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In addition to the narrative information in this document, the supplemental information includes two Excel workbooks (named with ddMMMyyyy being the date of latest version): 
	RFS-ABC-Analysis-ddMMMyyyy.xlsx
	Main workbook that summarizes the carbon balance, process emissions and related analyses. 

	RFS-Crop-Analysis-ddMMMyyyy.xlsx
	Workbook based on USDA crop production data in which the carbon harvest estimates are developed. 


These workbooks provide the detailed data and supporting calculations that are explained in this appendix and summarized in the main text. 
A.1  General Supporting Information
(a) Process emissions calculations
We use average biorefining process emission factors for natural gas dry mill corn ethanol and soy biodiesel, and the corresponding factors for other process emissions including farming and its inputs as well as petroleum refining from EPA's RFS scenario year 2012 estimates (EPA 2010b). EPA publishes these emission factors in kilograms of CO2-equivalent per million Btu ("kgCO2/mmBtu") on a lower heating value (LHV) basis; we convert them to grams of carbon-equivalent per megajoule (gC/MJ) on a higher heating value (HHV) to apply them to the national fuel consumption data which EIA (2015) provides on a HHV basis. The conversions are given in the G tab of the RFS-ABC-Analysis workbook. 
For petroleum fuels, the emission factors are those used by EPA for 2005 baseline gasoline and diesel fuel, also given in the workbook G tab. We assume that these average "well-to-tank" values do not change over the 2005-2013 period. Although there were changes in the mix of crude oils processed, there were also ongoing refinery efficiency improvements and process emission mitigation efforts, and so it is unlikely that average petroleum processing impacts changed significantly relative to uncertainties in the underlying statistics. 
EPA's process emission factors for biofuels are lower than those of most stand-alone attributional LCA models. EPA estimated its factors using agricultural sector models that project various efficiency gains and GHG emissions reductions resulting from a number of effects, including changes in livestock herds, reduced enteric methane emissions due to greater use of distillers' grain feeds, and reduced methane from reduced rice cultivation, among other factors. The agency's "Net Domestic Agriculture" emission factors values are quite low; for biodiesel they are negative, meaning that EPA's modeling projects that the demand for biodiesel triggers co-product processing efficiency improvements and associated emissions reductions sufficient to make sector-level GHG emissions lower when biodiesel is produced in RFS volumes than when it is not produced. 
Substantially higher emissions factors were estimated by CARB for the LCFS using their version of the GREET model (CARB 2012). For example, CARB's direct process emission factor for average Midwestern corn ethanol is 69.4 gCO2e/MJ, or 19 gC/MJ, a which is roughly double the EPA-derived value. For biodiesel, the CARB estimate is 21.3 gCO2e/MJ, or 5.8 gC/MJ, four times higher than the EPA-derived value. Also, because our system boundary is defined geographically by the United States, our process emission factors exclude EPA's estimates for net international agricultural sector emissions (as distinct from international land-use change). For 2012, those effects would increase the emission factors by 1.8 gC/MJ for corn ethanol and 2.4 gC/MJ for soy biodiesel. 
(b) The carbon balance values used for Figure 5 are given in Tab D of the RFS-ABC-Analysis workbook. 
(c) Coproduct carbon flows. The primary coproduct from corn ethanol production is distillers’ grains with solubles (DGS), which is used as animal feed (EPA 2010a,  p. 14744). Gallagher and Shapouri (2009) found that carbon content of DGS in ethanol production is 9.68 lb CO2e/gallon ethanol and we use this factor to estimate the DGS coproduct flow shown in Figure 5. Note that this estimate does not itself affect the carbon offset calculation. For soy biodiesel production, the coproduct is glycerin. However, glycerin has no value as feed and most commonly is blended into residual oil and so ultimately burned or used as a chemical feedstock (EPA 2010a, p. 14783). 
