.. The CO: is given off as a gas and is normally
emitted to the atmosphere.

CaC0O; — Ca0 +CO,

Some of the CO2 generated during the production process, however, is recovered at some facilities for use in sugar
refining and precipitated calcium carbonate (PCC) production.13 Emissions from fuels consumed for energy
purposes during the production of lime are included in the Energy chapter.

For U.S. operations, the term “lime” actually refers to a variety of chemical compounds. These include CaO, or
high-calcium quicklime; calcium hydroxide (Ca(OH)2), or hydrated lime; dolomitic quicklime ([CaOeMgO]); and
dolomitic hydrate ([Ca(OH)2¢MgO] or [Ca(OH)2¢Mg(OH):]).

The current lime market is approximately distributed across five end-use categories, as follows: metallurgical uses,
34 percent; environmental uses, 30 percent; chemical and industrial uses, 21 percent; construction uses, 11
percent; and refractory dolomite, 1 percent (USGS 2020b). The major uses are in steel making, flue gas
desulfurization systems at coal-fired electric power plants, construction, and water treatment, as well as uses in
mining, pulp and paper and precipitated calcium carbonate manufacturing. Lime is also used as a CO> scrubber,
and there has been experimentation on the use of lime to capture CO» from electric power plants.

Lime production in the United States—including Puerto Rico—was reported to be 18,000 kilotons in 2019 (USGS
2020a). Lime production in 2019 decreased by about 1 percent compared to 2018 levels (USGS 2020a). At year-end
2019, there were 74 operating primary lime plants in the United States, including Puerto Rico according to the

12 see IPCC Technical Bulletin on Use of Facility-Specific Data in National Greenhouse Gas Inventories <http://www.ipcc-
nggip.iges.or.jp/public/tb/TFI_Technical_Bulletin_1.pdf>.

13 pcc is obtained from the reaction of CO; with calcium hydroxide. It is used as a filler and/or coating in the paper, food, and
plastic industries.

4-14 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019
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USGS MCS (USGS 2020a).14 Principal lime producing states are Missouri, Alabama, Ohio, Texas, and Kentucky
(USGS 2020a).

U.S. lime production resulted in estimated net CO2 emissions of 13.0 MMT CO: Eq. (12,963 kt) (see Table 4-6 and
Table 4-7). The trends in CO2 emissions from lime production are directly proportional to trends in production,
which are described below.

Table 4-6: CO:z Emissions from Lime Production (MMT CO: Eq. and kt)

Year MMT CO; Eq. kt

1990 11.7 11,700
2005 14.6 14,552
2015 133 13,333
2016 125 12,545
2017 12.9 12,875
2018 131 13,112
2019 13.0 12,963

Table 4-7: Gross, Recovered, and Net CO2 Emissions from Lime Production (kt)

Year Gross Recovered? Net Emissions
1990 11,959 259 11,700
2005 15,074 522 14,552
2015 13,755 422 13,333
2016 12,915 370 12,545
2017 13,276 401 12,875
2018 13,615 503 13,112
2019 13,527 564 12,963

Note: Totals may not sum due to independent rounding.
2 For sugar refining and PCC production.

Methodology

To calculate emissions, the amounts of high-calcium and dolomitic lime produced were multiplied by their
respective emission factors using the Tier 2 approach from the 2006 IPCC Guidelines. The emission factor is the
product of the stoichiometric ratio between CO2 and Ca0, and the average CaO and MgO content for lime. The
Ca0 and MgO content for lime is assumed to be 95 percent for both high-calcium and dolomitic lime (IPCC 2006).
The emission factors were calculated as follows:

For high-calcium lime:

[(44.01 g/mole CO2) + (56.08 g/mole Ca0)] x (0.9500 CaO/lime) = 0.7455 g CO>/g lime
For dolomitic lime:

[(88.02 g/mole CO2) + (96.39 g/mole Ca0)] x (0.9500 CaO/lime) = 0.8675 g CO»/g lime

Production was adjusted to remove the mass of chemically combined water found in hydrated lime, determined
according to the molecular weight ratios of H20 to (Ca(OH)2 and [Ca(OH)2¢Mg(OH)2]) (IPCC 2006). These factors set

141n 2019, 71 operating primary lime facilities in the United States reported to the EPA Greenhouse Gas Reporting Program due
to closures.
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the chemically combined water content to 27 percent for high-calcium hydrated lime, and 30 percent for dolomitic
hydrated lime.

The 2006 IPCC Guidelines (Tier 2 method) also recommends accounting for emissions from lime kiln dust (LKD)
through application of a correction factor. LKD is a byproduct of the lime manufacturing process typically not
recycled back to kilns. LKD is a very fine-grained material and is especially useful for applications requiring very
small particle size. Most common LKD applications include soil reclamation and agriculture. Emissions from the
application of lime for agricultural purposes are reported in the Agriculture chapter under 5.5 Liming (CRF Source
Category 3G). Currently, data on annual LKD production is not readily available to develop a country-specific
correction factor. Lime emission estimates were multiplied by a factor of 1.02 to account for emissions from LKD
(IPCC 2006). See the Planned Improvements section associated with efforts to improve uncertainty analysis and
emission estimates associated with LKD.

Lime emission estimates were further adjusted to account for the amount of CO; captured for use in on-site
processes. All the domestic lime facilities are required to report these data to EPA under its GHGRP. The total
national-level annual amount of CO2 captured for on-site process use was obtained from EPA’s GHGRP (EPA 2020)
based on reported facility-level data for years 2010 through 2019. The amount of CO: captured/recovered for on-
site process use is deducted from the total gross emissions (i.e., from lime production and LKD). The net lime
emissions are presented in Table 4-6 and Table 4-7. GHGRP data on CO; removals (i.e., CO2 captured/recovered)
was available only for 2010 through 2019. Since GHGRP data are not available for 1990 through 2009, IPCC
“splicing” techniques were used as per the 2006 IPCC Guidelines on time-series consistency (IPCC 2006, Volume 1,
Chapter 5).

Lime production data by type (i.e., high-calcium and dolomitic quicklime, high-calcium and dolomitic hydrated
lime, and dead-burned dolomite) for 1990 through 2018 (see Table 4-8) were obtained from U.S. Geological Survey
(USGS) Minerals Yearbook (USGS 1992 through 2018) and are compiled by USGS to the nearest ton. The 2019 high-
calcium quicklime and dolomitic quicklime values were estimated using the ratio of the 2018 quicklime values to
the 2019 total values (USGS 2020a). The 2018 values for high-calcium hydrated, dolomitic hydrated, and dead-
burned dolomite were used as proxy for 2019. Natural hydraulic lime, which is produced from CaO and hydraulic
calcium silicates, is not manufactured in the United States (USGS 2018). Total lime production was adjusted to
account for the water content of hydrated lime by converting hydrate to oxide equivalent based on
recommendations from the IPCC and using the water content values for high-calcium hydrated lime and dolomitic
hydrated lime mentioned above, and is presented in

Table 4-9 (IPCC 2006). The CaO and CaO*MgO contents of lime, both 95 percent, were obtained from the IPCC
(IPCC 2006). Since data for the individual lime types (high calcium and dolomitic) were not provided prior to 1997,
total lime production for 1990 through 1996 was calculated according to the three-year distribution from 1997 to
1999.

Table 4-8: High-Calcium- and Dolomitic-Quicklime, High-Calcium- and Dolomitic-Hydrated,
and Dead-Burned-Dolomite Lime Production (kt)

High-Calcium Dolomitic High-Calcium Dolomitic Dead-Burned
Year Quicklime Quicklime Hydrated Hydrated Dolomite
1990 11,166 2,234 1,781 319 342
2005 14,100 2,990 2,220 474 200
2015 13,100 2,550 2,150 279 189
2016 12,000 2,420 2,350 280 190
2017 12,200 2,650 2,360 276 192
2018 12,400 2,820 2,430 265 197
2019 12,309 2,799 2,430 265 197

4-16 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019
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Table 4-9: Adjusted Lime Production (kt)

Year High-Calcium Dolomitic
1990 12,466 2,800
2005 15,721 3,522
2015 14,670 2,934
2016 13,716 2,806
2017 13,923 3,035
2018 14,174 3,203
2019 14,083 3,182
Note: Minus water content of hydrated
lime.

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

The uncertainties contained in these estimates can be attributed to slight differences in the chemical composition
of lime products and COz recovery rates for on-site process use over the time series. Although the methodology
accounts for various formulations of lime, it does not account for the trace impurities found in lime, such as iron
oxide, alumina, and silica. Due to differences in the limestone used as a raw material, a rigid specification of lime
material is impossible. As a result, few plants produce lime with exactly the same properties.

In addition, a portion of the CO2 emitted during lime production will actually be reabsorbed when the lime is
consumed, especially at captive lime production facilities. As noted above, lime has many different chemical,
industrial, environmental, and construction applications. In many processes, CO2 reacts with the lime to create
calcium carbonate (e.g., water softening). Carbon dioxide reabsorption rates vary, however, depending on the
application. For example, 100 percent of the lime used to produce precipitated calcium carbonate reacts with CO,
whereas most of the lime used in steel making reacts with impurities such as silica, sulfur, and aluminum
compounds. Quantifying the amount of CO: that is reabsorbed would require a detailed accounting of lime use in
the United States and additional information about the associated processes where both the lime and byproduct
CO: are “reused.” Research conducted thus far has not yielded the necessary information to quantify CO2
reabsorption rates.1> Some additional information on the amount of CO, consumed on site at lime facilities,
however, has been obtained from EPA’s GHGRP.

In some cases, lime is generated from calcium carbonate byproducts at pulp mills and water treatment plants.1®
The lime generated by these processes is included in the USGS data for commercial lime consumption. In the
pulping industry, mostly using the Kraft (sulfate) pulping process, lime is consumed in order to causticize a process
liquor (green liquor) composed of sodium carbonate and sodium sulfide. The green liquor results from the dilution
of the smelt created by combustion of the black liquor where biogenic carbon (C) is present from the wood. Kraft
mills recover the calcium carbonate “mud” after the causticizing operation and calcine it back into lime—thereby
generating CO2—for reuse in the pulping process. Although this re-generation of lime could be considered a lime

15 Representatives of the National Lime Association estimate that CO; reabsorption that occurs from the use of lime may offset
as much as a quarter of the CO, emissions from calcination (Males 2003).

16 Some carbide producers may also regenerate lime from their calcium hydroxide byproducts, which does not result in
emissions of CO,. In making calcium carbide, quicklime is mixed with coke and heated in electric furnaces. The regeneration of
lime in this process is done using a waste calcium hydroxide (hydrated lime) [CaC; + 2H,0 C;H; + Ca(OH) ;], not calcium
carbonate [CaCOs]. Thus, the calcium hydroxide is heated in the kiln to simply expel the water [Ca(OH); + heat CaO + H,0] and
no CO; is released.
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manufacturing process, the CO2 emitted during this process is mostly biogenic in origin and therefore is not
included in the industrial processes totals (Miner and Upton 2002). In accordance with IPCC methodological
guidelines, any such emissions are calculated by accounting for net C fluxes from changes in biogenic C reservoirs
in wooded or crop lands (see the Land Use, Land-Use Change, and Forestry chapter).

In the case of water treatment plants, lime is used in the softening process. Some large water treatment plants
may recover their waste calcium carbonate and calcine it into quicklime for reuse in the softening process. Further
research is necessary to determine the degree to which lime recycling is practiced by water treatment plants in the
United States.

Another uncertainty is the assumption that calcination emissions for LKD are around 2 percent. The National Lime
Association (NLA) has commented that the estimates of emissions from LKD in the United States could be closer to
6 percent. They also note that additional emissions (approximately 2 percent) may also be generated through
production of other byproducts/wastes (off-spec lime that is not recycled, scrubber sludge) at lime plants (Seeger
2013). Publicly available data on LKD generation rates, total quantities not used in cement production, and types of
other byproducts/wastes produced at lime facilities are limited. NLA compiled and shared historical emissions
information and quantities for some waste products reported by member facilities associated with generation of
total calcined byproducts and LKD, as well as methodology and calculation worksheets that member facilities
complete when reporting. There is uncertainty regarding the availability of data across the time series needed to
generate a representative country-specific LKD factor. Uncertainty of the activity data is also a function of the
reliability and completeness of voluntarily reported plant-level production data. Further research, including
outreach and discussion with NLA, and data is needed to improve understanding of additional calcination
emissions to consider revising the current assumptions that are based on IPCC guidelines. More information can be
found in the Planned Improvements section below.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-10. Lime CO2 emissions
for 2018 were estimated to be between 12.9 and 13.5 MMT CO: Eq. at the 95 percent confidence level. This
confidence level indicates a range of approximately 2 percent below and 2 percent above the emission estimate of
13.2 MMT CO: Eq.

Table 4-10: Approach 2 Quantitative Uncertainty Estimates for CO2 Emissions from Lime
Production (MMT CO: Eq. and Percent)

2018 Emission Estimate Uncertainty Range Relative to Emission Estimate?

Source Gas (MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Lime Production CO; 13.2 12.9 13.5 -2% +2%

3 Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2018. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as noted in the introduction
of the IPPU chapter (see Annex 8 for more details).

More details on the greenhouse gas calculation, monitoring and QA/QC methods associated with reporting on CO>
captured for onsite use applicable to lime manufacturing facilities can be found under Subpart S (Lime

4-18 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019
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Manufacturing) of the GHGRP regulation (40 CFR Part 98).1” EPA verifies annual facility-level GHGRP reports
through a multi-step process (e.g., combination of electronic checks and manual reviews) to identify potential
errors and ensure that data submitted to EPA are accurate, complete, and consistent (EPA 2020).'® Based on the
results of the verification process, EPA follows up with facilities to resolve mistakes that may have occurred. The
post-submittals checks are consistent with a number of general and category-specific QC procedures, including:
range checks, statistical checks, algorithm checks, and year-to-year checks of reported data and emissions.

Recalculations Discussion

Recalculations were performed for year 2018 based on updated CO2 captured for on-site process use data
obtained from EPA’s GHGRP. Recalculations were performed for years 2015, 2016, 2017, and 2018 based on
updated high-calcium and dolomitic quicklime, high-calcium and dolomitic hydrated lime, and dead-burned
dolomite production data from 2018 USGS Minerals Yearbook for lime. The updates resulted in less thana 1
percent decrease in CO2 emissions for 2015, 2016, and 2018 and a less than 1 percent increase in CO2 emissions for
2017, compared to the previous Inventory.

Planned Improvements

EPA plans to review GHGRP emissions and activity data reported to EPA under Subpart S of the GHGRP regulation
(40 CFR Part 98), and aggregated activity data on lime production by type in particular. In addition, initial review of
data has identified that several facilities use CEMS to report emissions. Under Subpart S, if a facility is using a
CEMS, they are required to report combined combustion emissions and process emissions. EPA continues to
review how best to incorporate GHGRP and notes that particular attention will be made to also ensuring time-
series consistency of the emissions estimates presented in future Inventory reports, consistent with IPCC and
UNFCCC guidelines. This is required because the facility-level reporting data from EPA’s GHGRP, with the program’s
initial requirements for reporting of emissions in calendar year 2010, are not available for all inventory years (i.e.,
1990 through 2009) as required for this Inventory. In implementing improvements and integration of data from
EPA’s GHGRP, the latest guidance from the IPCC on the use of facility-level data in national inventories will be
relied upon.1?

Future improvements involve improving and/or confirming the representativeness of current assumptions
associated with emissions from production of LKD and other byproducts/wastes as discussed in the Uncertainty
and Time Series Consistency section, per comments from the NLA provided during a prior Public Review comment
period for this (i.e., 1990 through 2018) and previous Inventories. EPA met with NLA in summer of 2020 for
clarification on data needs and available data and to discuss planned research into GHGRP data. Previously, EPA
met with NLA in spring of 2015 to outline specific information required to apply IPCC methods to develop a
country-specific correction factor to more accurately estimate emissions from production of LKD. In 2016, NLA
compiled and shared historical emissions information reported by member facilities on an annual basis under
voluntary reporting initiatives from 2002 through 2011 associated with generation of total calcined byproducts and
LKD. Reporting of LKD was only differentiated for the years 2010 and 2011. This emissions information was
reported on a voluntary basis consistent with NLA’s facility-level reporting protocol, which was also provided to
EPA. To reflect information provided by NLA, EPA updated the qualitative description of uncertainty. At the time of
this Inventory, this planned improvement is in process and has not been incorporated into this current Inventory
report.

17 see <http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title40/40cfr98_main_02.tpl>.
18 See <https://www.epa.gov/sites/production/files/2015-07/documents/ghgrp_verification_factsheet.pdf>.
19 see <http://www.ipcc-nggip.iges.or.jp/public/tb/TFI_Technical_Bulletin_1.pdf>.
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4.3 Glass Production (CRF Source Category
2A3)

Glass production is an energy and raw-material intensive process that results in the generation of carbon dioxide
(COz2) from both the energy consumed in making glass and the glass production process itself. Emissions from fuels
consumed for energy purposes during the production of glass are included in the Energy sector.

Glass production employs a variety of raw materials in a glass-batch. These include formers, fluxes, stabilizers, and
sometimes colorants. The major raw materials (i.e., fluxes and stabilizers) that emit process-related CO2 emissions
during the glass melting process are limestone, dolomite, and soda ash. The main former in all types of glass is
silica (SiO2). Other major formers in glass include feldspar and boric acid (i.e., borax). Fluxes are added to lower the
temperature at which the batch melts. Most commonly used flux materials are soda ash (sodium carbonate,
Na2C0s) and potash (potassium carbonate, K20). Stabilizers are used to make glass more chemically stable and to
keep the finished glass from dissolving and/or falling apart. Commonly used stabilizing agents in glass production
are limestone (CaCO3s), dolomite (CaCO3sMgCOs3), alumina (Al203), magnesia (MgO), barium carbonate (BaCO3s),
strontium carbonate (SrCOs), lithium carbonate (Li2COs), and zirconia (ZrOz) (OIT 2002). Glass makers also use a
certain amount of recycled scrap glass (cullet), which comes from in-house return of glassware broken in the
process or other glass spillage or retention, such as recycling or from cullet broker services.

The raw materials (primarily soda ash, limestone, and dolomite) release CO2 emissions in a complex high-
temperature chemical reaction during the glass melting process. This process is not directly comparable to the
calcination process used in lime manufacturing, cement manufacturing, and process uses of carbonates (i.e.,
limestone/dolomite use) but has the same net effect in terms of CO> emissions (IPCC 2006).

The U.S. glass industry can be divided into four main categories: containers, flat (window) glass, fiber glass, and
specialty glass. The majority of commercial glass produced is container and flat glass (EPA 2009). The United States
is one of the major global exporters of glass. Domestically, demand comes mainly from the construction, auto,
bottling, and container industries. There are more than 1,500 companies that manufacture glass in the United
States, with the largest being Corning, Guardian Industries, Owens-lllinois, and PPG Industries.20

In 2019, 2,220 kilotons of soda ash and 817 kilotons of limestone were consumed for glass production (USGS 2020;
USGS 2020a). Dolomite consumption data for glass manufacturing was reported to be zero for 2019. Use of
limestone and soda ash in glass production resulted in aggregate CO2 emissions of 1.3 MMT CO: Eq. (1,280 kt) (see
Table 4-11). Overall, emissions have decreased 17 percent from 1990 through 2019.

Emissions in 2019 decreased approximately 2 percent from 2018 levels while, in general, emissions from glass
production have remained relatively constant over the time series with some fluctuations since 1990. In general,
these fluctuations were related to the behavior of the export market and the U.S. economy. Specifically, the
extended downturn in residential and commercial construction and automotive industries between 2008 and 2010
resulted in reduced consumption of glass products, causing a drop in global demand for limestone/dolomite and
soda ash and resulting in emissions. Furthermore, the glass container sector is one of the leading soda ash
consuming sectors in the United States. Some commercial food and beverage package manufacturers are shifting
from glass containers towards lighter and more cost-effective polyethylene terephthalate (PET) based containers,
putting downward pressure on domestic consumption of soda ash (USGS 1995 through 2015b).

20 Excerpt from Glass & Glass Product Manufacturing Industry Profile, First Research. Available online at:
<http://www.firstresearch.com/Industry-Research/Glass-and-Glass-Product-Manufacturing.html>.
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Table 4-11: CO: Emissions from Glass Production (MMT CO: Eq. and kt)

Year MMT CO; Eq. kt

1990 1.5 1,535
2005 1.9 1,928
2015 1.3 1,299
2016 13 1,249
2017 13 1,296
2018 13 1,306
2019 13 1,280

Note: Totals may not sum due to
independent rounding.

