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List of Figures

Figure IS.1. Conceptual diagram of the feedstock sources and drivers within the scope of this report. This
report differentiates between the influences of different industries and driving factors. The focus
of this report is on the environmental impacts of biofuels produced and consumed because of the
RFS Program (red oval). Other related factors, however, are useful context for this report and are
also discussed. The environmental impacts from agriculture (yellow circle) are a subset of
environmental impacts from all industries (white box). The environmental impacts from
agricultural biofuel feedstocks (e.g., corn, soybean; green circle) are a subset of all agricultural
production. Biofuels (blue circle) may be produced from agricultural crops (overlap of blue and
green circles), agricultural non-crops (e.g., switchgrass; overlap of blue and yellow circles) and
nonagricultural feedstocks (e.g., used cooking oils from restaurants; area of blue circle outside of
the yellow circle). The biofuels produced and consumed as a result of the RFS Program (red
circle) may or may not be distinct from the biofuels produced and consumed as a result of all
factors (the entire blue circle) or as a result of non-RFS factors (the portion of the blue circle that
does not overlap with the red circle). Thus, conceptually this report focuses on the question of
how large is the red circle overall and relative to the blue circle? IS-7

Figure IS.2. The estimated volumes of biofuel (billion gallons) imported or domestically produced from
individual biofuel-feedstock-region combinations totaled from 2005 to 2020. All combinations
are discussed to some extent in the RtC3 but the four dominant biofuels (*) are emphasized. Note
that biodiesel also includes renewable diesel. IS-8

Figure IS.3. Comparison of attribution estimates among studies in Chapter 6 section 6.3. Shown are
estimates from recent models that separate estimated RFS effects from other key factors (e.g., oil
price, MTBE, transition to match blending). These include the annual partial-equilibrium (PE)
model in Taheripour et al. 2022 (AEPE, blue line, circles), the two general equilibrium (GE)
periods in Taheripour et al. 2022 (GTAP-BIO; 20042011, blue “x”; and 2011-2016, blue “+”),
Newes et al. 2022 using the Biomass Scenario Model (BSM, green line, triangles), and from
Wyborny et al. 2022 (red line, circles). Note the estimate in 2006 from Wyborny is driven more
by the MTBE phaseout than the RFS Program (see section 6.3.5).. 1S-14

Figure 1.1. RFS1 and RFS2 legislative mandates. Shown are the statutory volume requirements from the
RFS1 and RFS2 for total renewable fuels, compared to actual total renewable fuel production
from 2000-2021. Sources: EIA and EPA for actual production, EPAct and EISA for RFS1 and
RFS2, respectively. Closed circles for RFS1 and RFS2 indicate the year that version of the RFS
was in effect, open circles represent a year that version of the RFS was superseded by the other
NS 110 | FO .1-4

Figure 1.2. The nested structure of the RFS2 standards. Shown are the four volumetric standards under
the RFS2 (red text: biofuels for which EPA annually set standards) and other “implied”
volumetric standards (black text) in the RFS2, along with the “D-code” for Renewable
Identification Numbers (RINs) used to track compliance............ 1-5

Figure 1.3. Domestic biofuel production from 2000 to 2021. ...... 1-7

Figure 1.4. Biofuel consumption (bars) from 2000 to 2021 and the estimated E10 blend wall (dashed
line). Data sources same as Figure 1.3, E10 blend wall estimated as 10% of the transportation

gasoline consumed in that year. ....cceeeues 1-8
Figure 1.5. Biofuel imports (2000-2021, data sources same as Figure 1.3). ccecceneesseessesssssssasssasosssosssssonss 1-9
Figure 1.6. Biofuel exports (2000-2019, data sources same as Figure 1.3). . 1-10
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Figure 1.7. Ethanol production, consumption, imports, and exports (data sources same as Figure 1.3). 1-10

Figure 1.8. Biodiesel and renewable diesel production, consumption, imports, and exports (data sources

same as Figure 1.3). ccoeveercersennee 1-11
Figure 1.9. Graphical abstract for the RtC3. Included are caricatures for each of the chapters in the RtC3

to describe this complex system (attribution is omitted from the graphic). 1-14
Figure B.2.1. Combined potential supplies in 2040 from forestry, wastes, and agricultural resources, base

case. 2-5
Figure 2.1. Projected ethanol production to 2025 from EIA and USDA 2-12
Figure 2.2. Projected biodiesel production through 2025 2-13
Figure B.2.2. Lifecycle GHG Estimates from a Review of Published Literature 2-17

Figure 2.3. Number of gasoline, FFV, diesel, battery electric, plug-in hybrid vehicles (PHEV), hybrid
electric, and other vehicles (in millions) sold in the United States from 2010 to 2025. Note the
differences in the y-axes between the numbers of gasoline vehicles (left axis) and all other vehicle
types (right axis). cceeeeseeseeseenees 2-21

Figure 3.1. Biofuel supply chain. The five major steps in the simplified biofuel supply chain, associated
sections (§) in this chapter where they are discussed, and brief examples of topics covered....... 3-3

Figure 3.2. Planted acres of corn and soybeans (2000-2021). Source: USDA-NASS (20212)..cccceeeueeneees 3-4
Figure 3.3. Corn and soybean production and yields (2000-2021). Source: USDA-NASS (2021a). ....... 3-4

Figure 3.5. Continuous cropping and rotations for Corn and Soybeans (2000-2018). Source: USDA
Agricultural Resource Management Survey (2000, 2001, 2002, 2005, 2006, 2010, 2012,

2018). tuerreruesuesuesuesussussessessessessessessssassassassessesssssesssssssssssssasssssssssssssssssssessssssssesssssssssssssensssssssssessases 3-6
Figure 3.4. Previous crop for corn and soybeans (2000-2018). Source: USDA Agricultural Resource
Management Survey (2000, 2001, 2002, 2005, 2006, 2010, 2012, 2018). 3-6

Figure 3.6. Tillage in corn and soybean. Mulch-till—A type of conservation tillage where soil is tilled (for
example with a chisel or disk) but soil disturbance is low (STIR less than 80). No-till—The
practice of refraining from tilling the soil from harvest of the previous crop to harvest of the
current crop. Conventional tillage—A combination of tillage management practices that result in
a STIR of greater than 80. Source: Claassen et al., (2018). .ccceeeurerucenae 3-8

Figure 3.7. Annual BAT and PCT from 1998-2020 on corn and soybean (left column) or cotton and wheat
(right column) for 2,4-D (a-b), atrazine (c-d), dicamba (e-f), glyphosate (g-h), and combined
metolachlor and s-metolachlor (i-j). (continued) ....ceeveesersnreene 3-17

Figure 3.7 (continued). Annual BAT and PCT from 1998-2020 on corn and soybean (left column) or
cotton and wheat (right column) for 2,4-D (a-b), atrazine (c-d), dicamba (e-f), glyphosate (g-h),
and combined metolachlor and s-metolachlor (i-j).' (continued) ... 3-18

Figure 3.7 (continued). Annual BAT and PCT from 1998-2020 on corn and soybean (left column) or
cotton and wheat (right column) for 2,4-D (a-b), atrazine (c-d), dicamba (e-f), glyphosate (g-h),
and combined metolachlor and s-metolachlor (i-j). e.eeererererereneene 3-19

Figure 3.8. Herbicide-tolerant (HT) crops were adopted more quickly in soybeans than in corn. Source:
(Wechsler, 2018). 3-22

Figure 3.9. Adoption rates for corn with genetically engineered insect-resistant (Bt) traits has increased
over time. Source: Wechsler (2018). ... 3-23
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Figure 3.10. Increases in herbicide-tolerant (HT) seed use are associated with increases in glyphosate use
and decreases in the use of herbicides other than glyphosate. Figure 3.10a is the same information
as 3.8 and is repeated for ease of comparison. Source: Wechsler (2018). 3-23

Figure 3.11. Increases in genetically engineered insect resistant (Bt) adoption rates are associated with
decreases in insecticide use. Figure 3.11a is the same information as Figure 3.9 and is repeated
for ease of comparison. Source: Wechsler (2019). couceveeseesenee 3-24

Figure 3.12. Nutrient application in corn and soybean production (1 short ton equals 2,000 pounds).
Source: USDA ERS........... 3-26

Figure 3.13. Nitrogen and phosphorus fertilizer application. Fertilizer application rates for four common
crops in the Midwest (corn, soy, wheat, cotton) for nitrogen (left bars, in pounds of nitrogen per

acre, Ibs/acre) and phosphorus (right bars, in pounds of phosphate per acre). 3-27
Figure 3.14. Corn end use by marketing year from 1999/2000 to 2020/2021. 3-30
Figure 3.15. Soybean end uses by marketing year from 1999/2000 to 2020/2021. Shown are the various

uses for soybean (a) and for soybean oil (b). See source information for Figure 3.14. ....cceeurenes 3-31

Figure 3.16. Map of ethanol refineries (a, green dots) and biodiesel refineries (b, blue dots) in the United
States. Dot size corresponds to capacity. Maps are from the NREL Biofuels Atlas
(https://maps.nrel.gov/biofuels-atlas)..... 3-36

Figure 3.17. Block flow diagram of corn ethanol production from corn grain. Source: Modified from Tao
etal. (2017a). 3-37

Figure 3.18. DDGS supply (positive) and disappearance (negative) from 2000 to 2020. Source: USDA
ERS using data from USDA, Office of the Chief Economist, World Agricultural Supply and