(d) An average petroleum refining efficiency value of 81.7% was derived from GREET 2011 scenario year 2010 values for gasoline (81.2%) and diesel (83.1%) weighted by the average shares of gasoline (73%) and diesel (27%) supplied for motor fuel over the 2005-2013 period. 
(e) Over the 2005-2013 period, light-duty vehicle on-road fuel economy improved by nearly 10% while changes in medium-and heavy-duty truck fuel economy were statistically uncertain (Davis et al 2015). Although the overall change in the fuel economy of all road vehicles is uncertain, it rose enough to explain the 5% drop in demand for gasoline and diesel motor fuels (including blended biofuels), a decline of about 700,000 barrels per day (lower heating value basis; EIA 2015). 
(f) [bookmark: _GoBack]In 2013, liquid biofuel imports were 0.11 PJ/yr, or 8% of U.S. biofuel consumption of 1.3 PJ/yr that year; moreover, 2013 saw unusually high biofuel imports, which had been significantly lower in most prior years and have since dropped back to 0.05 PJ/yr as of 2014 (EIA 2015, Table 1.4a). Over the 2005-13 period, biofuel imports averaged to 5% of biofuel consumption. 
(g) M.Q. Wang et al (2012), Figure 5(b) provides a GREET-derived value of 76 gCO2e/MJ for typical U.S. corn ethanol and breaks it down into major components. Excluding their estimate for land-use change but including a DGS coproduct credit yields a CI value of 53 gCO2e/MJ, or 44% lower than their estimate of 94 gCO2e/MJ for petroleum gasoline. The biogenic CO2 emissions from ethanol would amount to 107 gCO2e/MJ (end-use plus fermentation). If those emissions are offset only 37% instead of 100%, that would add 67 gCO2e/MJ to the Wang et al estimate and bring corn ethanol up to 120 gCO2e/MJ, or 28% higher than gasoline. Thus, adjusting for incomplete additionality has large implications for the impact of biofuels, even before considering leakage effects such as ILUC. Note that a comparison such as this is time-dependent because the extent of additional uptake can vary from year-to-year, which again underscores the fact that the terrestrial carbon cycle is dynamic and therefore not simply reducible to an assumed equilibrium "lifecycle." 
A.2  Carbon Harvest Estimation
The two main databases available for national-scale analysis of agricultural production are the Annual Crop Production (ACP) survey data and Cropland Data Layer (CDL), both provided by the U.S. Department of Agriculture (USDA) National Agricultural Statistical Service (NASS). For the satellite-based CDL, complete coverage does not start until 2008 and accuracy varies according to region and crop type. The ACP is a long-running survey that provides an annual statistical sampling of planted areas and the quantities of crop harvested (USDA 2015). It is compiled by state and federal agricultural agency field staff and is considered to be the most definitive source of U.S. cropland information now available. Moreover, ACP data are available for the entire 2005-2013 analysis period and so we use it for our analysis. 
Because hundreds of different crops are grown in the United States, it is intractable to analyze all of them. However, production is greatly dominated by relatively few major crops. Because the CDL provides a direct assessment of land cover, we used it to create crop-specific data layers consistent with USDA classifications as described by Johnson (2013). After reclassifying certain minor crop types as done by previous cropland aggregation analyses (USDA 2010; Boryan et al 2014), we identified crops covering at least 95% of cropland area as measured by the CDL. We then used the ACP data for those dominant crops to estimate carbon harvest. 
Crop composition
The carbon and moisture content of each crop must be considered to calculate the amount of carbon in a harvest. For the ACP, crop production is measured directly after harvest, when the crops still retain some moisture. Carbon composition data, however, are given as a percent of dry biomass. The two values can be used to calculate the amount of carbon embodied in the crop harvest (as given in a formula below). 
Standard carbon and moisture content data for U.S. crops are listed in Table A1, which also lists national average yields as of 2013. The table also shows the values we calculated for carbon yield, given in units of MgC/ha/yr (metric tons of carbon per hectare per year) using average 2013 yields. Referring to the mass of carbon removed per unit area through harvesting, carbon yield is the dominant component of NEP on cropland and represents the downward flux of CO2 from the atmosphere into the biosphere on the cropland. 