Methodology

Carbon dioxide emissions were calculated based on the 2006 IPCC Guidelines Tier 3 method by multiplying the
quantity of input carbonates (limestone, dolomite, and soda ash) by the carbonate-based emission factor (in
metric tons CO2/metric ton carbonate): limestone, 0.43971; dolomite, 0.47732; and soda ash, 0.41492.

In 1991, the U.S. Bureau of Mines, now known as the U.S. Geological Survey (USGS), began compiling production
and end use information through surveys of crushed stone manufacturers. Each year, limestone and dolomite
make up approximately 70% of the total crushed stone manufactured in the United States (USGS 1995 through
2016a). Crushed stone manufacturers provided different levels of detail in the survey responses, so information
was divided into three categories: (1) production by end-use, as reported by manufacturers (i.e., “specified”
production); (2) production reported by manufacturers without end-uses specified (i.e., “unspecified-reported”
production); and (3) estimated additional production by manufacturers who did not respond to the survey (i.e.,
“unspecified-estimated” production).

The “specified” production portion of the report provides limestone and dolomite consumption for glass
manufacturing. Large quantities of limestone and dolomite consumption are reported under the categories
“unspecified-reported” and “unspecified—estimated” as well, and a portion of this consumption is believed to be
limestone or dolomite used for glass manufacturing. The quantities listed under both “unspecified” categories
were allocated to glass manufacturing according to the percentage of “specified” limestone or dolomite consumed
for glass manufacturing end-use for that year.2!

During 1990 and 1992, the U.S. Bureau of Mines did not conduct a detailed survey of limestone and dolomite
consumption by end-use. Therefore, data on consumption by end use for 1990 was estimated by applying the 1991
ratios of total limestone and dolomite consumption by end use to total 1990 limestone and dolomite consumption
values. Similarly, the 1992 consumption figures were approximated by applying an average of the 1991 and 1993
ratios of total limestone and dolomite consumption by end use to the 1992 total limestone and dolomite
consumption values.

For 1990 through 1993, consumption data of limestone and dolomite used for glass manufacturing were obtained
from the U.S. Bureau of Mines (1991 and 1993a), For 1994 through 2018, consumption data of limestone and
dolomite used for glass manufacturing were obtained from the USGS Minerals Yearbook: Crushed Stone Annual
Report (1995 through 2016a), and 2018 preliminary data from the USGS Crushed Stone Commodity Expert (Willett
2020a). The total limestone and dolomite used for glass manufacturing was determined in the same manner as
described for 1991 above. For 2019, consumption data for limestone and dolomite used for glass manufacturing
were not available at the time of publication, so 2018 values were used as proxy.

21 This approach was recommended by USGS.
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Each year the USGS withholds data on certain limestone and dolomite end-uses due to confidentiality agreements
regarding company proprietary data. For the purposes of this analysis, emissive end-uses that contained withheld
data were estimated using one of the following techniques: (1) the value for all the withheld data points for
limestone or dolomite use was distributed evenly to all withheld end-uses; or (2) the average percent of total
limestone or dolomite for the withheld end-use in the preceding and succeeding years.

For 1990 through 2019, consumption data for soda ash used for glass manufacturing were obtained from the U.S.
Bureau of Mines (1991 and 1993a), the USGS Minerals Yearbook: Soda Ash Annual Report (1995 through 2015b)
(USGS 1995 through 2015b), and USGS Mineral Industry Surveys for Soda Ash in April 2020 (USGS 2020).

Based on the 2019 reported data, the estimated distribution of soda ash consumption for glass production
compared to total domestic soda ash consumption is 47 percent (USGS 2020). Emissions from soda ash production
are reported in 4.12 Soda Ash Production (CRF Source Category 2B7).

Table 4-12: Limestone, Dolomite, and Soda Ash Consumption Used in Glass Production (kt)

Activity 1990 2005 2015 2016 2017 2018 2019
Limestone 430 920 699 472 720 818 817
Dolomite 59 541 0 0 0 0 0
Soda Ash 3,177 3,050 2,390 2,510 2,360 2,280 2,220
Total 3,666 4,511 3,089 2,982 3,080 3,098 3,037

Uncertainty and Time-Series Consistency — TO BE UPDATED

The uncertainty levels presented in this section arise in part due to variations in the chemical composition of
limestone used in glass production. In addition to calcium carbonate, limestone may contain smaller amounts of
magnesia, silica, and sulfur, among other minerals (potassium carbonate, strontium carbonate and barium
carbonate, and dead burned dolomite). Similarly, the quality of the limestone (and mix of carbonates) used for
glass manufacturing will depend on the type of glass being manufactured.

The estimates below also account for uncertainty associated with activity data. Large fluctuations in reported
consumption exist, reflecting year-to-year changes in the number of survey responders. The uncertainty resulting
from a shifting survey population is exacerbated by the gaps in the time series of reports. The accuracy of
distribution by end use is also uncertain because this value is reported by the manufacturer of the input
carbonates (limestone, dolomite and soda ash) and not the end user. For 2018, there has been no reported
consumption of dolomite for glass manufacturing. These data have been reported to USGS by dolomite
manufacturers and not end-users (i.e., glass manufacturers). There is a high uncertainty associated with this
estimate, as dolomite is a major raw material consumed in glass production. Additionally, there is significant
inherent uncertainty associated with estimating withheld data points for specific end uses of limestone and
dolomite. The uncertainty of the estimates for limestone and dolomite used in glass making is especially high.
Lastly, much of the limestone consumed in the United States is reported as “other unspecified uses;” therefore, it
is difficult to accurately allocate this unspecified quantity to the correct end-uses. Further research is needed into
alternate and more complete sources of data on carbonate-based raw material consumption by the glass industry.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-13. In 2018, glass
production CO2 emissions were estimated to be between 1.2 and 1.3 MMT CO: Eq. at the 95 percent confidence
level. This indicates a range of approximately 4 percent below and 5 percent above the emission estimate of 1.3
MMT CO: Eq.

Table 4-13: Approach 2 Quantitative Uncertainty Estimates for CO2 Emissions from Glass
Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)

Lower Upper Lower Upper

Bound Bound Bound Bound

4-22 DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019
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Glass Production CO; 13 1.2 13 -4% +5%
a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence
interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

Recalculations Discussion

For the current Inventory, updated USGS data on limestone and dolomite consumption became available for 2016
and 2018. The revised values used in the current Inventory resulted in updated emissions estimates for the years
2016 (increase of 0.6 percent) and 2018 (increase of 1.7 percent).

Planned Improvements

As noted in the prior annual publications of this report, current publicly available activity data shows consumption
of only limestone and soda ash for glass manufacturing. While limestone and soda ash are the predominant
carbonates used in glass manufacturing, other carbonates are also consumed for glass manufacturing but in
smaller quantities. EPA has initiated review of available activity data on carbonate consumption by type in the
glass industry, reported annually since 2010 from EPA’s Greenhouse Gas Reporting Program (GHGRP) as well as in
USGS publications. This is a long-term planned improvement.

EPA has initiated review of GHGRP data to help understand the completeness of emission estimates and facilitate
category-specific QC per Volume 1 of the 2006 IPCC Guidelines for the Glass Production source category. GHGRP
has an emission threshold for reporting from this industry, so the assessment will also consider the completeness
of carbonate consumption data for glass production in the United States. Particular attention will be made to
ensure time-series consistency of the emissions estimates presented in future Inventory reports, consistent with
IPCC and UNFCCC guidelines. This is required as the facility-level reporting data from EPA’s GHGRP, with the
program’s initial requirements for reporting of emissions in calendar year 2010, are not available for all inventory
years (i.e., 1990 through 2009) as required for this Inventory. In implementing improvements and integration of
data from GHGRP, EPA will rely on the latest guidance from the IPCC on the use of facility-level data in national
inventories.22 These planned improvements are ongoing, and EPA may also initiate research into other sources of
activity data for carbonate consumption by the glass industry.

22 gee <http://www.ipcc-nggip.iges.or.jp/public/tb/TFI_Technical_Bulletin_1.pdf>.
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4.4 Other Process Uses of Carbonates (CRF
Source Category 2A4)

Limestone (CaCOs), dolomite (CaCO3MgCOs),23 and other carbonates such as soda ash, magnesite, and siderite are
basic materials used by a wide variety of industries, including construction, agriculture, chemical, metallurgy, glass
production, and environmental pollution control. This section addresses only limestone, dolomite, and soda ash use.
For industrial applications, carbonates such as limestone and dolomite are heated sufficiently enough to calcine the
material and generate CO2 as a byproduct.

CaC0O; — Ca0 +CO,
MgC0O; -» Mg0 + CO,

Examples of such applications include limestone used as a flux or purifier in metallurgical furnaces, as a sorbent in
flue gas desulfurization (FGD) systems for utility and industrial plants, and as a raw material for the production of
glass, lime, and cement. Emissions from limestone and dolomite used in other process sectors, such as cement, lime,
glass production, and iron and steel, are excluded from the Other Process Uses of Carbonates category and reported
under their respective source categories (e.g., Section 4.3, Glass Production). Emissions from soda ash production
are reported under Section 4.12 Soda Ash Production (CRF Source Category 2B7). Emissions from soda ash
consumption associated with glass manufacturing are reported under Section 4.3 Glass Production (CRF Source
Category 2A3). Emissions from the use of limestone and dolomite in liming of agricultural soils are included in the
Agriculture chapter under Liming (CRF Source Category 3G). Emissions from fuels consumed for energy purposes
during these processes are accounted for in the Energy chapter under Section 3.1 Fossil Fuel Combustion (CRF
Source Category 1A).

Limestone and dolomite are widely distributed throughout the world in deposits of varying sizes and degrees of
purity. Large deposits of limestone occur in nearly every state in the United States, and significant quantities are
extracted for industrial applications. In 2016, the leading limestone producing states were Texas, Florida, Missouri,
Ohio, and Pennsylvania, which contributed 44 percent of the total U.S. output (USGS 2020a). Dolomite deposits are
found in the United States, Canada, Mexico, Europe, Africa, and Brazil. In the United States, the leading dolomite
producing states are Pennsylvania, New York, and Utah which currently contribute more than a third of the total
U.S. output (USGS 2020a). Internationally, two types of soda ash are produced: natural and synthetic. In 2017, 93
percent of the global soda ash production came from China, the United States, Russia, Germany, India, Turkey,
Poland, and France. The United States only produces natural soda ash and only in two states: Wyoming and
California (USGS 2020b).

In 2019, 13,779 kilotons of limestone, 2,066 kt of dolomite, and 2,497 kt of soda ash were consumed for these
emissive applications, excluding glass manufacturing (Willett 2020, USGS 2020b). Usage of limestone, dolomite and
soda ash resulted in aggregate CO2 emissions of 7.5 MMT CO: Eq. (7,457 kt) (see Table 4-14 and Table 4-15).
Limestone and dolomite consumption data were not available for 2019, so 2018 data were used as a proxy. The
2018 and 2019 emissions decreased 25 percent compared to 2017, primarily as a result of decreased limestone
consumption attributed to sulfur oxide removal usage for FGD systems. Overall emissions have increased 18
percent from 1990 through 2019.

23 Limestone and dolomite are collectively referred to as limestone by the industry, and intermediate varieties are seldom
distinguished.
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Table 4-14: CO:2 Emissions from Other Process Uses of Carbonates (MMT CO: Eq.)

Other
Flux Magnesium Soda Ash Miscellaneous
Year Stone FGD Production Consumption? UsesP Total
1990 2.6 1.4 0.1 1.4 0.8 6.3
2005 2.6 3.0 0.0 1.3 0.7 7.6
2015 2.9 7.3 0.0 1.1 0.9 12.2
2016 2.6 6.2 0.0 1.1 1.1 11.0
2017 2.4 5.6 0.0 1.1 0.8 9.9
2018 2.8 2.2 0.0 1.1 1.4 7.5
2019 2.8 2.2 0.0 1.0 1.4 7.5

Note: Totals may not sum due to independent rounding.
a Soda ash consumption not associated with glass manufacturing.
b “Other miscellaneous uses” include chemical stone, mine dusting or acid water treatment, acid

neutralization, and sugar refining.

Table 4-15: CO:2 Emissions from Other Process Uses of Carbonates (kt)

Other
Magnesium Soda Ash Miscellaneous
Year Flux Stone FGD Production Consumption? UsesP Total
1990 2,592 1,432 64 1,390 819 6,297
2005 2,649 2,973 0 1,305 718 7,644
2015 2,901 7,335 0 1,075 871 12,182
2016 2,585 6,164 0 1,082 1,140 10,972
2017 2,441 5,598 0 1,058 835 9,933
2018 2,800 2,233 0 1,069 1,367 7,469
2019 2,821 2,233 0 1,036 1,367 7,457

Note: Totals may not sum due to independent rounding

2 Soda ash consumption not associated with glass manufacturing.
b “Other miscellaneous uses” include chemical stone, mine dusting or acid water treatment, acid
neutralization, and sugar refining.

Methodology

Carbon dioxide emissions were calculated based on the 2006 IPCC Guidelines Tier 2 method by multiplying the
quantity of limestone or dolomite consumed by the emission factor for limestone or dolomite calcination,

respectively: 0.43971 metric ton CO2/metric ton carbonate for limestone and 0.47732 metric ton CO2/metric ton
carbonate for dolomite.24 This methodology was used for flux stone, flue gas desulfurization systems, chemical
stone, mine dusting or acid water treatment, acid neutralization, and sugar refining. Flux stone used during the
production of iron and steel was deducted from the Other Process Uses of Carbonates source category estimate

and attributed to the Iron and Steel Production source category estimate. Similarly, limestone and dolomite
consumption for glass manufacturing, cement, and lime manufacturing are excluded from this category and

attributed to their respective categories.

Historically, the production of magnesium metal was the only other significant use of limestone and dolomite that
produced COz emissions. At the end of 2001, the sole magnesium production plant operating in the United States

24 2006 IPCC Guidelines, Volume 3: Chapter 2, Table 2.1.
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that produced magnesium metal using a dolomitic process that resulted in the release of CO2 emissions ceased its
operations (USGS 1995b through 2020).

Consumption data for 1990 through 2018 of limestone and dolomite used for flux stone, flue gas desulfurization
systems, chemical stone, mine dusting or acid water treatment, acid neutralization, and sugar refining (see Table
4-16) were obtained from the U.S. Geological Survey (USGS) Minerals Yearbook: Crushed Stone Annual Report
(1995a through 2017, 2020a, 2020c), preliminary data for 2018 from USGS Crushed Stone Commaodity Expert
(Willett 2020), American Iron and Steel Institute limestone and dolomite consumption data (AISI 2018 through
2020), and the U.S. Bureau of Mines (1991 and 1993a), which are reported to the nearest ton. For 2019, no data
on limestone and dolomite consumption were available at the time of publication, so 2018 values were used as a
proxy for these values. The production capacity data for 1990 through 2001 of dolomitic magnesium metal also
came from the USGS (1995b through 2002) and the U.S. Bureau of Mines (1990 through 1993b). During 1990 and
1992, the USGS did not conduct a detailed survey of limestone and dolomite consumption by end-use. Therefore,
data on consumption by end use for 1990 was estimated by applying the 1991 ratios of total limestone and
dolomite consumption by end use to total 1990 limestone and dolomite consumption values. Similarly, the 1992
consumption figures were approximated by applying an average of the 1991 and 1993 ratios of total limestone and
dolomite use by end uses to the 1992 total values.

In 1991, the U.S. Bureau of Mines, now known as the USGS, began compiling production and end use information
through surveys of crushed stone manufacturers. Manufacturers, provided different levels of detail in survey
responses, so information was divided into three categories: (1) production by end-use, as reported by
manufacturers (i.e., “specified” production); (2) production reported by manufacturers without end-uses specified
(i.e., “unspecified-reported” production); and (3) estimated additional production by manufacturers who did not
respond to the survey (i.e., “unspecified-estimated” production). Additionally, each year the USGS withholds data
on certain limestone and dolomite end-uses due to confidentiality agreements regarding company proprietary
data. For the purposes of this analysis, emissive end-uses that contained withheld data were estimated using one
of the following techniques: (1) the value for all the withheld data points for limestone or dolomite use was
distributed evenly to all withheld end-uses; (2) the average percent of total limestone or dolomite for the withheld
end-use in the preceding and succeeding years; or (3) the average fraction of total limestone or dolomite for the
end-use over the entire time period.

There is a large quantity of crushed stone reported to the USGS under the category “unspecified uses.” A portion
of this consumption is believed to be limestone or dolomite used for emissive end uses. The quantity listed for
“unspecified uses” was, therefore, allocated to all other reported end-uses according to each end-use’s fraction of

total consumption in that year.25

Table 4-16: Limestone and Dolomite Consumption (kt)

Activity 1990 2005 2015 2016 2017 2018 2019
Flux Stone 6,737 7,022 7,834 7,092 6,853 7,658 7,658

Limestone 5,804 3,165 4,590 4118 4,920 5,603 5,603

Dolomite 933 3,857 3,244 2,973 1,933 2,055 2,055
FGD 3,258 6,761 16,680 14,019 12,732 5,078 5,078
Other Miscellaneous Uses 1,835 1,632 1,982 2,592 1,900 3,108 3,108
Total 11,830 15,415 26,496 23,703 21,484 15,845 15,845

Once produced, most soda ash is consumed in chemical production, with minor amounts used in soap production,
pulp and paper, flue gas desulfurization, and water treatment (excluding soda ash consumption for glass
manufacturing). As soda ash is consumed for these purposes, additional CO2 is usually emitted. In these
applications, it is assumed that one mole of carbon is released for every mole of soda ash used. Thus,
approximately 0.113 metric tons of carbon (or 0.415 metric tons of CO:) are released for every metric ton of soda
ash consumed. The activity data for soda ash consumption for 1990 to 2019 (see Table 4-17) were obtained from

25 This approach was recommended by USGS, the data collection agency.
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the U.S. Geological Survey (USGS) Minerals Yearbook for Soda Ash (1994 through 2015b) and USGS Mineral
Industry Surveys for Soda Ash (USGS 2017a, 2018, 2019, 2020). Soda ash consumption data were collected by the
USGS from voluntary surveys of the U.S. soda ash industry.

Table 4-17: Soda Ash Consumption Not Associated with Glass Manufacturing (kt)

Activity 1990 2005 2015 2016 2017 2018 2019
Soda Ash? 3,351 3,144 2,592 2,608 2,550 2,576 2,497
Total 3,351 3,144 2,592 2,608 2,550 2,576 2,497

2 Soda ash consumption is sales reported by producers which exclude imports. Historically, imported soda ash
is less than 1 percent of the total U.S. consumption (Kostick 2012).

Uncertainty and Time-Series Consistency — TO BE UPDATED

The uncertainty levels presented in this section account for uncertainty associated with activity data. Data on
limestone and dolomite consumption are collected by USGS through voluntary national surveys. USGS contacts the
mines (i.e., producers of various types of crushed stone) for annual sales data. Data on other carbonate
consumption are not readily available. The producers report the annual quantity sold to various end-users and
industry types. USGS estimates the historical response rate for the crushed stone survey to be approximately 70
percent, and the rest is estimated by USGS. Large fluctuations in reported consumption exist, reflecting year-to-
year changes in the number of survey responders. The uncertainty resulting from a shifting survey population is
exacerbated by the gaps in the time series of reports. The accuracy of distribution by end use is also uncertain
because this value is reported by the producer/mines and not the end user. Additionally, there is significant
inherent uncertainty associated with estimating withheld data points for specific end uses of limestone and
dolomite. Lastly, much of the limestone consumed in the United States is reported as “other unspecified uses;”
therefore, it is difficult to accurately allocate this unspecified quantity to the correct end-uses. This year, EPA
reinitiated dialogue with the USGS National Minerals Information Center Crushed Stone commodity expert to
assess the current uncertainty ranges associated with the limestone and dolomite consumption data compiled and
published by USGS. During this discussion, the expert confirmed that EPA’s range of uncertainty was still
reasonable (Willett 2017).

Uncertainty in the estimates also arises in part due to variations in the chemical composition of limestone. In
addition to calcium carbonate, limestone may contain smaller amounts of magnesia, silica, and sulfur, among
other minerals. The exact specifications for limestone or dolomite used as flux stone vary with the
pyrometallurgical process and the kind of ore processed.