Demand Estimates, updated April 2021. 3-39
Figure 3.19. Block flow diagram of biodiesel production process. Source: AFDC (2022a). .ccceerueereesneee 3-40
Figure 3.20. Block flow diagram of renewable diesel production process. Source: Tao et al. (2017b)

(Creative Commons license, https://creativecommons.org/licenses/by/4.0/2).....ceecessesssessasoses 3-41

Figure 3.21. Liquid fuel delivery transportation modes. Source: Modified from Moriarty and Kvien
(2021). 3-42

Figure 3.22 Logistics for crude oil and petroleum (a), ethanol (b), and biodiesel (c) volume shipments by
mode. Data for (a) are from Conca for the year 2018, (b) are from Bevil (2011) for the year 2011,

and (c) are from the National Biodiesel Board. 3-43
Figure 3.23. Stations offering E15 (a), E85 (b), and B20 (c). 3-44
Figure 3.24. U.S. historical E85 stations. Source: AFDC (2022b). 3-46
Figure 3.25. U.S. historical FFVs stock. Source: IHS Automotive. 3-46
Figure 3.26. U.S. historical biodiesel (B20) refueling stations. Source: AFDC (2022D). vecereueesssercssareses 3-47
Figure 4.1. Conceptual diagram of the flow of goods in the biofuel and agricultural markets examined in

this chapter. 4-3

Figure 4.2. U.S. corn, soybean, crude oil, and land price and corn and soybean production indices (year
2000=100; 2018$). 4-4

Figure 4.3. RIN banking. Shown are the carryover RINs from 2011 through 2019 (left axis and bars) and
the percent carryover relative to the total annual volume obligation (i.e., Renewable Volumetric
Obligation, RVO, right axis and line). Since RINs were not electronically tracked until 2010, the
first year of carryover is 2011. Carryover RINs for advanced and biomass-based diesel are not
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reported for 2011 due to transition from RFS1 to RFS2. Cellulosic RINs were first generated in

2012 and so 2013 was the first year of Carryover. .iciseeeseressssesssascsenses 4-6
Figure 4.4. Daily RIN prices (June 23, 2008-2019). Biomass-based diesel (D4). Advanced (D5), and
Renewable (D6) RIN prices. Source: ARGUS (2022). ........... 4-7
Figure 4.5. Renewable (D6) RIN prices (June 23, 2008—December 23, 2012). Note the difference in y-
axis compared with Figure 4.4. Source: ARGUS (2022)....... 4-7
Figure 4.6. Corn production and use. 4-9
Figure 4.7. U.S. corn acreage and yields. Biofuel utilization is calculated by dividing the quantity utilized
for biofuels by the average corn yields in that Year. c.ceceecscecssrcsicssecssesssesssnsssssssasessessssssasssns 4-10
Figure 4.8. Incremental effect of RFS on U.S. corn ethanol production. ....... 4-17

Figure 4.9. Soybean oil production and uses (2000/01 to 2019/20 marketing year). Quantities are
reporting by marketing year. Marketing year runs from October to September. Source: USDA
(2022a). .4-18

Figure 4.10. Inflation-adjusted soybean oil and soy biodiesel prices (2000-2020). Soybean oil prices are
for crude, tanks, freight on board (FOB) central Illinois. Soy biodiesel prices are B-100 (soy
methyl ester 2) FOB at IL, IN, and OH. Vertical axes are scaled to show approximate relative

Figure B.4.1. U.S. annual yellow grease to soybean 0il Price ratio. .ueeeceeecssecsesssessssssssssaessaessaessessnnsans 4-19

Figure 4.1. Soybean production and utilization. The biodiesel line represents the quantity of soybeans that
would need to be crushed in order to extract oil equal to that utilized for biodiesel. Source: USDA
(2021). cereeneeresnesnesunsunsussussessessessessessessesaesassessssesesessessessesassesssssssessssssssesaesssssesssssssnssssssesassassasss 4-20

Figure 4.2. Soybeans and related products prices and value. The soybean oil and soybean meal values are
stacked to show the total value of the products produced when crushing soybeans. Source: USDA

(2021)..ucuuee. 4-20
Figure 4.3. Soybean yields and acreage. Area for biodiesel is calculated by dividing the utilization of
soybean oil for biofuels by the average soybean oil yields. Source: USDA (2021). cecceereersuernns 4-21
Figure 4.4. U.S. dried distillers’ grain with solubles (DDGS) production and utilization. Source: USDA
(2020D). 4-28
Figure 4.5. Monthly U.S. dried distillers’ grains (DDGs), soybean meal (high-protein grade), and corn
grain prices. Source: USDA (2020b). 4-29
Figure 4.6. U.S. livestock grain-based feed use and production of hay and corn silage. Source: USDA
(2020b). 4-30
Figure 4.7. Quarterly U.S. livestock animal units (2000=1). Source: USDA (2020b). 4-31
Figure 4.8. Monthly livestock-corn price ratios and corn price. Source: USDA (2020D). «icvvseesssercssarcses 4-32

Figure 4.9. Quarterly U.S. red meat and poultry production and use (million pounds, carcass weight).
Source: USDA (2019b). 4-32

Figure 4.10. Monthly U.S. beef, pork and poultry prices. Beef is central U.S. boxed choice 1-3, 600-900
pounds; Pork is central U.S. cutout composite; Chicken is Northeast breast with ribs; Eggs is
combined regional. Source: USDA (2019b). 4-33

Figure 4.11. Field cropland acreage. Source: USDA (2019a). 4-35
Figure 4.12. Average inflation-adjusted U.S. cropland prices (2001-2019). Source: USDA (2019c¢). ...4-36
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Figure 5.1. Long-term trends in major crops and other categories of agricultural LCLM from 1926 to
2020. Major crop types and CRP acreage is associated with the main y-axis (left), and total
cropland acreage is tied to the secondary y-axis (right). Note the difference in scale and
increments between left and right axes. Data from USDA NASS, MLU, and CRP Statistics
Databases. eeeeseeeseeseessecseesacenesaessessnsssessassacenes 5-4

Figure 5.2. Trends in cropland from 1982 to 2017 from the 2017 NRI (in millions of acres). Cropland in
the NRI includes cultivated and noncultivated cropland. The 2015 values are from the 2015 NRI
since the 2015 estimate was not reported in the 2017 NRI (USDA, 2020d). . 5-12

Figure 5.3. Changes in total cropland and its five components from 1982 to 2017 from the Census. ....5-12

Figure 5.4. Net change in major land classes from 2002-2007, 2007-2012, 2012-2017, and 2002-2017 (in
thousands of acres). Changes are shown from corn/soy (a), other cultivated cropland (b),
noncultivated cropland (¢) and CRP (d). Note “Perennial Ag Land” is the summed acreage of CRP,
pastureland, and noncultivated cropland, and net total is summed change in the major land class
across all periods. Positive numbers indicate a net increase and negative numbers indicate a net
decrease in that class overall. Black dashed line indicates perennial agricultural land and net total
are combinations of individual categories to the left. ....cceerurueeee 5-17

Figure 5.5. Gross estimates of gross land use change between 2002 (rows) and 2015 (columns) at the
CRD level among five major land use classes according to the NRI. Gray scale highlights acreage
remaining a given land use from 2002 to 2015, whereas brown scale highlights changes. Only
changes that were relatively confident are displayed........... 5-20

Figure 5.6. Gross estimates of relative land use change as a percentage of the CRD between 2002 (rows)
and 2015 among five major land use classes according to the NRI. Only changes that were
relatively confident are displayed (see footnote for Figure 5.5). 5-21

Figure 5.7. NRI estimated net change in perennial agricultural land (i.e., sum of CRP, pastureland, and
noncultivated cropland) and corn+soy acreage by state for five 5-year transition periods from the
NRI beginning from 1992 to 2017 (1992-1997, 1997-2002, 2002-2007, 2007-2012, 2012-2017).
The first bar on the left within a state graphic represents the difference in acreage between 1997
and 1992, so a positive number indicates an increase in acreage. 5-23

Figure 5.7. Changes in major cultivated crop types from 2000 to 2020 without total cropland (same time
series from Figure 5.1, but focused on 2000-2020). Major crop types and CRP acreage are
associated with the main y-axis (left), and total cropland acreage is tied to the secondary y-axis
(right). Note the difference in scale and increments between major crop types and CRP acreage
and total cropland acreage. The subset of major crop type time series do not sum to total cropland
used for crops since the latter estimates comes from separate data source and includes other crops.