The carbon content of crops generally ranges between 40% and 50% and varies only slightly from crop to crop. Moisture content also varies over a relatively narrow range, roughly 12%-16%, largely depending on what part of a plant gets harvested. For most crops, the seeds or grain are harvested. Exceptions include alfalfa and cotton. Alfalfa has a carbon and moisture content similar to other major crops, but in contrast to grains or beans, essentially all of its above-ground biomass is harvested. Cotton has a lower carbon content and much lower moisture content than other crops and only the lint is harvested, resulting in a much lower carbon yield. 
Carbon harvestTable A1. Composition data and recent yields for major field crops
Crop
Carbon 
Content
Moisture 
Contentf
Recent Yield (Bushels/acre)f
Carbon Yield (MgC/ha-yr)
Corn
42.1%a
15.5%
150
4.2
Soybeans
42.6%b
12.5%
42
1.1
Wheat
45.6%c
13.5%
44
1.2
Alfalfa
45.9%a
13.0%
133
3.7
Cotton
40.0%g
6.0%g
28
0.3
Sorghum
45.8%a
14.0%
63
1.6
Barley
47.5%c
14.5%
67
3.2
Rice
42.9%d
13.0%
157
1.3
Sunflower
43.7%e
8.0%
45
0.7
Sources:  a. Clarke & Preto (2011); b. C. Wang et al (2012); (c) Teagasc (2010). (d) He et al (2005); 
e. European Combustion Meeting (2015); f. derived from USDA NASS unless otherwise indicated; 
g. Hegde et al (2004). 

Using these composition parameters, the carbon embodied in a crop harvest is computed as: 
Hi = Qi x (1 - Mi) x Ci 
where 
Hi = Carbon present in crop i’s harvest
Qi = Annual quantity of crop production (in Mg, i.e., metric tons)
Mi = Percent moisture present crop i 
Ci = Percent carbon present in dry matter of crop i 
Applying this formula to Qi values obtained from the ACP reports yields the estimates of carbon harvest that are shown in Figure 3 in the main text. 
A.3  Comparing material carbon and direct process emissions flows
The significance of the material carbon flows evaluated by ABC accounting in comparison to the process GHG emission flows evaluated by conventional LCA can be seen by using estimates derived from EPA's process emissions factors as described above. This analysis is summarized here Table A2 for the base (2005) and final year (2013) of the evaluation period, with the last column of the table showing the change between these two years. 
The first line of Table A2 gives the carbon harvest evaluated as above and shown in Figure 2 of the paper. It is tabulated as a debit, i.e., a negative emission, in contrast to discharges into the atmosphere which are shown as positive numbers. The next three lines of the table give the GHG emissions associated with fuel processing, starting with the biogenic CO2 emitted during fermentation. Other biofuel-related process emissions include CO2 and other greenhouse gases (such as N2O from farm soils) from farming, biorefining and inputs to biofuel supply chains such as electricity, fertilizer, fossil fuels used in farming, feedstock and fuel transportation and other processing activities. These emissions rose from 3.1 TgC/yr to 10.3 TgC/yr over 2005-2013. Process emissions from petroleum fuel production dropped by roughly 10 TgC/yr, reflecting the displacement of gasoline and diesel by ethanol and biodiesel as well as the drop in fuel demand over the period. The next line gives vehicle tailpipe CO2 emissions. 
The last line in part (a) of the table is the vehicle-fuel system total, representing the sum of direct GHG exchanges with the atmosphere including the CO2 uptake (negative emissions) on cropland. Net emissions fell from 375 TgC/yr in 2005 to 337 TgC/yr in 2013, i.e., by 38 TgC/yr (about 10%) over the period. More than half of this drop (22.6 TgC/yr) is due to lower fuel demand. The rest is from changes in other carbon flows to and from the system, including gains in CO2 uptake on cropland as well as reductions in the flows of fixed carbon imported and exported across the vehicle-fuel system boundary. 