For emissions from soda ash consumption, the primary source of uncertainty results from the fact that these
emissions are dependent upon the type of processing employed by each end-use. Specific emission factors for
each end-use are not available, so a Tier 1 default emission factor is used for all end uses. Therefore, there is
uncertainty surrounding the emission factors from the consumption of soda ash. Additional uncertainty comes
from the reported consumption and allocation of consumption within sectors that is collected on a quarterly basis
by the USGS. Efforts have been made to categorize company sales within the correct end-use sector.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-18. Carbon dioxide
emissions from other process uses of carbonates in 2018 were estimated to be between 8.9 and 11.4 MMT CO: Eq.
at the 95 percent confidence level. This indicates a range of approximately 11 percent below and 14 percent above
the emission estimate of 9.4 MMT CO: Eq.
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Table 4-18: Approach 2 Quantitative Uncertainty Estimates for CO2 Emissions from Other
Process Uses of Carbonates (MMT CO: Eq. and Percent)

2018 Emission

Source Gas Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Other Process Uses o, 10.0 8.9 11.4 11% +14%
of Carbonates
a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence
interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2018. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

Recalculations Discussion

For the current Inventory, updated USGS data on limestone and dolomite consumption was available for 2016,
2017, and 2018, resulting in updated emissions estimates for those years. Compared to the previous Inventory,
emissions for 2016 increased by 4 percent (467 kt COz Eq.), decreased by less than 1 percent (2 kt CO2 Eq.) for
2017, and decreased by 25 percent (2,485 kt CO2 Eq.) for 2018.

Planned Improvements

In response to comments received during previous Inventory reports from the UNFCCC, EPA has inquired to the
availability of ceramics and non-metallurgical magnesia data. The USGS notes that this data is not currently
reported by survey respondents. EPA continues to conduct outreach with other entities, but at this time, the
research has not yielded any alternative data on national levels of carbonates. This improvement remains ongoing,
and EPA plans to continue to update this Planned Improvements section in future reports as more information
becomes available.

EPA also plans to continue dialogue with USGS to assess uncertainty ranges for activity data used to estimate
emissions from other process use of carbonates. This planned improvement is currently planned as a medium-
term improvement.

4.5 Ammonia Production (CRF Source Category
2B1)

Emissions of carbon dioxide (CO2) occur during the production of synthetic ammonia (NHs), primarily through the
use of natural gas, petroleum coke, or naphtha as a feedstock. The natural gas-, naphtha-, and petroleum coke-
based processes produce COz and hydrogen (H:), the latter of which is used in the production of ammonia. The
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brine electrolysis process for production of ammonia does not lead to process-based CO2 emissions. Due to
national circumstances, emissions from fuels consumed for energy purposes during the production of ammonia
are accounted for in the Energy chapter. More information on this approach can be found in the Methodology
section below.

Ammonia production requires a source of nitrogen (N) and hydrogen (H). Nitrogen is obtained from air through
liquid air distillation or an oxidative process where air is burnt and the residual nitrogen is recovered. In the United
States, the majority of ammonia is produced using a natural gas feedstock as the hydrogen source; however, one
synthetic ammonia production plant located in Kansas is producing ammonia from petroleum coke feedstock. In
some U.S. plants, some of the CO2 produced by the process is captured and used to produce urea rather than
being emitted to the atmosphere. In 2019, there were 16 companies operating 35 ammonia producing facilities in
16 states. Approximately 60 percent of domestic ammonia production capacity is concentrated in the states of
Louisiana, Oklahoma, and Texas (USGS 2020).

There are five principal process steps in synthetic ammonia production from natural gas feedstock. The primary
reforming step converts methane (CHa) to CO2, carbon monoxide (CO), and hydrogen (Hz) in the presence of a
catalyst. Only 30 to 40 percent of the CHs feedstock to the primary reformer is converted to CO and CO: in this
step of the process. The secondary reforming step converts the remaining CH4 feedstock to CO and CO2. The CO in
the process gas from the secondary reforming step (representing approximately 15 percent of the process gas) is
converted to CO: in the presence of a catalyst, water, and air in the shift conversion step. Carbon dioxide is
removed from the process gas by the shift conversion process, and the Hzis combined with the nitrogen (N2) gas in
the process gas during the ammonia synthesis step to produce ammonia. The CO: is included in a waste gas stream
with other process impurities and is absorbed by a scrubber solution. In regenerating the scrubber solution, CO: is
released from the solution.

The conversion process for conventional steam reforming of CHa, including the primary and secondary reforming
and the shift conversion processes, is approximately as follows:

0.88CH, + 1.26Air + 1.24H,0 — 0.88C0, + N, + 3H,
N, + 3H, — 2NH,

To produce synthetic ammonia from petroleum coke, the petroleum coke is gasified and converted to CO2 and Ha.
These gases are separated, and the H: is used as a feedstock to the ammonia production process, where it is
reacted with N2 to form ammonia.

Not all of the CO: produced during the production of ammonia is emitted directly to the atmosphere. Some of the
ammonia and some of the CO2 produced by the synthetic ammonia process are used as raw materials in the
production of urea [CO(NH)2], which has a variety of agricultural and industrial applications.

The chemical reaction that produces urea is:
2NH; + €O, - NH,COONH, —» CO(NH,), + H,0

Only the CO2 emitted directly to the atmosphere from the synthetic ammonia production process is accounted for
in determining emissions from ammonia production. The CO: that is captured during the ammonia production
process and used to produce urea does not contribute to the CO2 emission estimates for ammonia production
presented in this section. Instead, CO2 emissions resulting from the consumption of urea are attributed to the urea
consumption or urea application source category (under the assumption that the carbon stored in the urea during
its manufacture is released into the environment during its consumption or application). Emissions of CO; resulting
from agricultural applications of urea are accounted for in the Agriculture chapter. Previously, these emission
estimates from the agricultural application of urea were accounted for in the Section 6.4 Cropland Remaining
Cropland (CRF Category 4B1) of the Land Use, Land Use Change, and Forestry chapter. Emissions of COz resulting
from non-agricultural applications of urea (e.g., use as a feedstock in chemical production processes) are
accounted for in Section 4.6 Urea Consumption for Non-Agricultural Purposes of this chapter.

Total emissions of CO, from ammonia production in 2019 were 12.3 MMT CO: Eq. (12,272 kt), and are summarized
in Table 4-19 and Table 4-20. Ammonia production relies on natural gas as both a feedstock and a fuel, and as
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such, market fluctuations and volatility in natural gas prices affect the production of ammonia. Since 1990,
emissions from ammonia production have decreased by about 6 percent. Emissions in 2019 have increased by less
than 1 percent from the 2018 levels. Emissions from ammonia production have increased steadily since 2016, due
to the addition of new ammonia production facilities and new production units at existing facilities in 2016, 2017,
and 2018. Agriculture continues to drive demand for nitrogen fertilizers and the need for new ammonia
production capacity (USGS 2020).

Table 4-19: CO: Emissions from Ammonia Production (MMT CO: Eq.)

Source 1990 2005 2015 2016 2017 2018 2019
Ammonia Production 13.0 9.2 10.6 10.2 11.1 12.2 12.3
Total 13.0 9.2 10.6 10.2 11.1 12.2 123

Table 4-20: CO: Emissions from Ammonia Production (kt)

Source 1990 2005 2015 2016 2017 2018 2019
Ammonia Production 13,047 9,177 10,616 10,245 11,112 12,163 12,272
Total 13,047 9,177 10,616 10,245 11,112 12,163 12,272

Methodology

For this Inventory, CO2 emissions from the production of synthetic ammonia from natural gas feedstock are
estimated using a country-specific approach modified from the 2006 IPCC Guidelines (IPCC 2006) Tier 1 and 2
methods. In the country-specific approach, emissions are not based on total fuel requirement per the 2006 IPCC
Guidelines due to data disaggregation limitations of energy statistics provided by the Energy Information
Administration (EIA). Data on total fuel use (including fuel used for ammonia feedstock and fuel used for energy)
for ammonia production are not known in the U.S. EIA does not provide data broken out by industrial category,
only at the broad industry sector level. To estimate emissions, a country-specific emission factor is developed and
applied to national ammonia production to estimate ammonia-production emissions from feedstock fuel use.
Emissions from fuel used for energy at ammonia plants are included in the overall EIA Industrial sector energy use
and accounted for in the Energy Chapter. The method uses a CO2 emission factor published by the European
Fertilizer Manufacturers Association (EFMA) that is based on natural gas-based ammonia production technologies
that are similar to those employed in the United States. The country-specific approach applied is compatible with
the 2006 IPCC Guidelines as it is based on the same scientific approach that the carbon in the fuel used to produce
ammonia is released as CO. This CO2 emission factor of 1.2 metric tons CO2/metric ton NH3 (EFMA 2000a) is
applied to the percent of total annual domestic ammonia production from natural gas feedstock.

The emission factor of 1.2 metric tons CO2 per metric ton NHs for production of ammonia from natural gas
feedstock was taken from the EFMA Best Available Techniques publication, Production of Ammonia (EFMA 2000a).
The EFMA reported an emission factor range of 1.15 to 1.30 metric tons CO per metric ton NHs, with 1.2 metric
tons CO2 per metric ton NHs as a typical value (EFMA 2000a). Technologies (e.g., catalytic reforming process, etc.)
associated with this factor are found to closely resemble those employed in the United States for use of natural gas
as a feedstock. The EFMA reference also indicates that more than 99 percent of the CH4 feedstock to the catalytic
reforming process is ultimately converted to CO..

Emissions of CO2 from ammonia production are then adjusted to account for the use of some of the CO: produced
from ammonia production as a raw material in the production of urea. The CO; emissions reported for ammonia
production are reduced by a factor of 0.733 multiplied by total annual domestic urea production. This corresponds
to a stoichiometric CO2/urea factor of 44/60, assuming complete conversion of ammonia (NH3) and CO2 to urea
(IPCC 2006; EFMA 2000b).

All synthetic ammonia production and subsequent urea production are assumed to be from the same process —
conventional catalytic reforming of natural gas feedstock, with the exception of ammonia production from
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petroleum coke feedstock at one plant located in Kansas. Annual ammonia and urea production are shown in
Table 4-21.

The implied CO2 emission factor for total ammonia production is a combination of the emission factors for
ammonia production from natural gas and from petroleum coke. Changes in the relative production of ammonia
from natural gas and petroleum coke will impact overall emissions and emissions per ton of total ammonia
produced. For example, between 2000 and 2001 there were increases in the amount of ammonia produced from
petroleum coke which caused increases in the implied emission factor across those years.

In prior inventory years, the CO2 emission factor of 3.57 metric tons CO2 per metric ton NHsfor the petroleum coke
feedstock process (Bark 2004) was applied to the percent of total annual domestic ammonia production from
petroleum coke feedstock. Beginning with this Inventory, the CO2 emission factor for petroleum coke feedstock
was updated to 3.52 metric tons of CO2 per metric ton of NHs. The updated emission factor is based on an average
of the ratio of ammonia production from petroleum coke for years 2010 through 2015 (ACC 2020) and the facility-
specific CO2 emissions from the one ammonia production plant located in Kansas that is manufacturing ammonia
from petroleum coke feedstock for years 2010 through 2015 (GHGRP 2020). Ammonia and urea are assumed to be
manufactured in the same manufacturing complex, as both the raw materials needed for urea production are
produced by the ammonia production process.

As a result of further examining the large increase in the amount of ammonia produced from petroleum coke
between 2015 and 2016, another methodology change has been made for this Inventory. The amount of ammonia
produced from petroleum coke changed significantly in 2016 because the parent company, CVR Energy, acquired a
second plant that uses natural gas as a feedstock. Therefore, the amount of ammonia production reported by CVR
Energy is no longer specific to the use of petroleum coke as a feedstock.

To correct this, beginning in 2016, the amount of CO2 from the ammonia production plant located in Kansas that is
manufacturing ammonia from petroleum coke feedstock (as reported under GHGRP 2020) is now being used,
along with the emission factor of 3.52 metric tons of CO2 per metric ton of NHs to back-calculate the amount of
ammonia produced through the use of petroleum coke as feedstock.

The consumption of natural gas and petroleum coke as fossil fuel feedstocks for NHs production are adjusted for
within the Energy chapter as these fuels were consumed during non-energy related activities. More information on
this methodology is described in Annex 2.1, Methodology for Estimating Emissions of CO2 from Fossil Fuel
Combustion. See the Planned Improvements section on improvements of reporting fuel and feedstock CO>
emissions utilizing EPA’s GHGRP data to improve consistency with 2006 IPCC Guidelines.

The total ammonia production data for 2011 through 2019 were obtained from American Chemistry Council (ACC
2020). For years before 2011, ammonia production data (see Table 4-21) were obtained from Coffeyville Resources
(Coffeyville 2005, 2006, 2007a, 2007b, 2009, 2010, 2011, and 2012) and the Census Bureau of the U.S. Department
of Commerce (U.S. Census Bureau 1991 through 1994, 1998 through 2011) as reported in Current Industrial
Reports Fertilizer Materials and Related Products annual and quarterly reports. Urea-ammonia nitrate production
from petroleum coke for years through 2011 was obtained from Coffeyville Resources (Coffeyville 2005, 2006,
2007a, 2007b, 2009, 2010, 2011, and 2012), and from CVR Energy, Inc. Annual Report (CVR 2012 through 2015) for
2012 through 2015. Urea production data for 1990 through 2008 were obtained from the Minerals Yearbook:
Nitrogen (USGS 1994 through 2009). Urea production data for 2009 through 2010 were obtained from the U.S.
Census Bureau (U.S. Census Bureau 2010 and 2011). The U.S. Census Bureau ceased collection of urea production
statistics in 2011. Urea production values for the years 2011 through 2019 utilize GHGRP data (EPA 2018; EPA
2020).

Table 4-21: Ammonia Production, Recovered CO2 Consumed for Urea Production, and Urea
Production (kt)

Total CO, Consumption

Year Ammonia Production for Urea Production Urea Production
1990 15,425 5,463 7,450
2005 10,143 3,865 5,270

Industrial Processes and Product Use  4-31
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2015 11,765 4,312 5,880

2016 12,305 5,419 7,390
2017 14,070 6,622 9,030
2018 16,010 7,847 10,700
2019 16,410 8,360 11,400

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

The uncertainties presented in this section are primarily due to how accurately the emission factor used represents
an average across all ammonia plants using natural gas feedstock. Uncertainties are also associated with ammonia
production estimates and the assumption that all ammonia production and subsequent urea production was from
the same process—conventional catalytic reforming of natural gas feedstock, with the exception of one ammonia
production plant located in Kansas that is manufacturing ammonia from petroleum coke feedstock. Uncertainty is
also associated with the representativeness of the emission factor used for the petroleum coke-based ammonia
process. It is also assumed that ammonia and urea are produced at collocated plants from the same natural gas
raw material. The uncertainty of the total urea production activity data, based on USGS Minerals Yearbook:
Nitrogen data, is a function of the reliability of reported production data and is influenced by the completeness of
the survey responses.

Recovery of CO2 from ammonia production plants for purposes other than urea production (e.g., commercial sale,
etc.) has not been considered in estimating the CO2 emissions from ammonia production, as data concerning the
disposition of recovered CO: are not available. Such recovery may or may not affect the overall estimate of CO:
emissions depending upon the end use to which the recovered CO: is applied. Further research is required to
determine whether byproduct CO: is being recovered from other ammonia production plants for application to
end uses that are not accounted for elsewhere. However, for reporting purposes, CO2 consumption for urea
production is provided in this chapter.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-22. Carbon dioxide
emissions from ammonia production in 2019 were estimated to be between 12.9 and 14.1 MMT CO: Eq. at the 95
percent confidence level. This indicates a range of approximately 4 percent below and 5 percent above the
emission estimate of 13.5 MMT CO: Eq.

Table 4-22: Approach 2 Quantitative Uncertainty Estimates for CO> Emissions from
Ammonia Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Ammonia Production CO, 13.5 12.9 14.1 -4% +5%

a2 Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied to ammonia production emission
estimates consistent with the U.S. Inventory QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006
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IPCC Guidelines as described in the introduction of the IPPU chapter (see Annex 8 for more details). More details
on the greenhouse gas calculation, monitoring and QA/QC methods applicable to ammonia facilities can be found
under Subpart G (Ammonia Production) of the regulation (40 CFR Part 98).2% EPA verifies annual facility-level
GHGRP reports through a multi-step process (e.g., combination of electronic checks and manual reviews) to
identify potential errors and ensure that data submitted to EPA are accurate, complete, and consistent.?” Based on
the results of the verification process, EPA follows up with facilities to resolve mistakes that may have occurred.
The post-submittals checks are consistent with a number of general and category-specific QC procedures, including
range checks, statistical checks, algorithm checks, and year-to-year checks of reported data and emissions.

More details on the greenhouse gas calculation, monitoring and QA/QC methods applicable to reporting of urea
produced at ammonia production facilities can be found under Section 4.6 Urea Consumption for Non-Agricultural
Purposes.

Recalculations Discussion

Recalculations of ammonia emissions were performed for the 1990 through 2018 portion of the time series as
described below.

For years 2000 through 2018, the CO2 emission factor for petroleum coke feedstock was updated from 3.57 metric
tons of CO2 per metric ton of NHs (Bark 2004) to 3.52 metric tons of CO2 per metric ton of NHs.

For years 2016 through 2018, the methodologies for determining the amount of ammonia produced using
petroleum coke and for determining the amount of UAN produced using petroleum coke were changed, as
detailed in the Methodology section.

For the year 2018, the amount of ammonia production increased by 11 percent due to a correction to the value
used in the Inventory report for the years 1990 through 2018 based on the adjustments made in determining the
amount of ammonia produced using petroleum coke as mentioned above.

These changes resulted in recalculations of the estimated CO2 emissions estimates shown in Table 4-19 and Table
4-20 for the 1990 through 2018 portion of the time series. For years 2000 through 2015, the values reported
decreased by less than 0.24 percent per year from the values reported in the previous Inventory report. For year
2016, the value decreased by 5 percent (593 kt CO2); for year 2017, the value decreased by 16 percent (2,104 kt
CO3), and for year 2018, the value decreased by 10 percent (1,369 kt CO2).

Planned Improvements

Future improvements involve continuing to evaluate and analyze data reported under EPA’s GHGRP to improve the
emission estimates for the Ammonia Production source category, in particular new data from updated reporting
requirements finalized in October of 2014 (79 FR 63750) and December 2016 (81 FR 89188),28 that include facility-
level ammonia production data and feedstock consumption. The data were first reported by facilities in 2018 and
available post-verification to assess in 2019 for use in future Inventories, if the data meets GHGRP CBI aggregation
criteria. This data is still being evaluated and will be incorporated in future Inventory reports, if possible. Particular
attention will be made to ensure time-series consistency of the emission estimates presented in future Inventory
reports, along with application of appropriate category-specific QC procedures consistent with IPCC and UNFCCC
guidelines. For example, data reported in 2018 will reflect activity in 2017 and may not be representative of
activity in prior years of the time series. This assessment is required as the new facility-level reporting data from
EPA’s GHGRP associated with new requirements are only applicable starting with reporting of emissions in

26 gee <http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title40/40cfr98_main_02.tpl>.
27 see <https://www.epa.gov/sites/production/files/2015-07/documents/ghgrp_verification_factsheet.pdf>.
28 5ee <https://www.epa.gov/ghgreporting/historical-rulemakings>.
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calendar year 2017, and thus are not available for all inventory years (i.e., 1990 through 2016) as required for this
Inventory.

In implementing improvements and integration of data from EPA’s GHGRP, the latest guidance from the IPCC on
the use of facility-level data in national inventories will be relied upon.2? Specifically, the planned improvements
include assessing the anticipated new data to update the emission factors to include both fuel and feedstock CO:
emissions to improve consistency with 2006 IPCC Guidelines, in addition to reflecting CO2 capture and storage
practices (beyond use of COz for urea production). Methodologies will also be updated if additional ammonia
production plants are found to use hydrocarbons other than natural gas for ammonia production. Due to limited
resources and ongoing data collection efforts, this planned improvement is still in development and is not
incorporated into this Inventory. This is a long-term planned improvement.

4.6 Urea Consumption for Non-Agricultural
Purposes

Urea is produced using ammonia (NHs) and carbon dioxide (COz) as raw materials. All urea produced in the United
States is assumed to be produced at ammonia production facilities where both ammonia and CO; are generated.
There were 35 plants producing ammonia in the United States in 2019, with two additional plants sitting idle for
the entire year (USGS 2020).