5-25

Figure 5.8. Using the USDA Cropland Data Layer, relative estimates of net cropland conversion from
2008 to 2016. Displayed as a percentage of total land area within a non-overlapping 3 x 3 km
block, net cropland conversion is calculated as net cropland expansion minus gross abandonment.
Source: Lark et al. (2020) (Creative Commons license,
https://creativecommons.org/licenses/by/4.0/2). c.ceeerersueeeesersneens 5-26

Figure 5.9. By state and year, identification, and acreage (million acres) of the first crop type planted on
newly cultivated land from 2008 to 2016. First crop type was identified using the USDA
Cropland Data Layer. Source: Lark et al. (2020) (Creative Commons license,
https://creativecommons.org/licenses/by/4.0/2). coveeeercssarescsesne 5-28

Figure 5.10. Total CRP land (general enrollment + continuous enrollment) from 1988 to 2020. Data from
USDA (20208). ceueeruessecessarsrecsaesaccsnsssessessasncens 5-30
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Figure 5.11. Trends in eight principal crops and CRP from 2019 to 2030 (IAPC, 2021). Shaded in gray is
the interval of interest for the RtC3 (2020-2025). .ceeurescverese 5-33

Figure 5.12. Actual plantings (closed circles) for corn (blue) and soybean (red) from 2000-2021 from
NASS, compared with projected plantings from 2020-2025 in the LTAP (actual and projected
plantings for 2020 are on top of one another). 5-34

Figure 5.13. Trends in projected uses of corn from 2019 to 2030 (IAPC, 2021). Shown are market years
labeled by the starting year. Shaded in gray is the interval of interest for the RtC3 (2020-2025). 5-
35

Figure 5.14. Trends in uses of soybean oil (left axis, solid lines) and meal (right axis, dashed lines) from
2019 to 2030 (IAPC, 2021). Shown are market years labeled by the starting year. Shaded in gray
is the interval of interest for the RtC3 (2020—2025). cccevuressrersssaresssercsensessssssssasssssssssssssssasssssaseses 5-36

Figure 6.1. Annual production and consumption of ethanol in the United States from 1981 to 2019 (left
axis, blue and red-hatched bars, respectively and the change in production from one year to the
next (right axis and solid line, dashed line at zero change). Data from EIA in billions of gallons.
The gray boxes denote periods that coincide with different rates of growth in the industry, and
key events discussed in the text are highlighted below the timeling.....ccoceeveesecseessnrsuecessersnncenane 6-4

Figure 6.2. Ethanol concentration in consumed gasoline. Source: EIA Monthly Energy Review, Tables
10.3 (Ethanol in thousand barrels) and 3.5 (Gasoline in thousand barrels per day). ceeeeeeesssesseess 6-6

Figure 6.3. Monthly volume of MTBE (maroon, dotted line) and ethanol (blue, solid line) blended by
refineries nationally and by PADD from 1993 to 2020. Dashed vertical line is the original date of
the California state ban (December 31, 2002; National and PADD 5 panels), and the solid vertical
lines were the dates when MTBE was phased out in the EPAct (May 6, 2006; National and
PADD 1 and 3 panels). Note y-axes differ, MTBE was not blended in PADD 2 or 4; data from
EIA, https://www.eia.gov/dnav/pet/pet pnp inpt dc r50 mbbl m.htm, thousands of barrels)..6-8

Figure 6.4. Monthly prices from 1990 to 2019 for feedstocks (a: corn and crude oil, left and right axes,
respectively) and refinery products (b: ethanol and gasoline, left and right axes, respectively).
Shown in (c) is the ratio of annual ethanol to gasoline price (ethanol/gas) with and without the
blenders’ tax credit through time (expired at the end of 2011, shown are market years identified
by ending year). Ethanol prices in (b) include the blenders’ credit. (Source: Prices for corn,
ethanol, and gasoline from USDA ERS Biostatistics, Table 14, downloaded 9/9/2020. Prices for
crude oil from EIA spot prices for Cushing, OK West Texas Intermediate (WTI) Spot Price FOB,
downloaded 9/9/2020). In (a), added for reference is a box for January 2003 to November 2006,
and a dashed line for the estimated break-even point from Tyner et al. (2010) ($69/barrel of oil
with no blenders subsidy or RFS, updated to $2018). All prices in a and b are in real 2018 dollars.
........... 6-10

Figure 6.5. Consumption of ethanol in reformulated gasoline (RFG) and conventional gasoline (CG)
outside of California. Source: EPA batch report data (required under 40 CFR 80.75 and 80.105.
See https://www.epa.gov/fuels-registration-reporting-and-compliance-help/public-data-gasoline-
fuel-quality-properties). 6-12

Figure 6.6. Corn ethanol production capacity in operation and under construction from 2003 to 2015.
Source: Renewable Fuel Association's annual "Ethanol Industry Outlook,”
https://ethanolrfa.org/publications/outlook/&. There is no parallel government dataset to the
authors’ knowledge. ...ccceeeerecuresacenne 6-13

Figure 6.7. Monthly prices (in real 2018 dollars per bushel) received by farmers in the United States from
1990 to 2019. November 2006 is shown for reference (vertical red line), along with the historical
prices of $2.75 and $4.00 (horizontal dashed red lines). «..eeeee 6-13
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Figure 6.8: New rail tank car orders, deliveries, and backlog (from Denicoff (2007) citing monthly reports
from the Rail Supply Institute). .cceeeesseressarcsens 6-14

Figure 6.9. Imports, exports, and net imports of ethanol. Source: USDA ERS Bioenergy Statistics, Table
2, accessed 8/31/2020, https://www.ers.usda.gov/data-products/us-bioenergy-statistic. .....ceee. 6-17

Figure 6.10. Ethanol consumption versus the RFS1 and RFS2 mandates. Annual consumption is from
EIA Monthly Energy Review (Table 10.3). RFS1 mandates in the EPA Final Rules and EPAct
were equal, and mandates for the RFS2 are from the implied conventional biofuel which is mostly
corn ethanol in the United States (see Chapter 1, Table 1.1). Open circles indicate years where
there was a standard by statute that was not in effect by rule (e.g., 2009-2012 for the RFS1)...6-19

Figure 6.11. Historical weekly nominal D6 RIN prices for conventional renewable fuel (predominantly

corn ethanol in $/gallon) from ARGUS (2008-2020) and EPA (2010-2020). «.ceeereeecacsncsncncans 6-21
Figure 6.12. Ethanol production (bars) and estimated profit margins (line) from 2001 to 2009. Source:
Babcock (2011). 6-22

Figure 6.13 (from Chapter 4). Incremental effect of RFS on U.S. corn ethanol production. Estimates are
from Babcock (2012)’s forward-looking analysis of 2011 impacts (black X); Babcock (2013)
projections for 2014 using a demand curve reflecting oxygenate and octane value and 85 and 90
million harvested acres (green triangles). Circles highlight the large difference in estimated effect
among studies at lower oil prices ($40-60 barrel) that included versus did not include the octane
value of ethanol. Bento and Klotz (2014) (purple squares); EPA’s comparison of RFS2 with the
2007 AEO projection for 2022 (2010) (red dash); Meyer et al. (2013)’s no corn yield
improvement scenario during 2017-2021 (yellow-orange diamond); Tyner and Taheripour
(2008)’s RFS and fixed subsidy with no demand shock scenarios (small teal circles); and Tyner et
al. (2010)’s RFS and fixed subsidy scenarios (larger blue circles)........ 6-25

Figure 6.14. Partial equilibrium modeling results using AEPE. Observed ethanol consumption
(“Observations”, red bars) and consumption absent the RFS mandate (“Simulations”, blue bars)
are shown from 2005 to 2016. If the blue bar is below the red bar, the Program was estimated to
be binding for that year (Taheripour et al., 2022). .cccceruresaeesee 6-27

Figure 6.15. Simulated ethanol production from 2002 to 2019 using the BSM, assuming chronological
addition of five potential drivers: Oil prices, MTBE phaseout, Blenders’ tax credit, RFS Program,
and octane. Observed production from EIA added for reference. Source: Newes et al. (2022),
used with permission (https://creativecommons.org/licenses/by/4.0/&). . 6-30

Figure 6.16. Simulated incremental effect of the RFS Program from the BSM using several approaches.
Estimated effects from D6 RINs including the octane value of ethanol (black line, circles,
scenario G — F), and excluding it (black line, triangles, scenario E — D). Also shown is the
estimated effect of the RFS Program as the difference of observed production minus all non-RFS
factors (gray line) (See Table 6.4 for scenarios and Newes et al. (2022)). ...... 6-31

Figure 6.17. Simulated ethanol production from 2002 to 2018 using the BSM for scenarios E (a, b; all
factors except octane) and G (c, d; all factors). Simulations were run assuming different D6 RIN
values (i.e. $0, $0.25, $0.50, $0.75, $1.00) and oil prices (i.e. $25, $50, $75, $100; only $25 and
$75 are shown here). Observed production added for reference (green). ...... 6-33

Figure 6.18. Relative ethanol blending cost (i.e., ethanol — gasoline) at actual ethanol volumes (left axis,
green lines) and crude oil prices (right axis, black line); the min and max reflects the best and
poorest blending markets across states for ethanol in the United States, respectively (2000-2018;
Wyborny et al. (In Press)). Negative numbers indicate it was cheaper to make gasoline with
ethanol at 10% volume than WithOut. ......ceceeersecserseecsensacsessensnnens 6-35
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Figure 6.19. Comparison of estimated production cost to ethanol spot price and ethanol plant capacity
increases, 2000 to 2018 (OTAQ model). ....... 6-35

Figure 6.20. Comparison of attribution estimates among studies in section 6.3. Shown are estimates of the
effect the RFS Program from Taheripour et al. (2022) using the PE model (AEPE, blue line, filled
circles) and using the CGE model for two periods (i.e., GTAP-BIO; effects from both mandates
shown for 2004-2011, blue “x”; and 2011-2016, blue “+”), from Newes et al. (2022) using the
BSM (D6 RINs with an octane value, green line, triangles) and from Wyborny et al. (In Press)
(red line). The estimate in 2006 from Wyborny is driven more by the MTBE phaseout than the
RFS Program (see section 6.3.5).cccuceeerercssercscnees 6-37