The chemical reaction that produces urea is:
2NH; + €O, - NH,COONH, - CO(NH,), + H,0

This section accounts for CO2 emissions associated with urea consumed exclusively for non-agricultural purposes.
Carbon dioxide emissions associated with urea consumed for fertilizer are accounted for in Section 5.6 Urea
Fertilization (CRF Source Category 3H) in the Agriculture chapter.

Urea is used as a nitrogenous fertilizer for agricultural applications and also in a variety of industrial applications.
The industrial applications of urea include its use in adhesives, binders, sealants, resins, fillers, analytical reagents,
catalysts, intermediates, solvents, dyestuffs, fragrances, deodorizers, flavoring agents, humectants and
dehydrating agents, formulation components, monomers, paint and coating additives, photosensitive agents, and
surface treatments agents. In addition, urea is used for abating nitrogen oxide (NOx) emissions from coal-fired
power plants and diesel transportation motors.

Emissions of CO2 from urea consumed for non-agricultural purposes in 2019 were estimated to be 6.6 MMT CO:
Eq. (6,569 kt), and are summarized in Table 4-23 and Table 4-24. Net CO; emissions from urea consumption for
non-agricultural purposes have increased by approximately 74 percent from 1990 to 2019. The increase in
emissions since 2017 can be attributed to decreases in the amount of urea imported by the United States and
significant increases in urea exports.

Table 4-23: CO:2 Emissions from Urea Consumption for Non-Agricultural Purposes (MMT CO:
Eq.)

Source 1990 2005 2015 2016 2017 2018 2019
Urea Consumption 3.8 3.7 4.6 5.1 5.0 6.1 6.6
Total 3.8 3.7 4.6 5.1 5.0 6.1 6.6

29 see <http://www.ipcc-nggip.iges.or.jp/public/tb/TF_Technical_Bulletin_1.pdf>.
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Table 4-24: CO: Emissions from Urea Consumption for Non-Agricultural Purposes (kt)

Source 1990 2005 2015 2016 2017 2018 2019
Urea Consumption 3,784 3,653 4,578 5,132 4,972 6,056 6,569
Total 3,784 3,653 4,578 5132 4,972 6,056 6,569

Methodology

Emissions of COz resulting from urea consumption for non-agricultural purposes are estimated by multiplying the
amount of urea consumed in the United States for non-agricultural purposes by a factor representing the amount
of CO2 used as a raw material to produce the urea. This method is based on the assumption that all of the carbon
in urea is released into the environment as CO2 during use, consistent with the Tier 1 method used to estimate
emissions from ammonia production in the 2006 IPCC Guidelines (IPCC 2006) which states that the “CO; recovered
[from ammonia production] for downstream use can be estimated from the quantity of urea produced where CO;
is estimated by multiplying urea production by 44/60, the stoichiometric ratio of CO» to urea.”

The amount of urea consumed for non-agricultural purposes in the United States is estimated by deducting the
quantity of urea fertilizer applied to agricultural lands, which is obtained directly from the Agriculture chapter (see
Table 5-25), from the total domestic supply of urea as reported in Table 4-25. In previous Inventory reports, the
quantity of urea fertilizer applied to agricultural lands was obtained directly from the Section 6.4 Cropland
Remaining Cropland section of the Land Use, Land Use Change, and Forestry chapter. The domestic supply of urea
is estimated based on the amount of urea produced plus urea imports and minus urea exports. A factor of 0.733
tons of CO2 per ton of urea consumed is then applied to the resulting supply of urea for non-agricultural purposes
to estimate CO2 emissions from the amount of urea consumed for non-agricultural purposes. The 0.733 tons of CO2
per ton of urea emission factor is based on the stoichiometry of C in urea. This corresponds to a stoichiometric CO:
to urea factor of 44/60, assuming complete conversion of C in urea to CO> (IPCC 2006; EFMA 2000).

Urea production data for 1990 through 2008 were obtained from the U.S. Geological Survey (USGS) Minerals
Yearbook: Nitrogen (USGS 1994 through 2009a). Urea production data for 2009 through 2010 were obtained from
the U.S. Census Bureau (2011). The U.S. Census Bureau ceased collection of urea production statistics in 2011.
Starting with the Inventory report for the years 1990 through 2017, EPA began utilizing urea production data from
EPA’s GHGRP to estimate emissions. Urea production values in the current Inventory report utilize GHGRP data for
the years 2011 through 2019 (EPA 2018, EPA 2020).

Urea import data for 2018 and 2019 are not yet publicly available, so 2017 data have been used as a proxy. Urea
import data for 2013 to 2017 were obtained from the USGS Minerals Yearbook: Nitrogen (USGS 2019a). Urea
import data for 2011 and 2012 were taken from U.S. Fertilizer Import/Exports from the United States Department
of Agriculture (USDA) Economic Research Service Data Sets (U.S. Department of Agriculture 2012). USDA
suspended updates to this data after 2012. Urea import data for the previous years were obtained from the U.S.
Census Bureau Current Industrial Reports Fertilizer Materials and Related Products annual and quarterly reports for
1997 through 2010 (U.S. Census Bureau 2001 through 2011), The Fertilizer Institute (TFI 2002) for 1993 through
1996, and the United States International Trade Commission Interactive Tariff and Trade DataWeb (U.S. ITC 2002)
for 1990 through 1992 (see Table 4-25).

Urea export data for 2018 and 2019 are not yet publicly available and so 2017 data have been used as a proxy.
Urea export data for 2013 to 2017 were obtained from the USGS Minerals Yearbook: Nitrogen (USGS 2019a). Urea
export data for 1990 through 2012 were taken from U.S. Fertilizer Import/Exports from USDA Economic Research
Service Data Sets (U.S. Department of Agriculture 2012). USDA suspended updates to this data after 2012.
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Table 4-25: Urea Production, Urea Applied as Fertilizer, Urea Imports, and Urea Exports (kt)

Year Urea Urea Applied Urea Urea Urea Consumed for Non-
Production as Fertilizer Imports Exports Agricultural Purposes
1990 7,450 3,296 1,860 854 5,160
2005 5,270 4,779 5,026 536 4,981
2015 5,880 6,447 7,190 380 6,243
2016 7,390 6,651 6,580 321 6,998
2017 9,030 6,888 5,510 872 6,780
2018 10,700 7,080 5,510 872 8,258
2019 11,400 7,080 5,510 872 8,958

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

There is limited publicly available data on the quantities of urea produced and consumed for non-agricultural
purposes. Therefore, the amount of urea used for non-agricultural purposes is estimated based on a balance that
relies on estimates of urea production, urea imports, urea exports, and the amount of urea used as fertilizer. The
primary uncertainties associated with this source category are associated with the accuracy of these estimates as
well as the fact that each estimate is obtained from a different data source. Because urea production estimates are
no longer available from the USGS, there is additional uncertainty associated with urea produced beginning in
2011. There is also uncertainty associated with the assumption that all of the carbon in urea is released into the
environment as CO> during use.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-26. Carbon dioxide
emissions associated with urea consumption for non-agricultural purposes during 2018 were estimated to be
between 3.0 and 4.2 MMT CO; Eq. at the 95 percent confidence level. This indicates a range of approximately 16
percent below and 16 percent above the emission estimate of 3.6 MMT CO: Eq.

Table 4-26: Approach 2 Quantitative Uncertainty Estimates for CO> Emissions from Urea
Consumption for Non-Agricultural Purposes (MMT CO: Eq. and Percent)

2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
Source Gas
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Urea Consumption
for Non-Agricultural CO; 3.6 3.0 4.2 -16% +16%

Purposes
a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).
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More details on the greenhouse gas calculation, monitoring and QA/QC methods applicable to reporting of urea
production occurring at ammonia facilities can be found under Subpart G (Ammonia Manufacturing) of the
regulation (40 CFR Part 98).3°EPA verifies annual facility-level GHGRP reports through a multi-step process (e.g.,
combination of electronic checks and manual reviews) to identify potential errors and ensure that data submitted
to EPA are accurate, complete, and consistent.3! Based on the results of the verification process, EPA follows up
with facilities to resolve mistakes that may have occurred. The post-submittals checks are consistent with a
number of general and category-specific QC procedures, including range checks, statistical checks, algorithm
checks, and year-to-year checks of reported data and emissions. EPA also conducts QA checks of GHGRP reported
urea production data against external datasets including the USGS Minerals Yearbook data. The comparison shows
consistent trends in urea production over time.

Recalculations Discussion

Based on updated urea production data from EPA’s GHGRP for 2017 and 2018, recalculations were performed for
these two years. Compared to the previous Inventory, CO2 emissions from urea consumption for non-agricultural
purposes increased by 32 percent (1,203 kt COz) for 2017 and 67 percent (2,428 kt COz) for 2018, due to large
increases in urea production for both years.

4.7 Nitric Acid Production (CRF Source
Category 2B2)

Nitrous oxide (N20) is emitted during the production of nitric acid (HNOs), an inorganic compound used primarily
to make synthetic commercial fertilizers. Nitric acid is also a major component in the production of adipic acid—a
feedstock for nylon—and explosives. Virtually all of the nitric acid produced in the United States is manufactured
by the high-temperature catalytic oxidation of ammonia (EPA 1998). There are two different nitric acid production
methods: weak nitric acid and high-strength nitric acid. The first method utilizes oxidation, condensation, and
absorption to produce nitric acid at concentrations between 30 and 70 percent nitric acid. High-strength acid (90
percent or greater nitric acid) can be produced from dehydrating, bleaching, condensing, and absorption of the
weak nitric acid. Most U.S. plants were built between 1960 and 2000. As of 2019, there were 31 active nitric acid
production plants, including one high-strength nitric acid production plant in the United States (EPA 2010; EPA
2020).

The basic process technology for producing nitric acid has not changed significantly over time. During this process,
N20 is formed as a byproduct and is released from reactor vents into the atmosphere. Emissions from fuels
consumed for energy purposes during the production of nitric acid are included in the Energy chapter.

Nitric acid is made from the reaction of ammonia (NHz) with oxygen (Oz) in two stages. The overall reaction is:
4NH; +80, —» 4HNO; + 4H,

Currently, the nitric acid industry controls emissions of NO and NOz (i.e., NOx). As such, the industry in the United
States uses a combination of non-selective catalytic reduction (NSCR) and selective catalytic reduction (SCR)
technologies. In the process of destroying NOx, NSCR systems are also very effective at destroying N20. NSCR units,
however, are generally not preferred in modern plants because of high energy costs and associated high gas
temperatures. NSCR systems were installed in nitric plants built between 1971 and 1977 and are used in

30 gee <http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title40/40cfr98_main_02.tpl>.
31 see <https://www.epa.gov/sites/production/files/2015-07/documents/ghgrp_verification_factsheet.pdf>.
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approximately one-third of the weak acid production plants. U.S. facilities are using both tertiary (i.e., NSCR) and
secondary controls (i.e., alternate catalysts).

Nitrous oxide emissions from this source were estimated to be 10.0 MMT CO: Eq. (34 kt of N20) in 2019 (see Table
4-27). Emissions from nitric acid production have decreased by 18 percent since 1990, while production has
increased by 12 percent over the same time period. Emissions have decreased by 31 percent since 1997, the
highest year of production in the time series.

Table 4-27: N.O Emissions from Nitric Acid Production (MMT CO: Eq. and kt N20)

Year MMT CO; Eq. kt N,O
1990 12.1 41
2005 11.3 38
2015 11.6 39
2016 10.1 34
2017 9.3 31
2018 9.6 32
2019 10.0 34

Methodology

Emissions of N20 were calculated using the estimation methods provided by the 2006 IPCC Guidelines and a
country-specific method utilizing EPA’s GHGRP. The 2006 IPCC Guidelines Tier 2 method was used to estimate
emissions from nitric acid production for 1990 through 2009, and a country-specific approach similar to the IPCC
Tier 3 method was used to estimate N2O emissions for 2010 through 2019.

2010 through 2019

Process N20 emissions and nitric acid production data were obtained directly from EPA’s GHGRP for 2010 through
2019 by aggregating reported facility-level data (EPA 2020).

Since 2010, in the United States, all nitric acid facilities that produce weak nitric acid (30 to 70 percent) have been
required to report annual greenhouse gas emissions data to EPA as per the requirements of the GHGRP (Subpart
V). Beginning with 2018, the rule was changed to include facilities that produce nitric acid of any strength. The only
facility that produces high-strength nitric acid also produces weak nitric acid. All greenhouse gas emissions from
nitric acid production originate from the production of weak nitric acid.

Process emissions and nitric acid production reported to the GHGRP provide complete estimates of greenhouse
gas emissions for the United States because there are no reporting thresholds. While facilities are allowed to stop
reporting to the GHGRP if the total reported emissions from nitric acid production are less than 25,000 metric tons
CO: Eq. per year for five consecutive years or less than 15,000 metric tons CO: Eq. per year for three consecutive
years, no facilities have stopped reporting as a result of these provisions.32 All nitric acid facilities are required to
calculate process emissions using a site-specific emission factor developed through annual performance testing
under typical operating conditions or by directly measuring N20 emissions using monitoring equipment.33

32 5ee 40 CFR 98.2(i)(1) and 40 CFR 98.2(i)(2) for more information about these provisions.

33 Facilities must use standard methods, either EPA Method 320 or ASTM D6348-03 for annual performance tests and must
follow associated QA/QC procedures consistent during these performance test consistent with category-specific QC of direct
emission measurements.
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Emissions from facilities vary from year to year, depending on the amount of nitric acid produced with and without
abatement technologies. To maintain consistency across the time series and with the rounding approaches taken
by other data sets, GHGRP nitric acid data are rounded for consistency and are shown in Table 4-20.

1990 through 2009

Using GHGRP data for 2010,34 country-specific N2O emission factors were calculated for nitric acid production with
abatement and without abatement (i.e., controlled and uncontrolled emission factors). The following 2010
emission factors were derived for production with abatement and without abatement: 3.3 kg N2O/metric ton
HNOs produced at plants using abatement technologies (e.g., tertiary systems such as NSCR systems) and 5.99 kg
N20/metric ton HNOs produced at plants not equipped with abatement technology. Country-specific weighted
emission factors were derived by weighting these emission factors by percent production with abatement and
without abatement over time periods 1990 through 2008 and 2009. These weighted emission factors were used to
estimate N20 emissions from nitric acid production for years prior to the availability of GHGRP data (i.e., 1990
through 2008 and 2009). A separate weighted emission factor is included for 2009 due to data availability for that
year. At that time, EPA had initiated compilation of a nitric acid database to improve estimation of emissions from
this industry and obtained updated information on application of controls via review of permits and outreach with
facilities and trade associations. The research indicated recent installation of abatement technologies at additional
facilities.

Based on the available data, it was assumed that emission factors for 2010 would be more representative of
operating conditions in 1990 through 2009 than more recent years. Initial review of historical data indicates that
percent production with and without abatement can change over time and from year to year due to changes in
application of facility-level abatement technologies, maintenance of abatement technologies, and also due to plant
closures and start-ups (EPA 2012, 2013; Desai 2012; CAR 2013). The installation dates of N20 abatement
technologies are not known at most facilities, but it is assumed that facilities reporting abatement technology use
have had this technology installed and operational for the duration of the time series considered in this report
(especially NSCRs).

The country-specific weighted N0 emission factors were used in conjunction with annual production to estimate
N20 emissions for 1990 through 2009, using the following equations:

E; = Py X EFyeigntea,i

EFweighted,i = l(%PC,i X EFC) + (%Punc,i X EFunc)J

where,
Ei = Annual N20 Emissions for year i (kg/yr)
Pi = Annual nitric acid production for year i (metric tons HNO3)
EFweighted,i = Weighted N20 emission factor for year i (kg N2O/metric ton HNO3)
%P, = Percent national production of HNOs with N20 abatement technology (%)
EF. = N0 emission factor, with abatement technology (kg N2O/metric ton HNO3)
%Punc,i = Percent national production of HNOs without N20 abatement technology (%)
EFunc = N0 emission factor, without abatement technology (kg N2O/metric ton HNOs)

i =year from 1990 through 2009

e  For 2009: Weighted N20 emission factor = 5.46 kg N2O/metric ton HNOs.
e  For 1990 through 2008: Weighted N20 emission factor = 5.66 kg N2O/metric ton HNOs.

34 National N,O process emissions, national production, and national share of nitric acid production with abatement and
without abatement technology was aggregated from the GHGRP facility-level data for 2010 to 2017 (i.e., percent production
with and without abatement).
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Nitric acid production data for the United States for 1990 through 2009 were obtained from the U.S. Census
Bureau (U.S. Census Bureau 2008, 2009, 2010a, 2010b) (see Table 4-28). Publicly available information on plant-
level abatement technologies was used to estimate the shares of nitric acid production with and without
abatement for 2008 and 2009 (EPA 2012, 2013; Desai 2012; CAR 2013). EPA has previously conducted a review of
operating permits to obtain more current information due to the lack of publicly-available data on use of
abatement technologies for 1990 through 2007, as stated previously; therefore, the share of national production
with and without abatement for 2008 was assumed to be constant for 1990 through 2007.

Table 4-28: Nitric Acid Production (kt)

Year kt

1990 7,200
2005 6,710
2015 7,210
2016 7,810
2017 7,780
2018 8,210
2019 8,080

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

Uncertainty associated with the parameters used to estimate N2O emissions includes the share of U.S. nitric acid
production attributable to each emission abatement technology over the time series (especially prior to 2010), and
the associated emission factors applied to each abatement technology type. While some information has been
obtained through outreach with industry associations, limited information is available over the time series
(especially prior to 2010) for a variety of facility level variables, including plant-specific production levels, plant
production technology (e.g., low, high pressure, etc.), and abatement technology type, installation date of
abatement technology, and accurate destruction and removal efficiency rates. Production data prior to 2010 were
obtained from National Census Bureau, which does not provide uncertainty estimates with their data. Facilities
reporting to EPA’s GHGRP must measure production using equipment and practices used for accounting purposes.
At this time EPA does not estimate uncertainty of the aggregated facility-level information. As noted in the QA/QC
and verification section below, EPA verifies annual facility-level reports through a multi-step process (e.g.,
combination of electronic checks and manual reviews by staff) to identify potential errors and ensure that data
submitted to EPA are accurate, complete, and consistent. The annual production reported by each nitric acid
facility under EPA’s GHGRP and then aggregated to estimate national N>O emissions is assumed to have low
uncertainty.

The results of this Approach 2 quantitative uncertainty analysis are summarized in Table 4-29. Nitrous oxide
emissions from nitric acid production were estimated to be between 8.9 and 9.8 MMT CO; Eq. at the 95 percent
confidence level. This indicates a range of approximately 5 percent below to 5 percent above the 2017 emissions
estimate of 9.3 MMT CO: Eq.
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Table 4-29: Approach 2 Quantitative Uncertainty Estimates for N2O Emissions from Nitric
Acid Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Nitric Acid Production N,O 9.3 8.9 9.8 -5% +5%

a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of the 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details). More details on the greenhouse gas calculation,
monitoring and QA/QC methods applicable to nitric acid facilities can be found under Subpart V: Nitric Acid
Production of the GHGRP regulation (40 CFR Part 98).35

The main QA/QC activities are related to annual performance testing, which must follow either EPA Method 320 or
ASTM D6348-03. EPA verifies annual facility-level GHGRP reports through a multi-step process that is tailored to
the Subpart (e.g., combination of electronic checks including range checks, statistical checks, algorithm checks,
year-to-year comparison checks, along with manual reviews) to identify potential errors and ensure that data
submitted to EPA are accurate, complete, and consistent. Based on the results of the verification process, EPA
follows up with facilities to resolve mistakes that may have occurred (EPA 2015).3°

Recalculations Discussion

Recalculations of emissions from nitric acid production were performed for the 1990 through 2018 time series
when the GHGRP data for 2018 were released in November 2020. Previously, the 2017 value was used as proxy for
2018. The change resulted in recalculations of the estimated CO2 emissions estimates shown in Table 4-19 and
Table 4-20. Compared to the previous Inventory, the emissions value for 2018 increased by 3 percent (0.3 MMT
CO:2 Eq.), and the nitric acid production value for 2018 increased by 6 percent (430 kt).

Planned Improvements

Pending resources, EPA is considering both near-term and long-term improvement to estimates and associated
characterization of uncertainty. In the short-term, with 8 years of EPA’s GHGRP data, EPA anticipates completing
updates of category-specific QC procedures to potentially also improve both qualitative and quantitative
uncertainty estimates. In the next Inventory, EPA anticipates including information from GHGRP facilities on the
installation date of any N20 abatement equipment, per revisions finalized in December 2016 to EPA’s GHGRP. This
information will enable more accurate estimation of N20O emissions from nitric acid production over the time
series.

35 See Subpart V monitoring and reporting regulation <http://www.ecfr.gov/cgi-bin/text-
idx?tpl=/ecfrbrowse/Title40/40cfr98_main_02.tpl>.

36 see GHGRP Verification Factsheet <https://www.epa.gov/sites/production/files/2015-
07/documents/ghgrp_verification_factsheet.pdf>.
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4.8 Adipic Acid Production (CRF Source
Category 2B3)

Adipic acid is produced through a two-stage process during which nitrous oxide (N20) is generated in the second
stage. Emissions from fuels consumed for energy purposes during the production of adipic acid are accounted for
in the Energy chapter. The first stage of manufacturing usually involves the oxidation of cyclohexane to form a
cyclohexanone/cyclohexanol mixture. The second stage involves oxidizing this mixture with nitric acid to produce
adipic acid. Nitrous oxide is generated as a byproduct of the nitric acid oxidation stage and is emitted in the waste
gas stream (Thiemens and Trogler 1991). The second stage is represented by the following chemical reaction:

(CH,)sCO(cyclohexanone) + (CH,)sCHOH (cyclohexanol) + wHNO,
- HOOC(CH,),CO0H (adipic acid) + xN,0 + yH,0

Process emissions from the production of adipic acid vary with the types of technologies and level of emission
controls employed by a facility. In 1990, two major adipic acid-producing plants had N2O abatement technologies
in place and, as of 1998, three major adipic acid production facilities had control systems in place (Reimer et al.
1999). In 2018, catalytic reduction, non-selective catalytic reduction (NSCR), and thermal reduction abatement
technologies were applied as N20O abatement measures at adipic acid facilities (EPA 2019, 2020).

Worldwide, only a few adipic acid plants exist. The United States, Europe, and China are the major producers, with
the United States accounting for the largest share of global adipic acid production capacity in recent years. In 2019,
the United States had two companies with a total of two adipic acid production facilities (one in Texas and one in
Florida), following the ceased operations of a third major production facility at the end of 2015 (EPA 2019, 2020).

Adipic acid is a white crystalline solid used in the manufacture of synthetic fibers, plastics, coatings, urethane
foams, elastomers, and synthetic lubricants. Commercially, it is the most important of the aliphatic dicarboxylic
acids, which are used to manufacture polyesters. Eighty-four percent of all adipic acid produced in the United
States is used in the production of nylon 6,6; 9 percent is used in the production of polyester polyols; 4 percent is
used in the production of plasticizers; and the remaining 4 percent is accounted for by other uses, including
unsaturated polyester resins and food applications (ICIS 2007). Food grade adipic acid is used to provide some
foods with a “tangy” flavor (Thiemens and Trogler 1991).

National adipic acid production has increased by approximately 7 percent over the period of 1990 through 2019, to
approximately 810,000 metric tons (ACC 2020). Nitrous oxide emissions from adipic acid production were
estimated to be 5.3 MMT COz2 Eq. (18 kt N20) in 2019 (see Table 4-30). Over the period 1990 through 2019,
emissions have been reduced by 65 percent due to both the widespread installation of pollution control measures
in the late 1990s and plant idling in the late 2000s. The total emissions from adipic acid production decreased by
approximately 49 percent from GHGRP Reporting Year (RY) 2018 to RY2019 due to a significant change in
emissions from one facility. The facility confirmed that there was a decrease in adipic acid production and an
increase in the use of the N20 abatement device in RY2019, resulting in a large decrease in greenhouse gas
emissions (EPA 2019, 2020). As noted above, changes in control measures and abatement technologies at adipic
acid production facilities, including maintenance of equipment, can result in annual emission fluctuations. Little
additional information is available on drivers of trends in adipic acid production as it is not reported under EPA’s
GHGRP.

Table 4-30: N20 Emissions from Adipic Acid Production (MMT CO: Eq. and kt N20)

Year MMT CO; Eq. kt N.O
1990 15.2 51
2005 7.1 24
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2015 4.3 14

2016 7.0 24
2017 7.4 25
2018 10.3 35
2019 53 18

Methodology

Emissions are estimated using both Tier 2 and Tier 3 methods consistent with the 2006 IPCC Guidelines. Due to
confidential business information (CBI), plant names are not provided in this section. Therefore, the four adipic
acid-producing facilities that have operated over the time series will be referred to as Plants 1 through 4. Overall,
as noted above, the two currently operating facilities use catalytic reduction, NSCR and thermal reduction
abatement technologies.

2010 through 2019

All emission estimates for 2010 through 2019 were obtained through analysis of GHGRP data (EPA 2010 through
2020), which is consistent with the 2006 IPCC Guidelines Tier 3 method. Facility-level greenhouse gas emissions
data were obtained from EPA’s GHGRP for the years 2010 through 2019 (EPA 2010 through 2020) and aggregated
to national N20 emissions. Consistent with IPCC Tier 3 methods, all adipic acid production facilities are required to
calculate emissions using a facility-specific emission factor developed through annual performance testing under
typical operating conditions or by directly measuring N20O emissions using monitoring equipment.37

1990 through 2009

For years 1990 through 2009, which were prior to EPA’s GHGRP reporting, for both Plants 1 and 2, emission
estimates were obtained directly from the plant engineers and account for reductions due to control systems in
place at these plants during the time series. These prior estimates are considered CBI and hence are not published
(Desai 2010, 2011). These estimates were based on continuous process monitoring equipment installed at the two
facilities.

For Plant 4, 1990 through 2009 N20 emissions were estimated using the following Tier 2 equation from the 2006
IPCC Guidelines:

Egq = Qua X EFyq X (1 — [DF x UF))

where,
Eaa = N20 emissions from adipic acid production, metric tons
Qaa = Quantity of adipic acid produced, metric tons
EFaa = Emission factor, metric ton N2O/metric ton adipic acid produced
DF = N20 destruction factor
UF = Abatement system utility factor

The adipic acid production is multiplied by an emission factor (i.e., N2O emitted per unit of adipic acid produced),
which has been estimated to be approximately 0.3 metric tons of N2O per metric ton of product (IPCC 2006). The
“N20 destruction factor” in the equation represents the percentage of N,O emissions that are destroyed by the
installed abatement technology. The “abatement system utility factor” represents the percentage of time that the
abatement equipment operates during the annual production period. Plant-specific production data for Plant 4

37 Facilities must use standard methods, either EPA Method 320 or ASTM D6348-03 for annual performance testing, and must
follow associated QA/QC procedures during these performance tests consistent with category-specific QC of direct emission
measurements.
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were obtained across the time series through personal communications (Desai 2010, 2011). The plant-specific
production data were then used for calculating emissions as described above.

For Plant 3, 2005 through 2009 emissions were obtained directly from the plant (Desai 2010, 2011). For 1990
through 2004, emissions were estimated using plant-specific production data and the IPCC factors as described
above for Plant 4. Plant-level adipic acid production for 1990 through 2003 was estimated by allocating national
adipic acid production data to the plant level using the ratio of known plant capacity to total national capacity for
all U.S. plants (ACC 2020; CMR 2001, 1998; CW 1999; C&EN 1992 through 1995). For 2004, actual plant production
data were obtained and used for emission calculations (CW 2005).

Plant capacities for 1990 through 1994 were obtained from Chemical & Engineering News, “Facts and Figures” and
“Production of Top 50 Chemicals” (C&EN 1992 through 1995). Plant capacities for 1995 and 1996 were kept the
same as 1994 data. The 1997 plant capacities were taken from Chemical Market Reporter, “Chemical Profile: Adipic
Acid” (CMR 1998). The 1998 plant capacities for all four plants and 1999 plant capacities for three of the plants
were obtained from Chemical Week, Product Focus: Adipic Acid/Adiponitrile (CW 1999). Plant capacities for the
year 2000 for three of the plants were updated using Chemical Market Reporter, “Chemical Profile: Adipic Acid”
(CMR 2001). For 2001 through 2003, the plant capacities for three plants were held constant at year 2000
capacities. Plant capacity for 1999 to 2003 for the one remaining plant was kept the same as 1998.

National adipic acid production data (see Table 4-31) from 1990 through 2019 were obtained from the American
Chemistry Council (ACC 2020).

Table 4-31: Adipic Acid Production (kt)

Year kt
1990 755
2005 865
2015 1,055
2016 860
2017 830
2018 825
2019 810

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

Uncertainty associated with N2O emission estimates includes the methods used by companies to monitor and
estimate emissions. While some information has been obtained through outreach with facilities, limited
information is available over the time series on these methods, abatement technology destruction and removal
efficiency rates and plant-specific production levels.

The results of this Approach 2 quantitative uncertainty analysis are summarized in

Table 4-32. Nitrous oxide emissions from adipic acid production for 2018 were estimated to be between 9.8 and
10.8 MMT CO: Eq. at the 95 percent confidence level. These values indicate a range of approximately 5 percent
below to 5 percent above the 2018 emission estimate of 10.3 MMT CO: Eq.

Table 4-32: Approach 2 Quantitative Uncertainty Estimates for N2O Emissions from Adipic
Acid Production (MMT CO: Eq. and Percent)

Source Gas 2018 Emission Estimate Uncertainty Range Relative to Emission Estimate?
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(MMT CO; Eq.) (MMT CO; Eq.) (%)

Lower Upper Lower Upper
Bound Bound Bound Bound
Adipic Acid Production N,O 10.3 9.8 10.8 -5% +5%

a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2018.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of the 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

More details on the greenhouse gas calculation, monitoring and QA/QC methods applicable to adipic acid facilities
can be found under Subpart E (Adipic Acid Production) of the GHGRP regulation (40 CFR Part 98).3 The main
QA/QC activities are related to annual performance testing, which must follow either EPA Method 320 or ASTM
D6348-03. EPA verifies annual facility-level GHGRP reports through a multi-step process (e.g., combination of
electronic checks and manual reviews) to identify potential errors and ensure that data submitted to EPA are
accurate, complete, and consistent (EPA 2015).3° Based on the results of the verification process, EPA follows up
with facilities to resolve mistakes that may have occurred. The post-submittals checks are consistent with a
number of general and category-specific QC procedures, including range checks, statistical checks, algorithm
checks, and year-to-year comparisons of reported data.

Recalculations Discussion

No recalculations were performed for the 1990 through 2018 portion of the time series.

Planned Improvements

EPA plans to review GHGRP facility reported information on the date of abatement technology installation in order
to better reflect trends and changes in emissions abatement within the industry across the time series. See more
detail on similar planned improvements within Section 4.7 on Nitric Acid Production presented above.

4.9 Caprolactam, Glyoxal and Glyoxylic Acid
Production (CRF Source Category 2B4)

Caprolactam

Caprolactam (CeH11NO) is a colorless monomer produced for nylon-6 fibers and plastics. A substantial proportion
of the fiber is used in carpet manufacturing. Most commercial processes used for the manufacture of caprolactam

38 gee <http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title40/40cfr98_main_02.tpl>.
39 see <https://www.epa.gov/sites/production/files/2015-07/documents/ghgrp_verification_factsheet.pdf>.
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begin with benzene, but toluene can also be used. The production of caprolactam can give rise to significant
emissions of nitrous oxide (N20).

During the production of caprolactam, emissions of N2O can occur from the ammonia oxidation step, emissions of
carbon dioxide (COz) from the ammonium carbonate step, emissions of sulfur dioxide (SO2) from the ammonium
bisulfite step, and emissions of non-methane volatile organic compounds (NMVOCs). Emissions of CO2, SOz and
NMVOCs from the conventional process are unlikely to be significant in well-managed plants. Modified
caprolactam production processes are primarily concerned with elimination of the high volumes of ammonium
sulfate that are produced as a byproduct of the conventional process (IPCC 2006).

Where caprolactam is produced from benzene, the main process, the benzene is hydrogenated to cyclohexane
which is then oxidized to produce cyclohexanone (CsH100). The classical route (Raschig process) and basic reaction
equations for production of caprolactam from cyclohexanone are (IPCC 2006):

Oxidation of NH; to NO/NO,
l

NH; reacted with C0O,/H,0 to yield ammonium carbonate (NH,),CO5
l
(NH,),CO05 reacted with NO/NO, (from NH; oxidation) to yield ammonium nitrite (NH,NO,)
l
NH; reacted with SO,/H,0 to yield ammonium bisulphite (NH,HSO3)
l
NH,NO, and (NH,HSO5) reacted to yield hydroxylamine disulphonate (NOH(SO3;NH,),)

l
(NOH(SO3NH,),) hydrolised to yield hydroxylamine sulphate ((NH,OH),.H,S0,) and

ammonium sulphate ((NH,),S0,)
l

Cylohexanone reaction:

1
Col100 + 5 (NH0H),. HySO0,(+NH; and H,S0,) = CeHioNOH + (NH,),S0, + H;0
.

Beckmann rearrangement:

CoH,oNOH (+H,S0, and S0,) = C4Hy NO. HySO, (+4NH; and H,0) - C4Hy;NO + 2(NH4),SO0,

In 1999, there were four caprolactam production facilities in the United States. As of 2019, the United States had
two companies that produce caprolactam with a total of two caprolactam production facilities: AdvanSix in Virginia
(AdvanSix 2020) and BASF in Texas (BASF 2020). Caprolactam production at Fibrant LLC in Georgia ceased in 2018
(Cline 2019).

Nitrous oxide emissions from caprolactam production in the United States were estimated to be 1.4 MMT CO: Eq.
(5 kt N20) in 2019 (see Table 4-33). National emissions from caprolactam production decreased by approximately
18 percent over the period of 1990 through 2019. Emissions in 2019 decreased by approximately 3 percent from
the 2018 levels.
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Table 4-33: N2O Emissions from Caprolactam Production (MMT CO: Eq. and kt N2O)

Year MMT CO; Eq. kt N,O
1990 1.7 6
2005 2.1 7
2015 1.9 6
2016 1.7 6
2017 1.5 5
2018 1.4 5
2019 1.4 5
Glyoxal

Glyoxal is mainly used as a crosslinking agent for vinyl acetate/acrylic resins, disinfectant, gelatin hardening agent,
textile finishing agent (permanent-press cotton, rayon fabrics), and wet-resistance additive (paper coatings) (IPCC
2006). It is also used for enhanced oil-recovery. It is produced from oxidation of acetaldehyde with concentrated
nitric acid, or from the catalytic oxidation of ethylene glycol, and N20 is emitted in the process of oxidation of
acetaldehyde.

Glyoxal (ethanedial) (C2H202) is produced from oxidation of acetaldehyde (ethanal) (C2H40) with concentrated
nitric acid (HNOs). Glyoxal can also be produced from catalytic oxidation of ethylene glycol (ethanediol)
(CH20HCH20H).

Glyoxylic Acid

Glyoxylic acid is produced by nitric acid oxidation of glyoxal. Glyoxylic acid is used for the production of synthetic
aromas, agrochemicals, and pharmaceutical intermediates (IPCC 2006).

EPA does not currently estimate the emissions associated with the production of Glyoxal and Glyoxylic Acid due to
data availability and a lack of publicly available information on the industry in the United States. See Annex 5 for
additional information.

Methodology

Emissions of N20 from the production of caprolactam were calculated using the estimation methods provided by
the 2006 IPCC Guidelines. The 2006 IPCC Guidelines Tier 1 method was used to estimate emissions from
caprolactam production for 1990 through 2019, as shown in this formula:

ENZO = EF xCP

where,
Enz0 = Annual N20 Emissions (kg)
EF = N20 emission factor (default) (kg N2O/metric ton caprolactam produced)
CcP = Caprolactam production (metric tons)

During the caprolactam production process, N2O is generated as a byproduct of the high temperature catalytic
oxidation of ammonia (NHs), which is the first reaction in the series of reactions to produce caprolactam. The
amount of N2O emissions can be estimated based on the chemical reaction shown above. Based on this formula,
which is consistent with an IPCC Tier 1 approach, approximately 111.1 metric tons of caprolactam are required to
generate one metric ton of N20, resulting in an emission factor of 9.0 kg N20 per metric ton of caprolactam (IPCC
2006). When applying the Tier 1 method, the 2006 IPCC Guidelines state that it is good practice to assume that
there is no abatement of N.O emissions and to use the highest default emission factor available in the guidelines.
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In addition, EPA did not find support for the use of secondary catalysts to reduce N.O emissions, such as those
employed at nitric acid plants. Thus, the 515 thousand metric tons (kt) of caprolactam produced in 2019 (ACC
2020) resulted in N20 emissions of approximately 1.4 MMT COz Eq. (5 kt).

The activity data for caprolactam production (see Table 4-34) from 1990 to 2019 were obtained from the American
Chemistry Council’s Guide to the Business of Chemistry (ACC 2020). EPA will continue to analyze and assess
alternative sources of production data as a quality control measure.

Table 4-34: Caprolactam Production (kt)

Year kt
1990 626
2005 795
2015 700
2016 640
2017 545
2018 530
2019 515

Carbon dioxide and methane (CH4) emissions may also occur from the production of caprolactam, but currently the
IPCC does not have methodologies for calculating these emissions associated with caprolactam production.

Uncertainty and Time-Series Consistency — TO BE UPDATED

Estimation of emissions of N2O from caprolactam production can be treated as analogous to estimation of
emissions of N2O from nitric acid production. Both production processes involve an initial step of NH3 oxidation,
which is the source of N20O formation and emissions (IPCC 2006). Therefore, uncertainties for the default emission
factor values in the 2006 IPCC Guidelines are an estimate based on default values for nitric acid plants. In general,
default emission factors for gaseous substances have higher uncertainties because mass values for gaseous
substances are influenced by temperature and pressure variations and gases are more easily lost through process
leaks. The default values for caprolactam production have a relatively high level of uncertainty due to the limited
information available (IPCC 2006).

The results of this Approach 2 quantitative uncertainty analysis are summarized in Table 4-35. Nitrous oxide
emissions from Caprolactam, Glyoxal and Glyoxylic Acid Production for 2019 were estimated to be between 1.0
and 1.9 MMT CO: Eq. at the 95 percent confidence level. These values indicate a range of approximately 32
percent below to 32 percent above the 2019 emission estimate of 1.4 MMT CO: Eq.

Table 4-35: Approach 2 Quantitative Uncertainty Estimates for N2O Emissions from
Caprolactam, Glyoxal and Glyoxylic Acid Production (MMT CO: Eq. and Percent)

2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
Source Gas
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Caprolactam Production N>O 14 1.0 1.9 -32% +32%

a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019. Details on the emission trends through time are described in more detail in the Methodology
section, above.
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QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of the 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

Recalculations Discussion

No recalculations were performed for the 1990 through 2018 portion of the time series.

Planned Improvements

Pending resources, EPA will research other available datasets for caprolactam production and industry trends,
including facility-level data. EPA will also research the production process and emissions associated with the
production of glyoxal and glyoxylic acid. During the Expert Review period for the current Inventory report, EPA
continues to seek expert solicitation on data available for these emission source categories. This planned
improvement is subject to data availability and will be implemented in the medium- to long-term.

4.10 Carbide Production and Consumption
(CRF Source Category 2B5)

Carbon dioxide (CO2) and methane (CHa) are emitted from the production of silicon carbide (SiC), a material used
for industrial abrasive, metallurgical and other non-abrasive applications in the United States. Emissions from fuels
consumed for energy purposes during the production of silicon carbide are accounted for in the Energy chapter.

To produce SiC, silica sand or quartz (SiO2) is reacted with carbon (C) in the form of petroleum coke. A portion
(about 35 percent of the carbon contained in the petroleum coke is retained in the SiC. The remaining C is emitted
as CO2, CHa4, or carbon monoxide (CO). The overall reaction is shown below, but in practice, it does not proceed
according to stoichiometry:

Si0, + 3C - SiC +2C0 (+ 0, — 2C0,)

Carbon dioxide and CHa are also emitted during the production of calcium carbide, a chemical used to produce
acetylene. Carbon dioxide is implicitly accounted for in the storage factor calculation for the non-energy use of
petroleum coke in the Energy chapter. As noted in Annex 5 to this report, CHs emissions from calcium carbide
production are not estimated because data are not available. EPA is continuing to investigate the inclusion of these
emissions in future Inventory reports.