Figure 6.21. Simulated incremental effect of the RFS Program as represented by D6 RINs on acreages of
corn, hay, and the sum of all five crops (i.e., corn, soybean, wheat, cotton, other small grains)
modeled in the BSM (includes the effect of octane, scenario G-F)....... 6-46

Figure 7.1. Biodiesel production, consumption, and net imports from 2001-2019 (From: EIA, Monthly
Energy Review, March 2020). Also shown are the year the Biodiesel Tax Credit (BTC) first went
into effect (discussed in section 7.3.2) and the years of the RFS1 and RFS2 (discussed in section
7.3.5). The BTC expired and was renewed many times from 2005 to 2020.... 7-4

Figure 7.2. Change in biodiesel production relative to previous year. Low points are generally when the
BTC was only available retroactively (light gray; i.e., 2010, 2012, 2014-2015, 2017-2019) and
high points when it was available prospectively (dark gray; i.e., 2005-2009, 2011, 2013, 2016).
(From: EIA, Monthly Energy Review, March 2020,

https://www.eia.gov/totalenergy/data/monthly/, Table 10.4). 7-6
Figure 7.3. Monthly prices of crude oil (blue solid, from EIA), diesel (purple dotted, from EIA), and
biodiesel (green dashed, from USDA ERS). 7-8

Figure 7.4. Soybeans and related products prices and value (copied from Chapter 4, Figure 4.11). The
soybean oil and soybean meal values are stacked to show the total value of the products produced
when crushing soybeans. 7-8

Figure 7.5. Biodiesel and diesel prices through time. In a) Biodiesel spot price in lowa without BTC (blue
solid), biodiesel price with BTC (red dotted), and diesel price (green dashed). In b) Ratio of the
price of diesel/biodiesel with (red dashed) and without the BTC factored in (blue solid) (Source
same as Figure 7.2). Price ratios above 1.0 suggest biodiesel is cost competitive with diesel, all
else being equal. 7-9

Figure 7.6. Advanced biodiesel and renewable diesel consumption in the United States (stacked bars;
from EPA EMTS data) and biomass-based diesel (BBD) and advanced biofuel RFS volume
requirements (lines; from RFS Annual Rules). Note the RFS2 went into full effect part way
through 2010, so EPA does not have full year data for biodiesel and renewable diesel use prior to

2011. 7-10
Figure 7.7. Biodiesel and renewable diesel use in California’s LCFS program in million gallons (Data and
charts from CARB LCFS data dashboard). 7-12
Figure 7.8. Biodiesel imports and exports (From: EIA, Monthly Energy Review, March 2020)............ 7-14

Figure 7.9. Daily RIN prices (June 23, 2008-2019). Source: Argus (copied from Chapter 4, Figure 4.4, y-
axis in U.S. dollars). Prior to 2010, all qualifying renewable fuels generated the same type of
RIN. The vast majority of renewable fuel produced prior to 2010 was corn ethanol, so pre-2010
prices as D6 RIN prices are shown. 7-16

Figure 7.10. Soybean and palm oil export prices. Shown are export prices for soy oil from the United
States Gulf of Mexico (red), soy oil from Brazil’s Paranagua (black), soy oil from Argentina, up
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river (blue), palm oil from Malaysia (green), and palm oil from Indonesia (purple): 2018-2019.
Source: (USDA FAS, 2020) ccveeescaressrercsasesssascsens 7-21

Figure 7.11. Domestic biomass-based diesel (BBD) production volumes compared with state
consumption programs. Shown are production domestically from FOG (blue, diagonal lines),
distillers corn oil (black, vertical lines), soybeans (light blue, solid), canola oil (dark red, solid),
and other/unknown (purple, dots) compared to state-mandated BBD levels (green, dotted line)
and state mandates + state low carbon fuels programs (black, dashed line) levels (see Appendix E
for more detail). The difference between the black line and the stacked areas is the maximum
potential effect of all other factors including the RFS Program. .......... 7-22

Figure 8.1. Ethanol supply chain components, showing rail and truck-based distribution. Source: National
Bioenergy Center, National Renewable Energy Laboratory...ceeiesesescsesese 8-6

Figure 8.2. Nitrogen application rate per fertilized acre of corn for selected years. Corn belt states include
[llinois, Indiana, lowa, Kansas, Michigan, Nebraska, North Dakota, Ohio, South Dakota, and
Wisconsin, as defined in EPA Ecoregion 6. (Source: Table 10 from the USDA ERS Fertilizer Use
and Price data series, https://www.ers.usda.gov/data-products/fertilizer-use-and-price.aspx)..... 8-8

Figure 8.3. Location of biodiesel and corn ethanol plants in the contiguous United States in 2019 by
Petroleum Administration for Defense Districts (PADDs). Source: EPA National Emissions
Inventory (NEI) 8-9

Figure 8.4. Emissions of various pollutants for corn ethanol refineries in the contiguous United States for
year 2016. Annotated numbers are the production volume (P, in million gallons) and total
emissions (E, in tons) from all refineries in respective states. For facilities in AZ and OR,
emissions of only ammonia were reported. Size of pie corresponds to the state’s fraction of the
total national production (not to scale; emissions from EPA 2016 modeling platform, v1; fuel
volumes from EPA Moderated Transaction System, https://www.epa.gov/fuels-registration-
reporting-and-compliance-help/public-data-renewable-fuel-standard). 8-10

Figure 8.5. Data from the EPAct/V2/E-89 Phase 3 study showing the relationship between PM emissions
() for different ethanol blend levels and differing PMI fuel composition properties over Bag 1 of
the LA92 test procedure. Adapted from Butler et al. (2015). coeeverserevecsecsessnrsuncsessensancsessaccanssnnes 8-17

Figure 8.6. Biodiesel supply chain components. Source: Boutwell et al. (2014). 8-18

Figure 8.7. Select criteria pollutant and precursor emissions for soybean oil extraction processes (POC =
precursor organic compounds). Source: Cheng et al. (2018)(used with permission). .....eeeeeueens 8-19

Figure 8.8. Emissions of various pollutants for biodiesel refineries for the contiguous United States, year
2016. Annotated numbers are the production volume (P; in million gallons) and total emissions
(E; in tons) from all refineries in respective states. Size of pie corresponds to the state’s fraction
of the total national production (not to scale; emissions from EPA 2016 modeling platform, v1;
fuel volumes from EPA Moderated Transaction System, https://www.epa.gov/fuels-registration-
reporting-and-compliance-help/public-data-renewable-fuel-standard). . 8-20

Figure 8.9. Absolute change in 2016 between “pre-RFS” and “with-RFS” scenarios for average seasonal
concentrations of 8-hour maximum ozone (a), and average annual concentrations of 8-hour
maximum PM; s (b), NO; (c), CO (d), acetaldehyde (e), formaldehyde (f) benzene (g) and 1,3-
butadiene (h). Results from the EPA Anti-Backsliding Study (U.S. EPA, 2020b). (continued) 8-27

Figure 8.9. Absolute change in 2016 between “pre-RFS” and “with-RFS” scenarios for average seasonal
concentrations of 8-hour maximum ozone (a), and average annual concentrations of 8-hour
maximum PM; s (b), NO; (c¢), CO (d), acetaldehyde (e), formaldehyde (f) benzene (g) and 1,3-
butadiene (h). Results from the EPA Anti-Backsliding Study (U.S. EPA, 2020b). (continued) 8-28
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Figure 8.9. Absolute change in 2016 between “pre-RFS” and “with-RFS” scenarios for average seasonal
concentrations of 8-hour maximum ozone (a), and average annual concentrations of 8-hour
maximum PM; s (b), NO; (c), CO (d), acetaldehyde (¢), formaldehyde (f) benzene (g) and 1,3-
butadiene (h). Results from the EPA Anti-Backsliding Study (U.S. EPA, 2020D). ..ccccceeeueenncee 8-29

Figure 8.10. System description and boundaries for GREET corn ethanol (a) and soybean biodiesel (b)
models. coeeeueeserneens . 8-34

Figure 8.11. System description and boundary for BEIOM corn ethanol and soybean biodiesel models.
Source: Lamers et al. (2021). coeerersensee 8-35

Figure 8.12. Life cycle criteria air pollutant emissions for corn ethanol (100%) and gasoline by life cycle
stage (a) and by location of the emissions, urban v. non-urban (b), from Wang et al. (2020). Bars
are scaled to the maximum result in each category so emissions of all substances can be displayed
on the same axes. Negative contributions in (a) reflects the credits associated with the distiller’s
grain coproduct of ethanol production............ 8-40

Figure 8.13. Life cycle criteria air pollutant emissions for soy biodiesel and conventional diesel by life
cycle stage (a) and by location of the emissions, urban v. non-urban (b) from GREET 2020. Bars
are scaled to the maximum result in each category so emissions of all substances can be displayed
on the same axes. 8-43

Figure 8.14. Comparisons of corn ethanol vs. gasoline for smog formation potential (a, SFP), acidification
potential (b, ACP), PM, s exposure potential (c, PEP), and ozone depletion potential (d, ODP)
from BEIOM. Total industry contributions to total U.S. national emission level per year (left
panel) and impacts per energy unit of fuel (right panels) for 2002, 2007, 2012, and 2017. The
results for 2017 are cross-hatched because they are partly based on 2012 data. ...ccceeverecurenncee 8-47