Markets for manufactured abrasives, including SiC, are heavily influenced by activity in the U.S. manufacturing
sector, especially in the aerospace, automotive, furniture, housing, and steel manufacturing sectors. The U.S.
Geological Survey (USGS) reports that a portion (approximately 50 percent) of SiC is used in metallurgical and
other non-abrasive applications, primarily in iron and steel production (USGS 1991a through 2017). As a result of
the economic downturn in 2008 and 2009, demand for SiC decreased in those years. Low-cost imports, particularly
from China, combined with high relative operating costs for domestic producers, continue to put downward
pressure on the production of SiC in the United States. Demand for SiC consumption in the United States has
recovered somewhat from its low in 2009 (USGS 1991a through 2015). Abrasive-grade silicon carbide was
manufactured at one facility in 2017 in the United States (USGS 2020).

Carbon dioxide emissions from SiC production and consumption in 2019 were 0.2 MMT CO: Eq. (175 kt CO3) (see
Table 4-36 and Table 4-37). Approximately 52 percent of these emissions resulted from SiC production, while the
remainder resulted from SiC consumption. Methane emissions from SiC production in 2019 were 0.01 MMT CO>
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Eq. (0.4 kt CH4) (see Table 4-36 and Table 4-37). Emissions have not fluctuated greatly in recent years, but 2019
emissions are about 50 percent lower than emissions in 1990.

Table 4-36: CO:2 and CH4 Emissions from Silicon Carbide Production and Consumption (MMT
CO:2 Eq.)

Year 1990 2005 2015 2016 2017 2018 2019
CO, 0.4 0.2 0.2 0.2 0.2 0.2 0.2
CHg4 + + + + + + +
Total 0.4 0.2 0.2 0.2 0.2 0.2 0.2

+ Does not exceed 0.05 MMT CO; Eq.

Table 4-37: CO:2 and CH4 Emissions from Silicon Carbide Production and Consumption (kt)

Year 1990 2005 2015 2016 2017 2018 2019
CO; 370 213 176 170 181 184 175
CHa 1 + + + + + +

+ Does not exceed 0.5 kt

Methodology

Emissions of CO2 and CHa4 from the production of SiC were calculated?0 using the Tier 1 method provided by the
2006 IPCC Guidelines. Annual estimates of SiC production were multiplied by the appropriate emission factor, as
shown below:

Esccoz = EFscco2 X Qe

1 metric ton
Esccna = EFsecpa X Qse X (7>

1000 kg
where,
Esc,coz = CO:z emissions from production of SiC, metric tons
EFsc,co2 = Emission factor for production of SiC, metric ton CO2/metric ton SiC
Qsc = Quantity of SiC produced, metric tons
Esc,cHa = CH4 emissions from production of SiC, metric tons
EFsc,cha = Emission factor for production of SiC, kilogram CHa/metric ton SiC

Emission factors were taken from the 2006 IPCC Guidelines:

e 2.62 metric tons CO2/metric ton SiC
e  11.6 kg CHa/metric ton SiC

Production data for metallurgical and other non-abrasive applications of SiC are not available; therefore, both CO»
and CH4 estimates for SiC are based solely upon production data for SiC for industrial abrasive applications.

Silicon carbide industrial abrasives production data for 1990 through 2013 were obtained from the U.S. Geological
Survey (USGS) Minerals Yearbook: Manufactured Abrasives (USGS 1991a through 2015). Production data for 2014
through 2017 were obtained from the Mineral Commodity Summaries: Abrasives (Manufactured) (USGS 2019).
Production data for 2018 and 2019 were obtained from the Mineral Industry Surveys, Manufactured Abrasives
(USGS 2019a, USGS 2020a). Silicon carbide production data obtained through the USGS National Minerals

40 EpA has not integrated aggregated facility-level GHGRP information to inform these estimates. The aggregated information
(e.g., activity data and emissions) associated with silicon carbide did not meet criteria to shield underlying confidential business
information (CBI) from public disclosure.
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Information Center has been rounded to the nearest 5,000 metric tons to avoid disclosing company proprietary
data. SiC consumption for the entire time series is estimated using USGS consumption data (USGS 1991b through
2015, USGS 2017c) and data from the U.S. International Trade Commission (USITC) database on net imports and
exports of SiC provided by the U.S. Census Bureau (2005 through 2020) (see Table 4-38). Total annual SiC
consumption (utilization) was estimated by subtracting annual exports of SiC by the annual total of national SiC
production and net imports.

Emissions of CO2 from SiC consumption for metallurgical uses were calculated by multiplying the annual utilization
of SiC for metallurgical uses (reported annually in the USGS Minerals Yearbook: Silicon) by the carbon content of
SiC (30.0 percent), which was determined according to the molecular weight ratio of SiC. USGS has not published
consumption data for metallurgical uses since 2016 due to concerns of disclosing company-specific sensitive
information, and there is uncertainty about the future availability of these data from the USGS. Other options are
being explored that would allow the estimation of SiC consumption for metallurgical uses. The 2016 consumption
data will be used as a proxy until a suitable approach is developed.

Emissions of CO2from SiC consumption for other non-abrasive uses were calculated by multiplying the annual SiC
consumption for non-abrasive uses by the carbon content of SiC (30 percent). The annual SiC consumption for non-
abrasive uses was calculated by multiplying the annual SiC consumption (production plus net imports) by the
percentage used in metallurgical and other non-abrasive uses (50 percent) (USGS 1991a through 2017) and then
subtracting the SiC consumption for metallurgical use.

The petroleum coke portion of the total CO2 process emissions from silicon carbide production is adjusted for
within the Energy chapter, as these fuels were consumed during non-energy related activities. Additional
information on the adjustments made within the Energy sector for Non-Energy Use of Fuels is described in both
the Methodology section of CO2 from Fossil Fuel Combustion (Section 3.1) and Annex 2.1, Methodology for
Estimating Emissions of CO2 from Fossil Fuel Combustion.

Table 4-38: Production and Consumption of Silicon Carbide (Metric Tons)

Year Production Consumption
1990 105,000 172,465
2005 35,000 220,149
2015 35,000 153,475
2016 35,000 142,104
2017 35,000 163,492
2018 35,000 168,531
2019 35,000 152,410

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

There is uncertainty associated with the emission factors used because they are based on stoichiometry as
opposed to monitoring of actual SiC production plants. An alternative is to calculate emissions based on the
quantity of petroleum coke used during the production process rather than on the amount of silicon carbide
produced. However, these data were not available. For CHs, there is also uncertainty associated with the
hydrogen-containing volatile compounds in the petroleum coke (IPCC 2006). There is also uncertainty associated
with the use or destruction of CHas generated from the process, in addition to uncertainty associated with levels of
production, net imports, consumption levels, and the percent of total consumption that is attributed to
metallurgical and other non-abrasive uses.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-39. Silicon carbide
production and consumption CO2 emissions from 2017 were estimated to be between 10 percent below and 9
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percent above the emission estimate of 0.18 MMT CO: Eqg. at the 95 percent confidence level. Silicon carbide
production CHs emissions were estimated to be between 9 percent below and 9 percent above the emission
estimate of 0.01 MMT CO: Eq. at the 95 percent confidence level.

Table 4-39: Approach 2 Quantitative Uncertainty Estimates for CHs and CO2 Emissions from
Silicon Carbide Production and Consumption (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Silicon Carbide Production co, 0.18 0.17 021 -10% +9%

and Consumption
Silicon Carbide Production CH,4 + + + -9% +9%

+ Does not exceed 0.05 MMT CO; Eq.
a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019. Details on the emission trends through time are described in more detail in the Methodology
section above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

Recalculations Discussion

During annual QC, a transcription error was identified for the percentage of carbon in SiC. The molecular weight
value for silicon used in the 1990 through 2018 portion of the time series was 26, which resulted in a percentage of
carbon in SiC of 31.5 percent. The molecular weight for silicon is 28, which results in the percentage of carbon in
SiC of 30.0 percent. This recalculation was applied to the entire time series for SiC consumption. This change
resulted in annual emissions decreases ranging from 3 to 9 kt CO2 between 1990 and 2018.

The carbon factors used to determine the amount of petroleum coke used for SiC production were updated to be
consistent with the factors used in the fossil fuel combustion estimates. This update did not have an impact on
process-related SiC emissions presented here but did impact the amount of petroleum coke subtracted from
energy use as part of the CO2 Emissions from Fossil Fuel Combustion calculations (see Annex 2.3 for more
information, including impact on trends).

4.11 Titanium Dioxide Production (CRF
Source Category 2B6)

Titanium dioxide (TiOz2) is manufactured using one of two processes: the chloride process and the sulfate process.
The chloride process uses petroleum coke and chlorine as raw materials and emits process-related carbon dioxide
(COz2). Emissions from fuels consumed for energy purposes during the production of titanium dioxide are
accounted for in the Energy chapter. The chloride process is based on the following chemical reactions:
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2FeTiO; +7Cl, +3C - 2TiCl, + 2FeCl; + 3CO0,
2TiCl, +20, - 2Ti0O, + 4Cl,
The sulfate process does not use petroleum coke or other forms of carbon as a raw material and does not emit

COa.

The Cin the first chemical reaction is provided by petroleum coke, which is oxidized in the presence of the chlorine
and FeTiOs (rutile ore) to form CO2. Since 2004, all TiO2 produced in the United States has been produced using the
chloride process, and a special grade of “calcined” petroleum coke is manufactured specifically for this purpose.

The principal use of TiOz is as a pigment in white paint, lacquers, and varnishes. It is also used as a pigment in the
manufacture of plastics, paper, and other products. In 2019, U.S. TiO2 production totaled 1,100,000 metric tons
(USGS 2020). There were five plants producing TiOz in the United States in 2019.

Emissions of CO2 from titanium dioxide production in 2019 were estimated to be 1.5 MMT CO: Eq. (1,474 kt CO>),
which represents an increase of 23 percent since 1990 (see Table 4-40). Compared to 2018, emissions from
titanium dioxide production decreased by 4 percent in 2019, likely due to a 4 percent decrease in production.

Table 4-40: CO: Emissions from Titanium Dioxide (MMT CO: Eq. and kt)

Year MMT CO; Eq. Kt

1990 1.2 1,195
2005 1.8 1,755
2015 1.6 1,635
2016 1.7 1,662
2017 1.7 1,688
2018 1.5 1,541
2019 1.5 1,474

Methodology

Emissions of CO2 from TiO2 production were calculated by multiplying annual national TiO2 production by chloride
process-specific emission factors using a Tier 1 approach provided in 2006 IPCC Guidelines. The Tier 1 equation is
as follows:

Eiq = EFiq X Qta

where,
Etd = CO:z emissions from TiO2 production, metric tons
EFtd = Emission factor (chloride process), metric ton CO2/metric ton TiO:
Qud = Quantity of TiO2 produced

The petroleum coke portion of the total CO2 process emissions from TiO2 production is adjusted for within the
Energy chapter as these fuels were consumed during non-energy related activities. Additional information on the
adjustments made within the Energy sector for Non-Energy Use of Fuels is described in both the Methodology
section of CO2 from Fossil Fuel Combustion (Section 3.1 Fossil Fuel Combustion) and Annex 2.1, Methodology for
Estimating Emissions of CO2 from Fossil Fuel Combustion.

Data were obtained for the total amount of TiO2 produced each year. For years prior to 2004, it was assumed that
TiO2 was produced using the chloride process and the sulfate process in the same ratio as the ratio of the total U.S.
production capacity for each process. As of 2004, the last remaining sulfate process plant in the United States
closed; therefore, 100 percent of production since 2004 used the chloride process (USGS 2005). An emission factor
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of 1.34 metric tons CO2/metric ton TiO2 was applied to the estimated chloride-process production (IPCC 2006). It
was assumed that all TiO2 produced using the chloride process was produced using petroleum coke, although
some TiO2 may have been produced with graphite or other carbon inputs.

The emission factor for the TiO2 chloride process was taken from the 2006 IPCC Guidelines. Titanium dioxide
production data and the percentage of total TiO2 production capacity that is chloride process for 1990 through
2013 (see Table 4-41) were obtained through the U.S. Geological Survey (USGS) Minerals Yearbook: Titanium
Annual Report (USGS 1991 through 2015). Production data for 2014 through 2019 were obtained from the
Minerals Commodity Summaries: Titanium and Titanium Dioxide (USGS 2020).#1 Data on the percentage of total
TiO2 production capacity that is chloride process were not available for 1990 through 1993, so data from the 1994
USGS Minerals Yearbook were used for these years. Because a sulfate process plant closed in September 2001, the
chloride process percentage for 2001 was estimated based on a discussion with Joseph Gambogi (2002). By 2002,
only one sulfate process plant remained online in the United States, and this plant closed in 2004 (USGS 2005).

Table 4-41: Titanium Dioxide Production (kt)

Year kt

1990 979

2005 1,310
2015 1,220
2016 1,240
2017 1,260
2018 1,150
2019 1,100

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

Each year, the USGS collects titanium industry data for titanium mineral and pigment production operations. If
TiO2 pigment plants do not respond, production from the operations is estimated based on prior year production
levels and industry trends. Variability in response rates varies from 67 to 100 percent of TiO; pigment plants over
the time series.

Although some TiO2 may be produced using graphite or other carbon inputs, information and data regarding these
practices were not available. Titanium dioxide produced using graphite inputs, for example, may generate differing
amounts of CO2 per unit of TiO2 produced as compared to that generated using petroleum coke in production.
While the most accurate method to estimate emissions would be to base calculations on the amount of reducing
agent used in each process rather than on the amount of TiO2 produced, sufficient data were not available to do
so.

As of 2004, the last remaining sulfate-process plant in the United States closed. Since annual TiO2 production was
not reported by USGS by the type of production process used (chloride or sulfate) prior to 2004 and only the
percentage of total production capacity by process was reported, the percent of total TiO2 production capacity that
was attributed to the chloride process was multiplied by total TiO2 production to estimate the amount of TiO>
produced using the chloride process. Finally, the emission factor was applied uniformly to all chloride-process
production, and no data were available to account for differences in production efficiency among chloride-process

41 EpA has not integrated aggregated facility-level GHGRP information for Titanium Dioxide production facilities (40 CFR Part 98
Subpart EE). The relevant aggregated information (activity data, emission factor) from these facilities did not meet criteria to
shield underlying CBI from public disclosure.
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plants. In calculating the amount of petroleum coke consumed in chloride-process TiO2 production, literature data
were used for petroleum coke composition. Certain grades of petroleum coke are manufactured specifically for
use in the TiO2 chloride process; however, this composition information was not available.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-42. Titanium dioxide
consumption CO2 emissions from 2019 were estimated to be between 1.3 and 1.7 MMT CO: Eq. at the 95 percent
confidence level. This indicates a range of approximately 12 percent below and 13 percent above the emission
estimate of 1.5 MMT CO: Eq.

Table 4-42: Approach 2 Quantitative Uncertainty Estimates for CO2 Emissions from Titanium
Dioxide Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)

Lower Upper Lower Upper

Bound Bound Bound Bound

Titanium Dioxide Production CO; 15 1.3 1.7 -12% +13%

a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2019. Details on the emission trends through time are described in more detail in the Methodology
section, above.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of the 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).

Recalculations Discussion

No recalculations were performed for the 1990 through 2018 portion of the time series. The carbon factors used to
determine the amount of petroleum coke used for titanium dioxide production were updated to be consistent
with the factors used in the fossil fuel combustion estimates. This update did not have an impact on process-
related titanium dioxide emissions presented here but did impact the amount of petroleum coke subtracted from
energy use as part of the CO2 Emissions from Fossil Fuel Combustion calculations (see Annex 2.3 for more
information).

Planned Improvements

EPA plans to examine the use of GHGRP titanium dioxide emissions data for possible use in emission estimates
consistent with both Volume 1, Chapter 6 of the 2006 IPCC Guidelines and the latest IPCC guidance on the use of
facility-level data in national inventories.?2 This planned improvement is ongoing and has not been incorporated
into this Inventory report. This is a long-term planned improvement.

42 see <http://www.ipcc-nggip.iges.or.jp/public/tb/TFl_Technical_Bulletin_1.pdf>.
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4.12 Soda Ash Production (CRF Source
Category 2B7)

Carbon dioxide (COz) is generated as a byproduct of calcining trona ore to produce soda ash and is eventually
emitted into the atmosphere. In addition, CO2 may also be released when soda ash is consumed. Emissions from
soda ash consumption in chemical production processes are reported under Section 4.4 Other Process Uses of
Carbonates (CRF Category 2A4), and emissions from fuels consumed for energy purposes during the production
and consumption of soda ash are accounted for in the Energy chapter.

Calcining involves placing crushed trona ore into a kiln to convert sodium bicarbonate into crude sodium carbonate
that will later be filtered into pure soda ash. The emission of CO2 during trona-based production is based on the
following reaction:

2Na,C0O; - NaHCO5; - 2H,0(Trona) - 3Na,C03(Soda Ash) + 5H,0 + CO,

Soda ash (sodium carbonate, Na2C0s) is a white crystalline solid that is readily soluble in water and strongly
alkaline. Commercial soda ash is used as a raw material in a variety of industrial processes and in many familiar
consumer products such as glass, soap and detergents, paper, textiles, and food. The largest use of soda ash is for
glass manufacturing. Emissions from soda ash used in glass production are reported under Section 4.3, Glass
Production (CRF Source Category 2A3). In addition, soda ash is used primarily to manufacture many sodium-based
inorganic chemicals, including sodium bicarbonate, sodium chromates, sodium phosphates, and sodium silicates
(USGS 2018b). Internationally, two types of soda ash are produced: natural and synthetic. The United States
produces only natural soda ash and is second only to China in total soda ash production. Trona is the principal ore
from which natural soda ash is made.

The United States represents about one-fifth of total world soda ash output (USGS 2020a). Only two states
produce natural soda ash: Wyoming and California. Of these two states, net emissions of CO, from soda ash
production were only calculated for Wyoming, due to specifics regarding the production processes employed in
the state.*3 Based on 2019 reported data, the estimated distribution of soda ash by end-use in 2019 (excluding
glass production) was chemical production, 55 percent; other uses, 14 percent; soap and detergent manufacturing,
11 percent; wholesale distributors (e.g., for use in agriculture, water treatment, and grocery wholesale), 10
percent; flue gas desulfurization, 6 percent; water treatment, 2 percent, and pulp and paper production, 2 percent
(USGS 2020b).44

U.S. natural soda ash is competitive in world markets because it is generally considered a better-quality raw
material than synthetically produced soda ash, and the majority of the world output of soda ash is made
synthetically. Although the United States continues to be a major supplier of soda ash, China surpassed the United
States in soda ash production in 2003, becoming the world’s leading producer.

43 |n california, soda ash is manufactured using sodium carbonate-bearing brines instead of trona ore. To extract the sodium
carbonate, the complex brines are first treated with CO; in carbonation towers to convert the sodium carbonate into sodium
bicarbonate, which then precipitates from the brine solution. The precipitated sodium bicarbonate is then calcined back into
sodium carbonate. Although CO, is generated as a byproduct, the CO, is recovered and recycled for use in the carbonation stage
and is not emitted. A third state, Colorado, produced soda ash until the plant was idled in 2004. The lone producer of sodium
bicarbonate no longer mines trona ore in the state. For a brief time, sodium bicarbonate was produced using soda ash
feedstocks mined in Wyoming and shipped to Colorado. Prior to 2004, because the trona ore was mined in Wyoming, the
production numbers given by the USGS included the feedstocks mined in Wyoming and shipped to Colorado. In this way, the
sodium bicarbonate production that took place in Colorado was accounted for in the Wyoming numbers.

44 percentages may not add up to 100 percent due to independent rounding.
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In 2019, CO2 emissions from the production of soda ash from trona ore were 1.8 MMT CO:2 Eq. (1,792 kt CO2) (see
Table 4-43). Total emissions from soda ash production in 2019 increased by approximately 5 percent from
emissions in 2018 and have increased by approximately 25 percent from 1990 levels.

Emissions have remained relatively constant over the time series with some fluctuations since 1990. In general,
these fluctuations were related to the behavior of the export market and the U.S. economy. The U.S. soda ash
industry continued a trend of increased production and value in 2019 since experiencing a decline in domestic and
export sales caused by adverse global economic conditions in 2009.