Figure 8.15. Comparisons of soybean biodiesel vs. diesel for smog formation potential (a, SFP),
acidification potential (b, ACP), PM, s exposure potential (c, PEP), and ozone depletion potential
(d, ODP) from BEIOM. Total industry contributions to total U.S. national emission level per year
(left panel) and impacts per energy unit of fuel (right panels) for 2002, 2007, 2012, and 2017.8-48

Figure 9.1. Percent soil carbon change in response to land cover changes published in (Qin et al., 2016).
The estimates show response ratio (% change of initial control) for land use changes from
cropland (C), grassland (G), and forest (F) to corn (C), switchgrass (S), Miscanthus (M), poplar
(P), and willow (W), irrespective of soil depth and time horizon. Studies reporting corn residue
removals were not included. Number of datasets is shown in parenthesis. Error bars represent
95% confidence intervals. (Used with permission.) ......cce.e... 9-8

Figure 9.2. Map of the continental United States with 12 Midwestern states outlined (Zhang et al., 2021;
Zhang et al., 2015). These 12 states constituted the area of modeling for this chapter. Green dots
represent locations of U.S. biorefineries (Renewable Fuels Association, 2017). ceceeseesssescssaseses 9-12

Figure 9.3. Estimated area (a) and percentage (b) of net conversion of grassland by county in the U.S.
Midwest between 2008 and 2016. Net conversion is the sum of grassland conversion to crops
minus the abandonment of crops to grassland. Percentage is area of net conversion divided by the
total grassland area in that county multiplied by 100. Negative numbers indicate net abandonment
of cropland to non-cropland, while positive numbers indicate net conversion of non-cropland to
cropland. Data from (Lark et al., 2020) and figure modified from (Zhang et al., 2021). ........... 9-13

Figure 9.4. Simulated soil quality effects of replacing grassland with conventional tillage vs no-till corn-
soybean (CS) rotation. Bars represent mean values across all converted fields within the 12-state
region. Whiskers represent +1 standard deviation from the mean value. Note: negative SOC
values reflect soil C accrual. Figure modified from (Zhang et al., 2021). 9-15

XXX1X



1402
1403
1404
1405

1406
1407
1408

1409
1410

1411
1412

1413
1414
1415
1416
1417
1418
1419
1420
1421

1422
1423
1424
1425
1426
1427
1428
1429
1430

1431
1432
1433
1434
1435

1436
1437
1438
1439

1440
1441
1442

1443
1444
1445

1446
1447

External Review Draft — Do not quote, cite, or distribute

Figure 9.5a-d. Simulated erosion (a), nitrogen (b), phosphorus (c), and soil organic carbon (SOC) loss (d)
from net grassland conversion (conversion minus abandonment) to and from corn-soybean
rotations with conventional tillage across the 12 Midwestern states. Results aggregated by county.
Note: negative SOC values reflect soil C accrual. Figure from (Zhang et al., 2021). ..ccceereruee. 9-17

Figure 10.1. Largest nitrogen (N) and phosphorus (P) inputs to the conterminous U.S. landscape in 2012
(a, b) and change in agricultural N and P surplus in 2012 minus 2002. Agricultural surplus is all

inputs minus crop harvest N or P. Data from Sabo et al. (2021); Sabo et al. (2019). ..ccevverscurnns 10-8
Figure 10.2a-c. USGS NAWQA showing time trends in concentrations of total nitrogen (N), total

phosphorus (P), and sediment from 2002 to 2012. 10-10
Figure 10.3a-c USGS NAWQA showing time trends in loads of total nitrogen (N), total phosphorus (P),

and sediment from 2002 t0 20127 v..ecerereerereeerereanes 10-11

Figure 10.4. Change in total nitrogen condition in wadeable streams across the conterminous United
States (a) and ecoregions (b-j) from the 2004 Wadeable Streams Assessment (WSA04) to the
National Rivers and Streams Assessment 2013/2014 (NRSA13-14). The % of Miles refers to the
total wadeable stream miles surveyed by U.S. EPA. The condition categories (Good, Fair, and
Poor) are relative to the least-disturbed streams (see Table 10.1 for more information on the
categories). Error bars are margins of error calculated from standard error x 1.96 (when error bars
overlap with zero there is no significant change). Data from USEPA
(https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys).

10-13

Figure 10.5. Change in total phosphorus condition in wadeable streams across the conterminous United
States (a) and ecoregions (b-j) from the 2004 Wadeable Streams Assessment (WSAO04) to the
National Rivers and Streams Assessment 2013/2014 (NRSA13/14). The % of Miles refers to the
total wadeable stream miles surveyed by U.S. EPA. The condition categories (Good, Fair, and
Poor) are relative to the least-disturbed streams (see Table 10.1 for more information on the
categories). Error bars are margins of error calculated from standard error x 1.96 (when error bars
overlap with zero there is no significant change). Data from USEPA
(https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys).

10-14

Figure 10.6. Map of the conterminous United States showing (a) 88,083 catchments with groundwater
public water systems (PWS) (blue area) and 748 catchments with groundwater PWS nitrate
violations (non-blue circles), and (b) 6,934 catchments with surface water PWS (blue area) and
50 catchments with surface water PWS nitrate violations (non-blue circles). Source: Pennino et
al. (2020) (used with permission). 10-17

Figure 10.7. Locations of 97 MSQA sites where POCIS samplers were successfully deployed and
summations of herbicides (a) and insecticides plus fungicides (b). Summations include degradates
for the use group. Light brown shade is cropland, pink shade is urban land use. From Van Metre
et al. (2017) (used with permission). 10-19

Figure 10.8. USGS mapper tool showing pesticide concentration trends between 2002 and 2012 for five
pesticides commonly used on corn. U.S. Geological Survey, Water-Quality Changes in the
Nation’s Streams and Rivers, https://nawqatrends.wim.usgs.gov/swtrends/. (continued)........ 10-21

Figure 10.8 (continued). USGS mapper tool showing pesticide concentration trends between 2002 and
2012 for five pesticides commonly used on corn. U.S. Geological Survey, Water-Quality Changes
in the Nation’s Streams and Rivers, https://nawqatrends.wim.usgs.gov/swtrends/. ...ceceeeseeseees 10-22

Figure 10.9. Missouri River Basin and its 2008/2009 land use/land cover based on Cropland Data Layer.
Source: Chen et al. (2021). .. 10-26
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Figure 10.10. Percentage of area converted from non-crop land to crop land in each eight-digit
Hydrological Unit Code 8 (HUCS8) during 2008-2012 (a) and 2008-2016 (b). Source: Chen et al.
(2021)....... 10-27

Figure 10.11. Summary of results at the MORB outlet. Shown are the mean annual changes in flow, total
suspended sediment (TSS), organic nitrogen (OrgN, including organic and ammonium nitrogen),
dissolved nitrogen (DisN, including nitrate and nitrite), total nitrogen (TN), organic phosphorus
(OrgP), dissolved phosphorus (DisP, referring to mineral phosphorus), and total phosphorus (TP)
loads between the baseline scenario and different biofuel scenarios (S2, S3, S4) during 2008—
2012 (a) and 2008-2016 (b). Source: Chen et al. (2021). 10-29

Figure 10.12. Differences in per unit area (refer to per hectare of watershed) of total suspended sediment
(TSS), total nitrogen (TN), and total phosphorus (TP) at S2 (baseline vs. continuous corn), S3
(baseline vs. corn/soybean), and S4 (baseline vs. corn/wheat) during 2008-2012 (a) and 2008—
2016 (b) in the southeastern portion of the Missouri River Basin. Source: Chen et al. (2021).10-30

Figure 10.13. Percent differences relative to baseline for total suspended sediment (TSS), total nitrogen
(TN), and total phosphorus (TP) for S2 (baseline vs. continuous corn), S3 (baseline vs.
corn/soybean), and S4 (baseline vs. corn/wheat) during 2008-2012 (a) and 2008-2016 (b) in the
southeastern portion of the Missouri River Basin. Source: Chen et al. (2021). cccceeeseressancsssanes 10-31

Figure 10.14. Location of and land use within in the South Fork of lowa River watershed, lowa. Corn and
soybean are the predominant land use by far (Wu and Ha, 2017). 10-37

Figure 10.15. Spatial distribution of suspended sediments (TSS - t/ha), nitrate (NOs - kg/ha), total
nitrogen (TN - kg/ha), and total phosphorus (TP - kg/ha) loading reductions after conservation
practices riparian buffer (RB), saturated buffer (SB), and grassed waterway (GRSW) were
applied for the South Fork of lowa River (Ha et al., 2020). ...... 10-38

Figure 10.16. Spatial distribution of reductions in annual total nutrient loads discharged from cropland
after riparian buffers were installed in Lower Mississippi River Basin. Panels (a) and (b) show
percentage reductions in annual total nitrogen (TN) and total phosphorus (TP) loads at the
subbasin level (Xu et al., 2019). coccevrerreesessensee 10-39

Figure 10.17. Economic value of (a) total nitrogen (TN) (b) total phosphorus, and (¢) TN and TP stored in
riparian buffer zone at subbasin level. Nutrient value refers to the value of TN and TP stored in
the riparian buffer zone, estimated using nitrogen and phosphorus fertilizer prices. Twenty-one-
year (1990-2010) average mean annual reductions in TN and TP after RB implementations were
simulated using the SWAT model (Xu et al., 2019). 10-40

Figure 10.18. Eutrophication potential for corn ethanol vs. gasoline (a, b) and soybean biodiesel vs. diesel
(c, d). Biofuel industry contributions to total U.S. national emission level per year (a, c) and
impacts per energy unit of fuel (b, d). 10-43

Figure 10.19. Freshwater ecotoxicity potential for corn ethanol vs. gasoline (a, b) and soybean biodiesel
vs. diesel (c, d). Total industry contributions to total U.S. national emission level per year (a, c)
and impacts per energy unit of fuel (b, d). 10-44

Figure 11.1. Total water withdrawals (billion gallons per day of freshwater and saline water) for all major
uses based on Dieter et al. (2018b) data for 2015. Note that irrigation water withdrawals include
nonagricultural uses, including golf courses, parks, nurseries, turf farms, cemeteries, and other
self-supplied landscape-watering. 11-4

Figure 11.2. Total irrigation water withdrawals and consumptive use (freshwater only) based on Dieter et
al. (2018b) data for 2015 for all 50 states. Note that irrigation water withdrawals and consumptive
use include nonagricultural uses. 11-5
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Figure 11.3 Percentages of the 55.1 million acres of U.S. irrigated land area occupied by the top nine U.S.
irrigated crops occupying or 91% of total irrigated lands. Corn leads in irrigated acreage but is
followed closely by forage and soybeans (USDA, 2019)....ccceeuue 11-5

Figure 11.4. Acreage devoted to (a) irrigated grain corn production and (c) irrigated dry soybean
production in the United States in the 10 states historically hosting the greatest irrigated acreage
for each crop from 1992 through 2017 (5-year increments based on the Census of Agriculture).
The total irrigated acreage is compared with the total of all acreage in the nation (the latter scaled
to the right-hand Y-axis) for each crop. Comparison of (b) irrigated corn acreage to unirrigated
corn acreage and total acreage in grain corn, and (d) comparison of irrigated to unirrigated
soybean acreage and total acreage in dry soybean. Note the change in legend in (a) and (c). .11-11

Figure 11.5. Irrigated corn for grain in 2017, harvested acres (1 dot = 3,000 acres). Irrigate corn acreage
change from 2007 to 2017, by county. Source: USDA — Census of Agriculture. ....ceeeesseesaeese 11-12

Figure 11.6. Comparison of 2007 and 2017 corn acreage in the 48 contiguous states (1 dot = 10,000
acres). Source: USDA — Census of Agriculture. .. 11-13

Figure 11.7. Percent of total irrigated corn acreage for the ten states with the most irrigated corn acreage
historically and for the region including Nebraska, Kansas, Texas and Colorado (NE-KS-TX-CO)
for the period from 1992 to 2017. NASS (USDA, 2020, 2014, 2010, 2004, 1998, 1994). ...... 11-13

Figure 11.8. (a) Water applied (acre-feet [ft]) per acre of irrigated corn from 1992 to 2017 for the 10
states where irrigated corn acreage is historically greatest. Also shown is the average of water
applied in the four states with the greatest irrigated corn acreage, Nebraska, Kansas, Texas and
Colorado. (b) Percent of irrigated area that is pressurized (mainly center pivot and subsurface drip
irrigation systems) for the same states over the same period. Pressurized irrigation serves 93.4%
of irrigated area in Nebraska, Kansas, Texas and Colorado. NASS (USDA, 2020, 2014, 2010,
2004, 1998, 1994). For reference, 1 acre-ft = 325,851 gallons. 11-14

Figure 11.9. (a) Yield of irrigated corn (bushels [bu]/acre) from 1992 to 2017 in the 10 states with
historically the most irrigated corn acreage. Also shown is the mean yield of unirrigated corn. (b)
Total unirrigated and irrigated corn production in millions of bushels (left axis) and per acre
yields in bu/acre (right axis). (USDA, 2020, 2014, 2010, 2004, 1998, 1994). ..cccceerrereecsessenss 11-16

Figure 11.10. The Republican River Basin in Colorado, Nebraska, and Kansas overlain on a map of the
High Plains aquifer. Heavy black lines outline the basin and its subbasins. Hatching indicates the
extent of the aquifer within the three states (Brookfield and Wilson, 2015). 11-18

Figure 11.11. Irrigated area over time and associated drivers. For the portion of the Republican River
Basin overlying the High Plains Aquifer: (a) Percent irrigated area from the Annual Irrigation
Maps-Republican River Basin (AIM-RRB) dataset. Rate of change (meters) is given in percent
and actual area. (b) Irrigation water volume. (c) Precipitation from December 1 to August 31. (d)
Corn price in 2016 dollars. (e) Linear regression of irrigation application depth (volume/area)
versus precipitation. (f) Trends in irrigated area versus precipitation for years with high and low
prices. Source: Deines et al. (2017) (used with permission). 11-19

Figure 11.12. LANID (Landsat-based Irrigation Dataset)-derived and CDL (Cropland Data Layer)-
derived distribution of irrigated corn, soybeans, alfalfa, and cotton in 2012. Maps were
aggregated to 0.6-mile (1-kilometer) resolution for visualization purposes). Numbers in the
bottom left of panels are the total irrigated area of the crop and the percent of crop total area that
is irrigated nationally. Source: Xie et al. (2019a) (used with permission). 11-20

Figure 11.13. Top three most irrigated crops (by area) for the top 10 irrigated states. The numbers show
the crop-specific irrigation percentage within each state. Note that crop area used to calculate
irrigation percentage of “Others” refers to all other crops. Source: Xie et al. (2019a) (used with
permission). 11-21
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Figure 11.14. LANID-derived spatially explicit irrigation trends during 1997-2017 at pixel scale. Rates of
change (hectares per year [ha/yr]) are modeled using linear regression and calculated for each 3.7
mile x 3.7 mile grid. Changes are shown only for grids with significant trends (p value of linear
model <0.05) or areas with an irrigated area > 5%. The rest is shown in gray. Source: Xie and
Lark (2021) (used with PermiSSion)..ceeeesssessssssescsssssensessssssssasesenses 11-22

Figure 11.15. Crop-specific changes in irrigation: (a) irrigation intensification (b) irrigation reduction
between the periods 2000-2008 and 2009-2017. Only four major crops are shown. Source: Xie et
al. (2019¢) (used with pErmiSSiON)...eesssescseesssssessssesssasesenees 11-23

Figure 11.16. Changes in groundwater levels in the HPA Aquifer from predevelopment (around 1950) to
2015 (left panel) and 2013-2015 (right panel). Source: McGuire (2017). . 11-26

Figure 11.17. Types of water resources used in biofuel production, by number of facilities (left) and by
production volume (right). Source: Wu (2019) (used with permission). .e..eeeesseessesse 11-28

Figure 11.18. Water intensity (fresh and reused water consumption per gallon of ethanol produced):
maximum, 75" percentile, median, 25th percentile, and minimum value of water consumption per
100 million gallons of ethanol produced, and annual facility total water consumption. The
centerline inside the boxes represents the median value. The top of the gray box displays the 75th
percentile, and the bottom of the orange box displays the 25th percentile. The maximum and
minimum values are displayed with vertical lines ("whiskers") connecting the points to the center

boxes. Source: Wu (2019) (used with permission). ....... 11-29
Figure 11.19. Fate of wastewater from biofuel production facilities. Source: Wu (2019) (used with
PEIMISSION). cerersnsonsoses 11-33

Figure 11.20. Onshore oil production and water consumption for major U.S. oil-producing regions
(PADD). Note that water consumption for injection in PADD IV is negligible. Source: Wu et al.
(2018) (used with permission). ...ceseesssesssssssses 11-35

Figure 11. 21. Net water use for gasoline production from conventional (United States and Saudi Arabia)
and nonconventional crude (oil sands) by life cycle stage, location, and recovery method. Life
cycle stages are extraction and production (E&P) in blue and refining in orange. Source: Wu et al.
(2018) (used with PErmisSSiON). eueeesersssascssssesssaressasssssascsens 11-36

Figure 11.22. Life cycle water consumption for corn ethanol and soybean biodiesel in major producing
regions, and petroleum fuels. The dark blue dotted bar shows net life cycle value. Water
consumption for the co-product (gray solid bars) are not allocated to the biofuel. .................... 11-38

Figure 11.23. Life cycle water consumption for corn ethanol, soybean biodiesel, and petroleum fuels—U.S.
average only. Dark blue dotted bar shows net life cycle value. Water consumption for the co-
product (gray solid bars) are not allocated to the biofuel. 11-39

Figure 11.24. Total freshwater withdrawals for corn ethanol vs. gasoline (a, b) and soybean biodiesel vs.
diesel (c, d). Total industry contribution to total national U.S. emissions (a, ¢) and impacts per
energy unit (b, d). The left panel shows the relative contribution of the biofuel industries to the U.S.
national totals for the years evaluated. These results reflect total direct and indirect impacts due to
the production of the respective fuel and their related co-products across the years and their impacts
from fuel combustion. The right panel shows how the impacts from producing one energy unit of
fuel evolved over time by dividing the total effects from producing the fuels (not considering other
co-products) from each year by the total U.S. production in the respective year. For comparison
purposes, the year with the highest impact per metric is used as the benchmark (100%) and the
impacts of the other years are then shown as a relative comparison to that benchmark. The impacts
are broken down into supply chain steps (stacked bars), including upstream supply chain activities,
corn/soybean farming, oil processing, ethanol/biodiesel conversion, fuel distribution, and fuel
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combustion. The 2017 results are plotted in a shaded/non-solid pattern to stress their hybrid data
(2012 economic and 2017 environmental accounts). 11-41