Table 4-43: CO: Emissions from Soda Ash Production (MMT CO: Eq. and kt CO>)

Year MMT CO; Eq. kt CO,
1990 1.4 1,431
2005 1.7 1,655
2015 1.7 1,714
2016 1.7 1,723
2017 1.8 1,753
2018 1.7 1,714
2019 1.8 1,792

Methodology

During the soda ash production process, trona ore is calcined in a rotary kiln and chemically transformed into a
crude soda ash that requires further processing. Carbon dioxide and water are generated as byproducts of the
calcination process. Carbon dioxide emissions from the calcination of trona ore can be estimated based on the
chemical reaction shown above. Based on this formula, which is consistent with an IPCC Tier 1 approach,
approximately 10.27 metric tons of trona ore are required to generate one metric ton of CO2, or an emission factor
of 0.0974 metric tons CO2 per metric ton of trona ore (IPCC 2006). Thus, the 18.4 million metric tons of trona ore
mined in 2019 for soda ash production (USGS 2020b) resulted in CO2 emissions of approximately 1.8 MMT CO: Eq.
(1,792 kt).

Once produced, most soda ash is consumed in chemical production, with minor amounts used in soap production,
pulp and paper, flue gas desulfurization, and water treatment (excluding soda ash consumption for glass
manufacturing). As soda ash is consumed for these purposes, additional CO2 is usually emitted. Consistent with the
2006 IPCC Guidelines for National Greenhouse Gas Inventories, emissions from soda ash consumption in chemical
production processes are reported under Section 4.4 Other Process Uses of Carbonates (CRF Category 2A4).

Data is not currently available for the quantity of trona used in soda ash production. Trona ore produced is used
primarily for soda ash production, and for the current Inventory report, EPA assumes that all trona produced was
used in soda ash production. The activity data for trona ore production (see Table 4-44) for 1990 through 2019
were obtained from the U.S. Geological Survey (USGS) Minerals Yearbook for Soda Ash (1994 through 2015b) and
USGS Mineral Industry Surveys for Soda Ash (USGS 2016 through 2017, 2018a, 2019, 2020b). Soda ash
production?> data were collected by the USGS from voluntary surveys of the U.S. soda ash industry. EPA will
continue to analyze and assess opportunities to use facility-level data from EPA’s GHGRP to improve the emission
estimates for the Soda Ash Production source category consistent with IPCC* and UNFCCC guidelines.

45 EpA has assessed the feasibility of using emissions information (including activity data) from EPA’s GHGRP program. At this
time, the aggregated information associated with production of soda ash did not meet criteria to shield underlying confidential
business information (CBI) from public disclosure.

46 see <http://www.ipcc-nggip.iges.or.jp/public/tb/TFl_Technical_Bulletin_1.pdf>.
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Table 4-44: Trona Ore Use (kt)

Year Use?

1990 14,700
2005 17,000
2015 17,600
2016 17,700
2017 18,000
2018 17,600
2019 18,400

2 Trona ore use is
assumed to be equal
to trona ore
production.

Uncertainty and Time-Series Consistency — TO BE UPDATED

Emission estimates from soda ash production have relatively low associated uncertainty levels because reliable
and accurate data sources are available for the emission factor and activity data for trona-based soda ash
production. One source of uncertainty is the purity of the trona ore used for manufacturing soda ash. The emission
factor used for this estimate assumes the ore is 100 percent pure, and likely overestimates the emissions from
soda ash manufacture. The average water-soluble sodium carbonate-bicarbonate content for ore mined in
Wyoming ranges from 85.5 to 93.8 percent (USGS 1995c).

EPA is aware of one facility producing soda ash from a liquid alkaline feedstock process based on EPA’s GHGRP.
Soda ash production data was collected by the USGS from voluntary surveys. A survey request was sent to each of
the five soda ash producers, all of which responded, representing 100 percent of the total production data (USGS
2020b).

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-45. Soda ash production
CO2 emissions for 2019 were estimated to be between 1.5 and 1.8 MMT CO: Eqg. at the 95 percent confidence
level. This indicates a range of approximately 9 percent below and 8 percent above the emission estimate of 1.8
MMT CO: Eq.

Table 4-45: Approach 2 Quantitative Uncertainty Estimates for CO2 Emissions from Soda Ash
Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO, Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Soda Ash Production CO; 1.8 15 1.8 -9% +8%

aRange of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions estimates
from 1990 through 2019.

QA/QC and Verification

General quality assurance/quality control (QA/QC) procedures were applied consistent with the U.S. Inventory
QA/QC plan, which is in accordance with Volume 1, Chapter 6 of 2006 IPCC Guidelines as described in the
introduction of the IPPU chapter (see Annex 8 for more details).
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Recalculations Discussion

No recalculations were performed for the 1990 through 2018 portion of the time series.

Planned Improvements

EPA plans to review USGS data to improve use of activity data to estimate emissions, consistent with the
methodological decision trees in 2006 IPCC Guidelines. EPA also plans to use GHGRP data for conducting category-
specific QC of emission estimates, consistent with both Volume 1, Chapter 6 of the 2006 IPCC Guidelines and the
latest IPCC guidance on the use of facility-level data in national inventories.4” This planned improvement is
ongoing and has not been incorporated into this Inventory report. This is a medium-term planned improvement
and expected to be completed by the next (i.e., 2021) Inventory submission.

4.13 Petrochemical Production (CRF Source
Category 2B8)

The production of some petrochemicals results in the release of carbon dioxide (CO2) and methane (CHa)
emissions. Petrochemicals are chemicals isolated or derived from petroleum or natural gas. Carbon dioxide
emissions from the production of acrylonitrile, carbon black, ethylene, ethylene dichloride, ethylene oxide, and
methanol, and CHs emissions from the production of methanol and acrylonitrile are presented here and reported
under IPCC Source Category 2B8. The petrochemical industry uses primary fossil fuels (i.e., natural gas, coal,
petroleum, etc.) for non-fuel purposes in the production of carbon black and other petrochemicals. Emissions from
fuels and feedstocks transferred out of the system for use in energy purposes (e.g., indirect or direct process heat
or steam production) are currently accounted for in the Energy sector. The allocation and reporting of emissions
from feedstocks transferred out of the system for use in energy purposes to the Energy chapter is consistent with
the 2006 IPCC Guidelines.

Worldwide, more than 90 percent of acrylonitrile (vinyl cyanide, CsH3N) is made by way of direct ammoxidation of
propylene with ammonia (NH3) and oxygen over a catalyst. This process is referred to as the SOHIO process,
named after the Standard Oil Company of Ohio (SOHIO) (IPCC 2006). The primary use of acrylonitrile is as the raw
material for the manufacture of acrylic and modacrylic fibers. Other major uses include the production of plastics
(acrylonitrile-butadiene-styrene [ABS] and styrene-acrylonitrile [SAN]), nitrile rubbers, nitrile barrier resins,
adiponitrile, and acrylamide. All U.S. acrylonitrile facilities use the SOHIO process (AN 2014). The SOHIO process
involves a fluidized bed reaction of chemical-grade propylene, ammonia, and oxygen over a catalyst. The process
produces acrylonitrile as its primary product, and the process yield depends on the type of catalyst used and the
process configuration. The ammoxidation process produces byproduct CO2, carbon monoxide (CO), and water
from the direct oxidation of the propylene feedstock and produces other hydrocarbons from side reactions.

Carbon black is a black powder generated by the incomplete combustion of an aromatic petroleum- or coal-based
feedstock at a high temperature. Most carbon black produced in the United States is added to rubber to impart
strength and abrasion resistance, and the tire industry is by far the largest consumer. The other major use of
carbon black is as a pigment. The predominant process used in the United States to produce carbon black is the
furnace black (or oil furnace) process. In the furnace black process, carbon black oil (a heavy aromatic liquid) is
continuously injected into the combustion zone of a natural gas-fired furnace. Furnace heat is provided by the
natural gas and a portion of the carbon black feedstock; the remaining portion of the carbon black feedstock is
pyrolyzed to carbon black. The resultant CO2 and uncombusted CHs emissions are released from thermal
incinerators used as control devices, process dryers, and equipment leaks. Three facilities in the United States use

47 see <http://www.ipcc-nggip.iges.or.jp/public/tb/TFI_Technical_Bulletin_1.pdf>.
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other types of carbon black processes. Specifically, one facility produces carbon black by the thermal cracking of
acetylene-containing feedstocks (i.e., acetylene black process), a second facility produces carbon black by the
thermal cracking of other hydrocarbons (i.e., thermal black process), and a third facility produces carbon black by
the open burning of carbon black feedstock (i.e., lamp black process) (EPA 2000).

Ethylene (C2H4) is consumed in the production processes of the plastics industry including polymers such as high,
low, and linear low density polyethylene (HDPE, LDPE, LLDPE); polyvinyl chloride (PVC); ethylene dichloride;
ethylene oxide; and ethylbenzene. Virtually all ethylene is produced from steam cracking of ethane, propane,
butane, naphtha, gas oil, and other feedstocks. The representative chemical equation for steam cracking of ethane
to ethylene is shown below:

C,Hs » C,H, + H,

Small amounts of CHs are also generated from the steam cracking process. In addition, CO2 and CHs emissions are
also generated from combustion units.

Ethylene dichloride (C2H4Cl2) is used to produce vinyl chloride monomer, which is the precursor to polyvinyl
chloride (PVC). Ethylene dichloride was also used as a fuel additive until 1996 when leaded gasoline was phased
out. Ethylene dichloride is produced from ethylene by either direct chlorination, oxychlorination, or a combination
of the two processes (i.e., the “balanced process”); most U.S. facilities use the balanced process. The direct
chlorination and oxychlorination reactions are shown below:

C,H, + Cl, - C,H,CL, (direct chlorination)
CH, + 30, + 2HCl - C,H,Cl, + 2H,0 (oxychlorination)
C,H, + 30, - 2C0, + 2H,0 (direct oxidation of ethylene during oxychlorination)

In addition to the byproduct CO2 produced from the direction oxidation of the ethylene feedstock, CO2 and CH4
emissions are also generated from combustion units.

Ethylene oxide (C2H40) is used in the manufacture of glycols, glycol ethers, alcohols, and amines. Approximately 70
percent of ethylene oxide produced worldwide is used in the manufacture of glycols, including monoethylene
glycol. Ethylene oxide is produced by reacting ethylene with oxygen over a catalyst. The oxygen may be supplied to
the process through either an air (air process) or a pure oxygen stream (oxygen process). The byproduct CO2 from
the direct oxidation of the ethylene feedstock is removed from the process vent stream using a recycled carbonate
solution, and the recovered CO2 may be vented to the atmosphere or recovered for further utilization in other
sectors, such as food production (IPCC 2006). The combined ethylene oxide reaction and byproduct CO; reaction is
exothermic and generates heat, which is recovered to produce steam for the process. The ethylene oxide process
also produces other liquid and off-gas byproducts (e.g., ethane, etc.) that may be burned for energy recovery
within the process. Almost all facilities, except one in Texas, use the oxygen process to manufacture ethylene oxide
(EPA 2008).

Methanol (CH3OH) is a chemical feedstock most often converted into formaldehyde, acetic acid and olefins. It is
also an alternative transportation fuel, as well as an additive used by municipal wastewater treatment facilities in
the denitrification of wastewater. Methanol is most commonly synthesized from a synthesis gas (i.e., “syngas” —a
mixture containing Hz, CO, and CO2) using a heterogeneous catalyst. There are a number of process techniques
that can be used to produce syngas. Worldwide, steam reforming of natural gas is the most common method;
most methanol producers in the United States also use steam reforming of natural gas to produce syngas. Other
syngas production processes in the United States include partial oxidation of natural gas and coal gasification.

Emissions of CO2 and CH4 from petrochemical production in 2018 were 29.4 MMT CO2 Eq. (29,424 kt CO2) and 0.3
MMT COz2 Eq. (12 kt CH4), respectively (see Table 4-46 and Table 4-47). Since 1990, total CO2 emissions from
petrochemical production increased by 36 percent. Carbon dioxide emissions from petrochemical production are
driven primarily from ethylene, while CH4 emissions are mainly from methanol production. Emissions from
methanol production reached a low in 2011, given declining methanol production; however, emissions have been
increasing every year since 2011 and are now 53 percent greater than in 1990 (though still 4 percent less than the
peak of 4.0 MMT CO:2 Eq. in 1997) due to a rebound in methanol production.
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Table 4-46: CO: and CH4 Emissions from Petrochemical Production (MMT CO: Eq.)

Year 1990 2005 2015 2016 2017 2018 2019
Total CO; 21.6 27.4 28.1 28.3 28.9 29.3 30.8
Carbon Black 3.4 4.3 33 3.2 3.3 3.4 3.3
Ethylene 131 19.0 20.1 19.8 20.0 19.4 20.7
Ethylene Dichloride 0.3 0.5 0.4 0.4 0.4 0.4 0.5
Methanol 2.5 0.8 2.1 2.8 29 3.5 3.8
Ethylene Oxide 1.1 15 1.2 1.1 1.3 1.3 14
Acrylonitrile 1.2 1.3 1.1 1.0 1.0 1.3 1.1
Total CH, 0.2 0.1 0.2 0.2 0.3 0.3 0.3
Methanol 0.2 0.1 0.2 0.2 0.2 0.3 0.3
Acrylonitrile + + + + + + +
Total 21.8 27.5 28.2 28.6 29.2 29.7 29.9
+ Does not exceed 0.05 MMT CO; Eg.
Note: Totals may not sum due to independent rounding.
Table 4-47: CO2 and CH4 Emissions from Petrochemical Production (kt)
Year 1990 2005 2015 2016 2017 2018 2019
Total CO, 21,611 27,383 28,062 28,310 28,910 29,314 30,792
Carbon Black 3,381 4,269 3,260 3,160 3,330 3,440 3,300
Ethylene 13,126 19,024 20,100 19,800 20,000 19,400 20,700
Ethylene Dichloride 254 455 398 447 412 440 503
Methanol 2,513 821 2,054 2,848 2,878 3,484 3,839
Ethylene Oxide 1,123 1,489 1,200 1,100 1,250 1,300 1,370
Acrylonitrile 1,214 1,325 1,050 955 1,040 1,250 1,080
Total CH, 9 3 7 10 10 12 13
Methanol 9 3 7 10 10 12 13
Acrylonitrile + + + + + + +

+ Does not exceed 0.5 kt CHa.
Note: Totals may not sum due to independent rounding.

Methodology

Emissions of CO2 and CHs were calculated using the estimation methods provided by the 2006 IPCC Guidelines and
country-specific methods from EPA’s GHGRP. The 2006 IPCC Guidelines Tier 1 method was used to estimate CO;
and CHa emissions from production of acrylonitrile and methanol,?8 and a country-specific approach similar to the
IPCC Tier 2 method was used to estimate CO2 emissions from production of carbon black, ethylene oxide, ethylene,
and ethylene dichloride. The Tier 2 method for petrochemicals is a total feedstock carbon (C) mass balance
method used to estimate total CO2 emissions, but it is not applicable for estimating CH4 emissions.

As noted in the 2006 IPCC Guidelines, the total feedstock C mass balance method (Tier 2) is based on the

assumption that all of the C input to the process is converted either into primary and secondary products or into
COa. Further, the guideline states that while the total C mass balance method estimates total C emissions from the
process, it does not directly provide an estimate of the amount of the total C emissions emitted as CO2, CHs, or

non-CHa volatile organic compounds (NMVOCs). This method accounts for all the C as COz, including CHa.

Note, a small subset of facilities reporting under EPA’s GHGRP use Continuous Emission Monitoring Systems
(CEMS) to monitor CO2 emissions from process vents and/or stacks from stationary combustion units, these
facilities are required to also report CO2, CH4 and N20 emissions from combustion of process off-gas in flares. The

48 EPA has not integrated aggregated facility-level GHGRP information for acrylonitrile and methanol production. The

aggregated information associated with production of these petrochemicals did not meet criteria to shield underlying CBI from

public disclosure.
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CO: from flares are included in aggregated COz2 results. Preliminary analysis of aggregated annual reports shows
that flared CH4 and N20 emissions are less than 500 kt CO2 Eq./year. EPA’s GHGRP is still reviewing these data
across reported years, and EPA plans to address this more completely in future reports.

Carbon Black, Ethylene, Ethylene Dichloride, and Ethylene Oxide
2010 through 2019

Carbon dioxide emissions and national production were aggregated directly from EPA’s GHGRP dataset for 2010
through 2019 (EPA 2019, 2020). In 2019, data reported to the GHGRP included CO2 emissions of 3,300,000 metric
tons from carbon black production; 20,700,000 metric tons of CO2 from ethylene production; 503,000 metric tons
of CO2 from ethylene dichloride production; and 1,370,000 metric tons of CO2 from ethylene oxide production.
These emissions reflect application of a country-specific approach similar to the IPCC Tier 2 method and were used
to estimate COz emissions from the production of carbon black, ethylene, ethylene dichloride, and ethylene oxide.

Since 2010, EPA’s GHGRP, under Subpart X, requires all domestic producers of petrochemicals to report annual
emissions and supplemental emissions information (e.g., production data, etc.) to facilitate verification of reported
emissions. Under EPA’s GHGRP, most petrochemical production facilities are required to use either a mass balance
approach or CEMS to measure and report emissions for each petrochemical process unit to estimate facility-level
process CO2 emissions; ethylene production facilities also have a third option. The mass balance method is used by
most facilities#® and assumes that all the carbon input is converted into primary and secondary products,
byproducts, or is emitted to the atmosphere as CO2. To apply the mass balance, facilities must measure the volume
or mass of each gaseous and liquid feedstock and product, mass rate of each solid feedstock and product, and
carbon content of each feedstock and product for each process unit and sum for their facility. To apply the
optional combustion methodology, ethylene production facilities must measure the quantity, carbon content, and
molecular weight of the fuel to a stationary combustion unit when that fuel includes any ethylene process off-gas.
These data are used to calculate the total CO2 emissions from the combustion unit. The facility must also estimate
the fraction of the emissions that is attributable to burning the ethylene process off-gas portion of the fuel. This
fraction is multiplied by the total emissions to estimate the emissions from ethylene production. The QA/QC and
Verification section below has a discussion of non-CO2 emissions from ethylene production facilities.

All non-energy uses of residual fuel and some non-energy uses of "other oil" are assumed to be used in the
production of carbon black; therefore, consumption of these fuels is adjusted for within the Energy chapter to
avoid double-counting of emissions from fuel used in the carbon black production presented here within IPPU
sector. Additional information on the adjustments made within the Energy sector for Non-Energy Use of Fuels is
described in both the Methodology section of CO2 from Fossil Fuel Combustion (3.1 Fossil Fuel Combustion (IPCC
Source Category 1A)) and Annex 2.1, Methodology for Estimating Emissions of CO2 from Fossil Fuel Combustion.

1990 through 2009

Prior to 2010, for each of these 4 types of petrochemical processes, an average national CO2 emission factor was
calculated based on the GHGRP data and applied to production for earlier years in the time series (i.e., 1990
through 2009) to estimate CO2 emissions from carbon black, ethylene, ethylene dichloride, and ethylene oxide
production. For carbon black, ethylene, ethylene dichloride, and ethylene oxide carbon dioxide emission factors

wn

were derived from EPA’s GHGRP data by dividing annual CO2 emissions for petrochemical type “i” with annual
production for petrochemical type “i” and then averaging the derived emission factors obtained for each calendar
year 2010 through 2013 (EPA 2019). The years 2010 through 2013 were used in the development of carbon dioxide
emission factors as these years are more representative of operations in 1990 through 2009 for these facilities.

The average emission factors for each petrochemical type were applied across all prior years because

49 A few facilities producing ethylene dichloride, ethylene, and methanol used CO, CEMS; those CO, emissions have been
included in the aggregated GHGRP emissions presented here..
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petrochemical production processes in the United States have not changed significantly since 1990, though some
operational efficiencies have been implemented at facilities over the time series.

The average country-specific CO2 emission factors that were calculated from the GHGRP data are as follows:

e 2.59 metric tons CO2/metric ton carbon black produced

e 0.79 metric tons CO2/metric ton ethylene produced

e 0.040 metric tons CO2/metric ton ethylene dichloride produced
e  0.46 metric tons CO2/metric ton ethylene oxide produced

Annual production data for carbon black for 1990 through 2009 were obtained from the International Carbon
Black Association (Johnson 2003 and 2005 through 2010). Annual production data for ethylene, ethylene
dichloride, and ethylene oxide for 1990 through 2009 were obtained from the American Chemistry Council’s
(ACC’s) Business of Chemistry (ACC 2020).