Figure 11.25. Comparison of feedstock blue water footprint (billion cubic meters [m*]/year) under
historical (2008) and proposed future production scenarios. Source: Xu et al. (2019)............. 11-43

Figure 11.26. Decline of irrigated area as a percentage of total U.S. irrigated area in the 17 western states
compared with increase in percentage of total U.S. irrigated area occurring in the eastern U.S.
Gray circles are those data for the Western states that were used to fit the regression line showing
the rate of decrease of percentage of total U.S. irrigated land area that was in those states. Yellow
squares are those data for the Eastern states that were used to fit the regression line showing the
rate of increase of percentage of the total irrigated area that was in those states. Prior to 1978, data
were primarily on a 10-year basis. After 1978, data were mostly on a 5-year basis. (USDA, 2014,
2010, 2004, 1998, 1994)(USDA-NASS, 2019; U.S. Department of Commerce, 1990, 1986, 1982,
1973, 1965, 1941a, b) .. 11-45

Figure 12.1. Potential direct and indirect effect pathways of agricultural intensification on avian
population declines. Reproduction includes mortality or impairment at egg and nestling/juvenile
stages, whereas survival represents adult survival. Although shown separately, direct and indirect
effects on reproduction and survival could act simultaneously. Source: Stanton et al. (2018)(used
With PErmission). .eeeeseressssesences 12-8

Figure B.12.1. Adult monarch butterfly. The monarch butterfly (Danaus plexippus) is the only butterfly
sub-species known to make a two-way migration; traversing the North American continent from
Canada to Mexico in the spring and fall. Source: Lissy McCulloch, U.S. Geological Survey,
Northern Prairie Wildlife Research Center......... 12-12

Figure 12.2. Map of the contiguous United States with 12 Midwestern states outlined (Zhang et al., 2021)
(Zhang et al., 2015), containing over 80% of planted corn and soybean acres in the country
(USDA, 2020b). Dots represent locations of U.S. biorefineries (RFA, 2017).cccccerverscurccncesacns 12-14

Figure 12.3. Agricultural expansion in and around critical habitat for threatened and endangered (T&E)
species. Shown are critical habitat of aquatic and terrestrial T&E species within the continental
United States (a) and within the Lower Ohio River Valley (b), with >10 acres of corn or soybean
expansion onto land previously under perennial cover within 1-mile or intersecting its boundaries.
Critical habitat data were from USFWS (2020) and data on shifts from perennial cover to corn
and soybean were from Lark et al. (2020). Land had been under perennial cover for at least 6—10
years prior to conversion, according to analysis of the USDA’s Crop Data Layer by Lark et al.

Figure 13.1. Conceptual diagram from Schweizer and Jager (2011). The diagram shows the combined
influences of hydrology, land cover, and water quality on native fish species richness. (Used with
PEIMISSION).eeessreressasesrasesens .13-6

Figure 13.2. Ecoregions and their abbreviations. Modified from U.S. EPA (2016c). 13-7

Figure 13.3. Fish Multi-Metric Index (MMI) condition in rivers across the conterminous United States (a)
and select ecoregions (b—d). The % of Miles refers to the total river and stream miles surveyed by
EPA. The condition categories (Good, Fair, and Poor) are relative to the least disturbed rivers and
streams. The numbers “08/09” and “13/14” refer to the surveys completed in 2008—2009 and
2013-2014. Data from U.S. EPA (2019a, 2016c¢). Refer to Figure 13.2 for ecoregion
abbreviations. Fish MMI condition was not assessed in WSA 2000-2004. (continued) .......... 13-11

Figure 13.3 (continued). Fish Multi-Metric Index (MMI) condition in rivers across the conterminous
United States (a) and select ecoregions (b—d). The % of Miles refers to the total river and stream
miles surveyed by EPA. The condition categories (Good, Fair, and Poor) are relative to the least
disturbed rivers and streams. The numbers “08/09” and “13/14” refer to the surveys completed in
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2008-2009 and 2013-2014. Data from U.S. EPA (2019a, 2016c¢). Refer to Figure 13.2 for
ecoregion abbreviations. Fish MMI condition was not assessed in WSA 2000-2004. .....cocueee 13-12

Figure 13.4. Instream fish habitat condition related to the physical characteristics of wadeable streams
across the conterminous United States (a) and ecoregions (b—j). The % of Miles refers to the total
river and stream miles surveyed by EPA. The condition categories (Good, Fair, and Poor) are
relative to the least disturbed streams in each ecoregion. “WSA04” refers to the Wadeable
Streams Assessment conducted in 2000-2004 and “NRSA13/14” refers to the National Rivers
and Streams Assessment conducted during 2013-2014 (data from U.S. EPA, 2019a; U.S. EPA,
2006). Note that fish MMI is not available in the WSA which focused on physical habitat
conditions that are less sensitive to agricultural effects. The error bars and percentages on the
right of each plot are margins of error. ....ceeeeesesess 13-14

Figure 13.5. Overview of the concentration of glyphosate that affects 15 different effect groups for fish.
(Data from the EPA ECOTOX database). ..cceesseesseesseesaessanses 13-16

Figure 13.6. Change in macroinvertebrate Multi-Metric Index condition in wadeable streams across the
conterminous United States (a) and ecoregions (b—j). The % of Miles refers to the total river and
stream miles surveyed by EPA. The condition categories (Good, Fair, and Poor) are relative to the
least disturbed streams in each ecoregion. “WSA04” refers to the Wadeable Streams Assessment
conducted in 2000-2004 and “NRSA13/14” refers to the National Rivers and Streams
Assessment conducted during 2013-2014 (data from U.S. EPA, 2019a; U.S. EPA, 2006). The
error bars and percentages on the right of each plot are margins of error. 13-18

Figure 13.7. Geographic distribution of atrazine monitoring sites. Shows sites with 21-day maximum
average concentrations exceeding the chronic freshwater invertebrate level of concern (60 pg/L).
Source: U.S. EPA (20161).ccccvueessrercssaresens 13-19

Figure 13.8. Oxygen requirements. Minimum oxygen requirements of several aquatic organisms (a), and
progressive changes in fish and invertebrate fauna as the bottom-water oxygen (O2) concentration
decreases from near 2 mg/L to 0 mg/L (b). Sources: CENR (2010) for a and Rabalais and Turner
(2019) for b (Creative Commons license, http://creativecommons.org/licenses/by/4.0/2Z; no
changes made)...c.cceeseesenee 13-25

Figure 13.9. Maps of waters where oxygen depletion was identified as a cause of impairment. ATTAINS
Assessment geospatial service data from 2012 to 2020, including point, line, and area data.
Source: https://www.epa.gov/waterdata/get-data-access-public-attains-data (accessed January 22,
2021).. 13-26

Figure 13.10. Size of the Gulf of Mexico hypoxic zone. Changes in the measured size of the Gulf of
Mexico hypoxic zone (a) as related to the amount of nitrate-nitrate loading (b). Source: Turner
and Rabalais (2016) (used with permission). e 13-27

Figure 13.11. Long-term record of hypoxia frequency. Shown are percent of samples with bottom-water
dissolved oxygen < 2 mg/L at midsummer (usually mid-July to early August) in the Gulf of
Mexico mapped from 1985 to 2014. Source: Rabalais and Turner (2019) (Creative Commons
license, http://creativecommons.org/licenses/by/4.0/&; no changes mMade). ceoeeseesssssssssasosasese 13-27

Figure 13.12. Modeled mean flow-weighted total nitrogen concentrations in the Missouri River Basin
(MORB). Shows concentrations in individual HUC-8s (2008-2016) of MORB for four scenarios:
S1-Reference, S2-Continuous Corn, S3-Corn/Soy; and S4-Corn/Wheat (a), and change from S1
to remaining three scenarios (b). Refer to Chen et al. (2021) for details and methods. Color legend
for (a) provided in (b). Note results in Figures 13.12 and 13.13 are the same as from Chapter 10
(section 10.3.2), but converted to stream concentrations. ........ 13-31

Figure 13.13. Modeled mean flow-weighted total phosphorus concentrations in the Missouri River Basin
(MORB). Shows concentrations in individual HUC-8s (2008—-2016) of MORB for four scenarios:
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S1-Reference, S2-Continuous Corn, S3-Corn/Soy; and S4-Corn/Wheat (a) and change from S1 to
remaining three scenarios (b). Refer to Chen et al. (2021) for details and methods. Color legend
for (a) provided in (D). ceeecsresssosasosaseses 13-32

Figure 13.14. Condition classes for total nitrogen (TN). NRSA condition classes (least, moderate, most
disturbed) for TN within watersheds in the MORB for the four scenarios: S1-Reference, S2-
Continuous Corn, S3-Corn/Soy rotation; and S4-Corn/Wheat rotation. Only a few watersheds
changed condition under S2, S3, or S4, compared with S1 (not shown). 13-34

Figure 13.15. Condition classes for total phosphorus (TP). NRSA condition classes (least, moderate, most
disturbed) for TP within watersheds in the MORB for the four scenarios: S1-Reference, S2-
Continuous Corn, S3-Corn/Soy rotation; and S4-Corn/Wheat rotation. Only a few watersheds
changed condition under S2, S3, or S4, compared with S1 (not shown)....... 13-35

Figure 13.16. National summary of current EPA-approved numeric TN and TP criteria. In the MORB,
only Colorado, Missouri, Montana, and Nebraska (labeled states) have numeric criteria for some
waters (lake/reservoirs or rivers/streams; refer to Table 13.2). Source:
https://www.epa.gov/nutrient-policy-data/state-progress-toward-developing-numeric-nutrient-
water-quality-criteria Accessed May 7, 2021. ....... 13-36

Figure 13.17. Topeka shiner range maps. Historical and occupied range from USFWS 2009 (a). Counties
where the final critical habitat generally occur (b). Source of GIS file: USFWS
https://catalog.data.gov/dataset/final-critical-habitat-for-the-topeka-shiner-notropis-topeka... 13-38

Figure 13.18. Gulf sturgeon critical habitat. Estuarine and marine critical habitat are the orange areas,
while the critical habitat in rivers and tributaries are the black lines. Source: NOAA
https://www.fisheries.noaa.gov/resource/map/gulf-sturgeon-critical-habitat-map-and-gis-data
(accessed May 7, 2021)...uueee. 13-39

Figure 13.19. Distribution map of the endangered pink mucket mussel (Lampsilis abrupta) in Missouri.
Source: Missouri Dept. of Conservation, https://nature.mdc.mo.gov/discover-nature/field-

guide/pink-MucKet coceeescaressersssarescserne 13-40
Figure 14.1. States with notable wetland loss, 1780s to mid-1980s. Source: USGS Water Supply Paper
2425, Figure 2, modified from (Dahl 1990)....ccccceecerrerscersnrnnes 14-4

Figure 14.2. (a) Intact wetland-stream landscape. (b) Altered wetland-stream landscape for agriculture or
other development, illustrating with added drainage, alteration of natural surface and groundwater
flowpaths, plus loss of wetland habitat, buffers, and natural surface water storage associated with
wetland loss/conversion and consolidation. ...c.eeeeeseeses 14-7

Figure 14.3. Functional relationship to other chapters in the current report. ceeeesseeseesee 14-8

Figure 14.4. Percentage of habitat acreage for each wetland or deepwater habitat class in 2007. Source:
USDA (2013). covvueeerucenes 14-11

Figure 14.5. Gain or loss of area in each habitat category over 5-year reporting intervals. The boxed area
above shows the net change in each category over the 15-year period from 2002 to 2017. Source:
USDA (2020). coersureesacenes 14-12

Figure 14.6. Gains/losses of palustrine and estuarine wetlands by National Resources Inventory (NRI)
land cover/land use category, in thousands of acres. Source: USDA (2020). Definitions of NRI
land use categories can be found online at the NRI Glossary webpage
(https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/nri/?cid=nrcs 143 01412

) T, 14-13
Figure 14.7. Location of gross conversion of grasslands (a) and wetlands (b) to cropland between 2008
and 2016. Source: (Lark et al. 2020). 14-27
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Figure 15.1. Possible ways that bioenergy plants may escape from the production pathway. The
production pathway begins with sites where workers propagate the bioenergy species for planting
and ends with abandonment or rotation of cropping sites. Image sources (clockwise from top
left): USDA-Jack Dykinga; USFWS—Thomas G Barnes; Original graphic—Caroline Ridley;
EPA-no photographer named; USDA—Lance Cheung; USDA—Peggy Greb; Original graphic—
Caroline Ridley; EPA—no photographer named; USDA-Lance Cheung; USDA-Lance Cheung.

..................................................... 154

Figure 15.2. Cumulative number of unique herbicide-resistant cases in the United States by major biofuel
feedstock. Each unique case is color coded to indicate the number of herbicide sites of action to
which the weed was reported resistant. This figure is based on data obtained from the
International Herbicide-Resistant Weed Database. Permission to use the data was provided by Ian
Heap. Data on other crops and countries can be obtained from the database. ...ceceseesssesassssosas 15-6

Figure 16.1. Total U.S. fuel ethanol imports, 2000-2006. Source: EIA (2022)..ccccecerseecrersercecsersaccsncsaces 16-3

Figure 16.2. Total biofuel (ethanol + biodiesel) net imports (imports — exports) to the United States (red
line, left axis), and total biofuel net imports to the United States as a share of total U.S. biofuel
production each year (red bars, right axis) (EIA for all imports and for exports after 2010; USDA
for exports prior t0 2010). ceeeesveresssersssarcsennes 16-4

Figure 16.3. Total ethanol, biodiesel, and renewable diesel imports and exports by year from all sources
(EIA for all imports and for exports after 2010; USDA for exports prior to 2010). ccceereeerececeees 16-5

Figure 16.4. (a) Major net total ethanol (industrial and fuel) trade streams (=35 thousand tons) used for all
end uses in 2015 (Proskurina et al., 2019a; Proskurina et al., 2019b) (used with permission), (b)
ethanol and fuel ethanol trade (in petajoules) in 2009 (Lamers et al., 2011) (used with
PErmMisSion)..eeesesesess 16-10

Figure 16.5. Global biofuel production (EIA). 16-11

Figure 16.6. U.S. gross fuel ethanol imports by 10 leading (99.6% of total volume from all countries)
sources (EIA, 2022). Countries that likely transshipped Brazilian ethanol (see Chapter 2) to the
United States under incentives provided by the Caribbean Basin Initiative are shown with
patterned fills; non-CBI exporters to the United States include Brazil, Canada, Ecuador, and
Netherlands as illustrated, plus smaller volumes from over 50 other nations (EIA, 2022). Note
data by country of origin begin in 2004, 16-13

Figure 16.7. Share of total annual ethanol imports to the United States sourced from Brazil (blue, solid)
and totals from CBI nations (orange with black dots) by year (EIA, 2022). Imports from CBI
nations would increase shares from Brazil in some years (see Figure 16.6). 16-13

Figure 16.8. U.S. total fuel ethanol imports from all sources, by port of entry (annual, 2000-2019) (EIA,
2022). Virtually all imports from 2000 to 2003 and 2016 to present went to the West Coast (e.g.,
California). 16-14

Figure 16.9. Fuel ethanol annual imports from Brazil as share of U.S. and Brazil production (EIA, 2022).
Imports peak in 2006 (see Chapter 6 and discussion of MTBE replacement) and 2012-2013 (U.S.
ATOUGNL). cvieruiesrnssnnssnissnnssansssessesssssssssssssosssosssssssssssssssssssssssssssssssssssssosssosssossssssssssssssssssssosasosasoss 16-14

Figure 16.10 Monthly gross U.S. fuel ethanol imports from and exports to Brazil (EIA, 2022) and factors
that influenced observed variations in trade volumes. D5 RINs added incentives throughout this
period (2010—present) but observed import volumes appear to respond to specific events (see

USDA FAS reports) such as those illustrated rather than to changes in D5 RIN price. ........... 16-16
Figure 16.11. Brazil’s sugarcane growing regions. Source: Caldarelli et al. (2017). . 16-17
Figure 16.12. Annual ethanol production in United States (blue with circles, USDA-ERS) and Brazil (red

with squares, EIA). 16-18
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Figure 16.13. Drivers of Brazil ethanol production and events compared to Brazil production and
consumption of ethanol (EIA). ..ceceerenees 16-19

Figure 16.14. Brazil fuel ethanol production and disposition (from USDA FAS-GAIN Brazil: Biofuels
Annual Reports 2010, 2012, 2019). Note that exports are illustrated here as negative values
(reducing Brazil’s domestic ethanol supply pool) while imports from the United States are shown
as positive values (adding to the ethanol supply pool). ..... 16-21

Figure 16.15. Estimate of crop area required in Brazil to produce ethanol volumes traded between the
United States and Brazil. Area above zero represents potential land sparing in Brazil and area
below zero represents potential land requirements in Brazil associated with net trade (Sugarcane
production and harvested area used to calculate yield from UNICA. Net imports of ethanol to
Brazil from EIA). ccceceecceresarcsenees 16-22

Figure 16.16. U.S. total biomass-based diesel imports by 11 leading (99.5% of total volume from all
countries) sources and U.S. soybean and FOG-based biomass diesel production
(EIA, 2022). 16-25

Figure 16.17. World vegetable oil production by commodity. Years are first year of market year (USDA
FAS, 2019d). ceeeerursnesussansssssssssssssssssssosassasons 16-30

Figure 16.18. Palm oil production by country in 2014 (million tonnes). Data from FAOSTAT, vector and
raster map from https://www.naturalearthdata.com IZ. ... 16-30

Figure 16.19. (a) Indonesian and (b) Malaysian palm oil exports by largest destinations (Indonesia export
prices in Indonesia). Indonesia figure from USDA FAS (2021b). Malaysia figure from (USDA
FAS, 2020c). Both figures are in metric tons, though are labeled differently in the source
files. 16-31

Figure 16.20. Palm oil area harvested (million acres) (FAO). 16-33

Figure 16.21. (A) Area and (B) proportion of each land cover category converted to oil
palm plantations in each time period, across all three study islands. Source: Austin et al. (2017b)
(Creative Commons license, https://creativecommons.org/licenses/by-nc-nd/4.0/ ). .....eeuee. 16-33
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