Acrylonitrile

Carbon dioxide and methane emissions from acrylonitrile production were estimated using the Tier 1 method in
the 2006 IPCC Guidelines. Annual acrylonitrile production data were used with IPCC default Tier 1 CO2 and CHa
emission factors to estimate emissions for 1990 through 2019. Emission factors used to estimate acrylonitrile
production emissions are as follows:

e 0.18 kg CHa/metric ton acrylonitrile produced

e  1.00 metric tons CO2/metric ton acrylonitrile produced

Annual acrylonitrile production data for 1990 through 2019 were obtained from ACC’s Business of Chemistry (ACC
2020).

Methanol

Carbon dioxide and methane emissions from methanol production were estimated using the Tier 1 method in the
2006 IPCC Guidelines. Annual methanol production data were used with IPCC default Tier 1 CO2 and CH4 emission
factors to estimate emissions for 1990 through 2019. Emission factors used to estimate methanol production
emissions are as follows:

e 2.3 kg CHa/metric ton methanol produced

e 0.67 metric tons CO2/metric ton methanol produced

Annual methanol production data for 1990 through 2019 were obtained from the ACC’s Business of Chemistry (ACC
2020).

Table 4-48: Production of Selected Petrochemicals (kt)

Chemical 1990 2005 2015 2016 2017 2018 2019
Carbon Black 1,310 1,650 1,220 1,190 1,240 1,280 1,210
Ethylene 16,500 24,000 26,900 26,600 27,800 30,500 32,400
Ethylene Dichloride 6,280 11,300 11,300 11,700 12,400 12,500 12,600
Ethylene Oxide 2,430 3,220 3,240 3,270 3,350 3,310 3,800
Acrylonitrile 1,210 1,330 1,050 955 1,040 1,250 1,080
Methanol 3,750 1,230 3,070 4,250 4,300 5,200 5,730

As noted earlier in the introduction section of the Petrochemical Production chapter, the allocation and reporting
of emissions from both fuels and feedstocks transferred out of the system for use in energy purposes to the Energy
chapter differs slightly from the 2006 IPCC Guidelines. According to the 2006 IPCC Guidelines, emissions from fuel
combustion from petrochemical production should be allocated to this source category within the IPPU chapter.

Industrial Processes and Product Use  4-63
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Due to national circumstances, EIA data on primary fuel for feedstock use within the energy balance are presented
by commodity only, with no resolution on data by industry sector (i.e., petrochemical production). In addition,
under EPA’s GHGRP, reporting facilities began reporting in 2014 on annual feedstock quantities for mass balance
and CEMS methodologies (79 FR 63794), as well as the annual average carbon content of each feedstock (and
molecular weight for gaseous feedstocks) for the mass balance methodology beginning in reporting year 2017 (81
FR 89260).50 The United States is currently unable to report non-energy fuel use from petrochemical production
under the IPPU chapter due to CBl issues. Therefore, consistent with 2006 IPCC Guidelines, fuel consumption data
reported by EIA are modified to account for these overlaps to avoid double-counting. More information on the
non-energy use of fossil fuel feedstocks for petrochemical production can be found in Annex 2.3.

Uncertainty and Time-Series Consistency — TO BE UPDATED
FOR FINAL REPORT

The CHs and CO2 emission factors used for acrylonitrile and methanol production are based on a limited number of
studies. Using plant-specific factors instead of default or average factors could increase the accuracy of the
emission estimates; however, such data were not available for the current Inventory report.

The results of the quantitative uncertainty analysis for the CO2 emissions from carbon black production, ethylene,
ethylene dichloride, and ethylene oxide are based on reported GHGRP data. Refer to the Methodology section for
more details on how these emissions were calculated and reported to EPA’s GHGRP. There is some uncertainty in
the applicability of the average emission factors for each petrochemical type across all prior years. While
petrochemical production processes in the United States have not changed significantly since 1990, some
operational efficiencies have been implemented at facilities over the time series.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-49. Petrochemical
production CO2 emissions from 2018 were estimated to be between 27.8 and 31.1 MMT CO: Eq. at the 95 percent
confidence level. This indicates a range of approximately 6 percent below to 6 percent above the emission
estimate of 29.4 MMT CO: Eq. Petrochemical production CHs emissions from 2018 were estimated to be between
0.11 and 0.37 MMT CO: Eq. at the 95 percent confidence level. This indicates a range of approximately 57 percent
below to 46 percent above the emission estimate of 0.3 MMT CO: Eq.

Table 4-49: Approach 2 Quantitative Uncertainty Estimates for CH4 Emissions from
Petrochemical Production and CO2 Emissions from Petrochemical Production (MMT CO: Eq.
and Percent)

Source Gas 2018 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO; Eq.) (MMT CO; Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
Petrochemical
. ! CO, 29.4 27.8 31.1 -6% +6%
Production
Petrochemical
. CHa4 0.30 0.11 0.37 -57% +46%
Production

a Range of emission estimates predicted by Monte Carlo Stochastic Simulation for a 95 percent confidence interval.

Methodological approaches were applied to the entire time series to ensure consistency in emissions from 1990
through 2018.

50 see <https://www.epa.gov/ghgreporting/historical-rulemakings>.
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QA/QC and Verification

For Petrochemical Production, QA/QC activities were conducted consistent with the U.S. Inventory QA/QC plan, as
described in the QA/QC and Verification Procedures section of the IPPU chapter and Annex 8. Source-specific
quality control measures for this category included the QA/QC requirements and verification procedures of EPA’s
GHGRP. More details on the greenhouse gas calculation, monitoring and QA/QC methods applicable to
petrochemical facilities can be found under Subpart X (Petrochemical Production) of the regulation (40 CFR Part
98).51 EPA verifies annual facility-level GHGRP reports through a multi-step process (e.g., combination of electronic
checks and manual reviews) to identify potential errors and ensure that data submitted to EPA are accurate,
complete, and consistent (EPA 2015).52 Based on the results of the verification process, EPA follows up with
facilities to resolve mistakes that may have occurred. The post-submittals checks are consistent with a number of
general and category-specific QC procedures, including range checks, statistical checks, algorithm checks, and year-
to-year checks of reported data and emissions. EPA also conducts QA checks of GHGRP reported production data
by petrochemical type against external datasets.

For ethylene, ethylene dichloride, and ethylene oxide it is possible to compare CO2 emissions calculated using the
GHGRP data to the COz emissions that would have been calculated using the Tier 1 approach if GHGRP data were
not available. For ethylene, the GHGRP emissions typically are within 5 percent of the emissions calculated using
the Tier 1 approach (except for 2018 and 2019 when the differences were 18 percent and 17 percent,
respectively). For ethylene dichloride, the GHGRP emissions are typically within 25 percent of the Tier 1 emissions.
For ethylene oxide, GHGRP emissions vary from 17 percent less than the Tier 1 emissions to 20 percent more than
the Tier 1 emissions, depending on the year.

EPA’s GHGRP mandates that all petrochemical production facilities report their annual emissions of CO2, CHs, and
N20 from each of their petrochemical production processes. Source-specific quality control measures for the
Petrochemical Production category included the QA/QC requirements and verification procedures of EPA’s GHGRP.
The QA/QC requirements differ depending on the calculation methodology used.

As part of a planned improvement effort, EPA has assessed the potential of using GHGRP data to estimate CH4
emissions from ethylene production. As discussed in the Methodology section above, CO2 emissions from ethylene
production in this chapter are based on data reported under the GHGRP, and these emissions are calculated using
a Tier 2 approach that assumes all of the carbon in the fuel (i.e., ethylene process off-gas) is converted to COa.
Ethylene production facilities also calculate and report CH4 emissions under the GHGRP when they use the optional
combustion methodology. The facilities calculate CHa emissions from each combustion unit that burns off-gas from
an ethylene production process unit using a Tier 1 approach based on the total quantity of fuel burned, a default
higher heating value, and a default emission factor. Because multiple other types of fuel in addition to the ethylene
process unit off-gas may be burned in these combustion units, the facilities also report an estimate of the fraction
of emissions that is due to burning the ethylene process off-gas component of the total fuel. Multiplying the total
emissions by the estimated fraction provides an estimate of the CH4 emissions from the ethylene production
process unit. These ethylene production facilities also calculate CH4 emissions from flares that burn process vent
emissions from ethylene processes. The emissions are calculated using either a Tier 2 approach based on
measured gas volumes and measured carbon content or higher heating value, or a Tier 1 approach based on the
measured gas flow and a default emission factor. Nearly all ethylene production facilities use the optional
combustion methodology under the GHGRP, and the sum of reported CH4 emissions from combustion in stationary
combustion units and flares at all of these facilities is on the same order of magnitude as the combined CH4
emissions presented in this chapter from methanol and acrylonitrile production. The CH4 emissions from ethylene
production under the GHGRP have not been included in this chapter because this approach double counts carbon
(i.e., all of the carbon in the CH4 emissions is also included in the CO2 emissions from the ethylene process units).

51 gee <http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title40/40cfr98_main_02.tpl>.
52 see <https://www.epa.gov/sites/production/files/2015-07/documents/ghgrp_verification_factsheet.pdf>.
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EPA continues to assess the GHGRP data for ways to better disaggregate the data and incorporate it into the
inventory.

These facilities are also required to report emissions of N20 from combustion of ethylene process off-gas in both
stationary combustion units and flares. Facilities using CEMS (consistent with a Tier 3 approach) are also required
to report emissions of CHa and N20 from combustion of petrochemical process-off gases in flares. Preliminary
analysis of the aggregated reported CH4 and N20 emissions from facilities using CEMS and N20 emissions from
facilities using the optional combustion methodology suggests that these annual emissions are less than 500 kt/yr,
which is not significant enough to prioritize for inclusion in the report at this time. Pending resources and
significance, EPA may include these N20 emissions in future reports to enhance completeness.

Future QC efforts to validate the use of Tier 1 default emission factors and report on the comparison of Tier 1
emission estimates and GHGRP data are described below in the Planned Improvements section.

Recalculations Discussion

The 2018 data for production and emissions from carbon black, ethylene, ethylene dichloride, and ethylene oxide
have been updated with updated GHGRP data for 2018 for this Inventory (EPA 2020). These changes resulted in a
0.4 percent decrease in total petrochemical emissions for 2018, compared to the previous Inventory.

Planned Improvements

Improvements include completing category-specific QC of activity data and emission factors, along with further
assessment of CH4 and N20 emissions to enhance completeness in reporting of emissions from U.S. petrochemical
production, pending resources, significance and time-series consistency considerations. For example, EPA is
planning additional assessment of ways to use CHa data from the GHGRP in the Inventory. One possible approach
EPA is assessing would be to adjust the CO2 emissions from the GHGRP downward by subtracting the carbon that is
also included in the reported CH4 emissions, per the discussion in the Petrochemical Production QA/QC and
Verification section, above. As of this current report, timing and resources have not allowed EPA to complete this
analysis of activity data, emissions, and emission factors and remains a priority improvement within the IPPU
chapter.

Pending resources, a secondary potential improvement for this source category would focus on continuing to
analyze the fuel and feedstock data from EPA’s GHGRP to better disaggregate energy-related emissions and
allocate them more accurately between the Energy and IPPU sectors of the Inventory. Some degree of double
counting may occur between CO: estimates of non-energy use of fuels in the energy sector and CO2 process
emissions from petrochemical production in this sector. This is not considered to be a significant issue since the
non-energy use industrial release data includes different categories of sources than those included in this sector.
As noted previously in the methodology section, data integration is not feasible at this time as feedstock data from
the EIA used to estimate non-energy uses of fuels are aggregated by fuel type, rather than disaggregated by both
fuel type and particular industries. As described in the methodology section of this source category, EPA is
currently unable to use GHGRP-reported data on quantities of fuel consumed as feedstocks by petrochemical
producers, only feedstock type, due to the data failing GHGRP CBI aggregation criteria. Incorporating this data into
future Inventories will allow for easier data integration between the non-energy uses of fuels category and the
petrochemicals category presented in this chapter. This planned improvement is still under development and has
not been completed to report on progress in this current Inventory.
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4.14 HCFC-22 Production (CRF Source Category
2B9a)

Trifluoromethane (HFC-23 or CHFs) is generated as a byproduct during the manufacture of chlorodifluoromethane
(HCFC-22), which is primarily employed in refrigeration and air conditioning systems and as a chemical feedstock
for manufacturing synthetic polymers. Between 1990 and 2000, U.S. production of HCFC-22 increased significantly
as HCFC-22 replaced chlorofluorocarbons (CFCs) in many applications. Between 2000 and 2007, U.S. production
fluctuated but generally remained above 1990 levels. In 2008 and 2009, U.S. production declined markedly and has
remained near 2009 levels since. Because HCFC-22 depletes stratospheric ozone, its production for non-feedstock
uses is scheduled to be phased out by 2020 under the U.S. Clean Air Act.>® Feedstock production, however, is
permitted to continue indefinitely.

HCFC-22 is produced by the reaction of chloroform (CHCIz) and hydrogen fluoride (HF) in the presence of a catalyst,
SbCls. The reaction of the catalyst and HF produces SbCIxFy, (where x + y = 5), which reacts with chlorinated
hydrocarbons to replace chlorine atoms with fluorine. The HF and chloroform are introduced by submerged piping
into a continuous-flow reactor that contains the catalyst in a hydrocarbon mixture of chloroform and partially
fluorinated intermediates. The vapors leaving the reactor contain HCFC-21 (CHCI2F), HCFC-22 (CHCIF2), HFC-23
(CHFs), HCI, chloroform, and HF. The under-fluorinated intermediates (HCFC-21) and chloroform are then
condensed and returned to the reactor, along with residual catalyst, to undergo further fluorination. The final
vapors leaving the condenser are primarily HCFC-22, HFC-23, HCl and residual HF. The HCl is recovered as a useful
byproduct, and the HF is removed. Once separated from HCFC-22, the HFC-23 may be released to the atmosphere,
recaptured for use in a limited number of applications, or destroyed.

Two facilities produced HCFC-22 in the United States in 2019. Emissions of HFC-23 from this activity in 2019 were
estimated to be 3.7 MMT COz2 Eq. (0.3 kt) (see Table 4-50). This quantity represents a 13 percent increase from
2018 emissions and a 92 percent decrease from 1990 emissions. The decrease from 1990 emissions was caused
primarily by changes in the HFC-23 emission rate (kg HFC-23 emitted/kg HCFC-22 produced). The increase from
2018 emissions was caused primarily by an increase in the HFC-23 emission rate at one plant. The long-term
decrease in the emission rate is primarily attributable to six factors: (a) five plants that did not capture and destroy
the HFC-23 generated have ceased production of HCFC-22 since 1990; (b) one plant that captures and destroys the
HFC-23 generated began to produce HCFC-22; (c) one plant implemented and documented a process change that
reduced the amount of HFC-23 generated; (d) the same plant began recovering HFC-23, primarily for destruction
and secondarily for sale; (e) another plant began destroying HFC-23; and (f) the same plant, whose emission rate
was higher than that of the other two plants, ceased production of HCFC-22 in 2013.

53 As construed, interpreted, and applied in the terms and conditions of the Montreal Protocol on Substances that Deplete the
Ozone Layer [42 U.S.C. §7671m(b), CAA §614].
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Table 4-50: HFC-23 Emissions from HCFC-22 Production (MMT CO: Eq. and kt HFC-23)

Year MMT CO; Eq. kt HFC-23
1990 46.1 3
2005 20.0 1
2015 4.3 0.3
2016 2.8 0.2
2017 5.2 0.3
2018 3.3 0.2
2019 3.7 0.3

Methodology

To estimate HFC-23 emissions for five of the eight HCFC-22 plants that have operated in the United States since
1990, methods comparable to the Tier 3 methods in the 2006 IPCC Guidelines (IPCC 2006) were used. Emissions for
2010 through 2019 were obtained through reports submitted by U.S. HCFC-22 production facilities to EPA’s
Greenhouse Gas Reporting Program (GHGRP). EPA’s GHGRP mandates that all HCFC-22 production facilities report
their annual emissions of HFC-23 from HCFC-22 production processes and HFC-23 destruction processes.
Previously, data were obtained by EPA through collaboration with an industry association that received voluntarily
reported HCFC-22 production and HFC-23 emissions annually from all U.S. HCFC-22 producers from 1990 through
2009. These emissions were aggregated and reported to EPA on an annual basis.

For the other three plants, the last of which closed in 1993, methods comparable to the Tier 1 method in the 2006
IPCC Guidelines were used. Emissions from these three plants have been calculated using the recommended
emission factor for unoptimized plants operating before 1995 (0.04 kg HCFC-23/kg HCFC-22 produced).

The five plants that have operated since 1994 measure (or, for the plants that have since closed, measured)
concentrations of HFC-23 as well as mass flow rates of process streams to estimate their generation of HFC-23.
Plants using thermal oxidation to abate their HFC-23 emissions monitor the performance of their oxidizers to verify
that the HFC-23 is almost completely destroyed. One plant that releases a small fraction of its byproduct HFC-23
periodically measures HFC-23 concentrations at process vents using gas chromatography. This information is
combined with information on quantities of products (e.g., HCFC-22) to estimate HFC-23 emissions.

To estimate 1990 through 2009 emissions, reports from an industry association were used that aggregated HCFC-
22 production and HFC-23 emissions from all U.S. HCFC-22 producers and reported them to EPA (ARAP 1997, 1999,
2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009, and 2010). To estimate 2010 through 2019
emissions, facility-level data (including both HCFC-22 production and HFC-23 emissions) reported through EPA’s
GHGRP were analyzed. In 1997 and 2008, comprehensive reviews of plant-level estimates of HFC-23 emissions and
HCFC-22 production were performed (RTI 1997; RTI 2008). The 1997 and 2008 reviews enabled U.S. totals to be
reviewed, updated, and where necessary, corrected, and also for plant-level uncertainty analyses (Monte-Carlo
simulations) to be performed for 1990, 1995, 2000, 2005, and 2006. Estimates of annual U.S. HCFC-22 production
are presented in Table 4-51.
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Table 4-51: HCFC-22 Production (kt)

Year kt
1990 139
2005 156
2012 96
2013-2019 C
C(CBI)

Note: HCFC-22 production in
2013 through 2019 is
considered Confidential
Business Information (CBI) as
there were only two producers
of HCFC-22 in those years.

Uncertainty and Time-Series Consistency

The uncertainty analysis presented in this section was based on a plant-level Monte Carlo Stochastic Simulation for
2006. The Monte Carlo analysis used estimates of the uncertainties in the individual variables in each plant’s
estimating procedure. This analysis was based on the generation of 10,000 random samples of model inputs from
the probability density functions for each input. A normal probability density function was assumed for all
measurements and biases except the equipment leak estimates for one plant; a log-normal probability density
function was used for this plant’s equipment leak estimates. The simulation for 2006 yielded a 95-percent
confidence interval for U.S. emissions of 6.8 percent below to 9.6 percent above the reported total.

The relative errors yielded by the Monte Carlo Stochastic Simulation for 2006 were applied to the U.S. emission
estimate for 2019. The resulting estimates of absolute uncertainty are likely to be reasonably accurate because (1)
the methods used by the two remaining plants to estimate their emissions are not believed to have changed
significantly since 2006, and (2) although the distribution of emissions among the plants has changed between
2006 and 2019 (because one plant has closed), the plant that currently accounts for most emissions had a relative
uncertainty in its 2006 (as well as 2005) emissions estimate that was similar to the relative uncertainty for total
U.S. emissions. Thus, the closure of one plant is not likely to have a large impact on the uncertainty of the national
emission estimate.

The results of the Approach 2 quantitative uncertainty analysis are summarized in Table 4-52. HFC-23 emissions
from HCFC-22 production were estimated to be between 3.5 and 4.1 MMT CO; Eq. at the 95 percent confidence
level. This indicates a range of approximately 7 percent below and 10 percent above the emission estimate of 3.7
MMT CO: Eq.

Table 4-52: Approach 2 Quantitative Uncertainty Estimates for HFC-23 Emissions from
HCFC-22 Production (MMT CO: Eq. and Percent)

Source Gas 2019 Emission Estimate Uncertainty Range Relative to Emission Estimate?
(MMT CO, Eq.) (MMT CO, Eq.) (%)
Lower Upper Lower Upper
Bound Bound Bound Bound
HCFC-22 Production HFC-23 3.7 3.5 4.1 -7% +10%

2 Range of emissions reflects a 95 percent confidence interval.

Methodological approaches were applied to the entire time se