These fixed carbon flows are shown in part (b) of Table A2. Although the carbon input as CO2 from the atmosphere rose by 19.8 TgC/yr, the net flow of fixed carbon into the system fell by 44.3 TgC/yr, as shown in the last cell of the table. This value is the difference between the 49.2 TgC/yr drop in fossil fuel input and the 4.8 TgC/yr reduction in biomass outputs from the system. Thus, the net overall rate at which carbon entered the system as both CO2 from the atmosphere and as net fixed carbon (fossil input minus biomass output) decreased by 24 TgC/yr (the rounded difference of 44.3 minus 19.8, not shown in the table). 
A.4  Soil Carbon and Other Factors
As seen in Equation (3) of the main text, other potential dispositions of the carbon taken up on cropland include gains in soil organic carbon (ΔSOC); carbon in organic material transported away from fields (Ex), e.g., by erosion and other forms of runoff, into groundwater through leaching, blown away by wind; and carbon oxidized non-biologically (Ox), e.g., by fire. For purposes of our analysis we assumed that, compared to carbon harvest (H) values, these items are negligibly small based on the literature reviewed here. Table A2. Summary of vehicle-fuel system ABC analysis for 2005 and 2013
(a) GHG exchange with the atmosphere (TgC/yr)
Change
     (emissions positive, uptake negative)
2005
2013
2005-13
Harvest carbon uptake
(195.5)
(215.4)
(19.8)
Process emissions, biogenic
3.1
10.2
7.1
Process emissions, other biofuel related
3.1
10.3
7.2
Process emissions, petroleum fuels
109.2
99.3
(9.9)
Vehicle tailpipe (end-use) emissions
455.0
432.5
(22.6)
Vehicle-fuel system total
374.9
337.0
(38.0)
(b) Exchanges of fixed carbon with external systems (TgC/yr)
Biogenic carbon output	
185.9
181.0
(4.8)
Fossil carbon input
549.0
499.8
(49.2)
Net fixed carbon input (fossil in minus biogenic out)
363.1
318.8
(44.3)


Changes in soil organic carbon (∆SOC) are a component of NEP but one that entails a great deal of uncertainty. Spatial and temporal heterogeneity in soils and agricultural practices makes it very difficult to obtain a conclusive national-scale estimate of ∆SOC for annual cropland. 
The U.S. Greenhouse Gas Emissions Inventory addresses soil carbon stocks within the categories of Cropland Remaining Cropland and Land Converted to Cropland (EPA 2015, p. 6-41). The uncertainty of all such estimates is very high, stated as ±150% for annual soil carbon flux values (EPA 2015, p. 6-47). For Cropland Remaining Cropland, the inventory reported a reduction in the rate of soil carbon sequestration from 7.6 TgC/yr in 2005 to 6.4 TgC/yr in 2013, implying a decrease of 1.2 TgC/yr for this component of NEP.  For Land Converted to Cropland, the inventory estimated that the rate of soil carbon loss declined from 5.4 TgC/yr in 2005 to 4.4 TgC/yr in 2013 (EPA 2015, p. 6-55), implying an gain of 1.0 TgC/yr in that component of NEP. Combining both components implies a net reduction in ∆SOC of 0.2 TgC/yr over the 2005-2013, which is clearly negligible relative carbon harvest levels on the order of 200 TgC/yr (see Figure 3 in the main text). Therefore, the aggregate change in the amount of carbon retained or lost from the soil for annual cropland is at least two orders of magnitude smaller than the carbon harvest. The very high levels of uncertainty in ∆SOC preclude an estimate that differs statistically from zero, and so we treat it as zero in our analysis. 
[bookmark: BkmkTemp]The organic carbon physically transported away from cropland (Ex) is also highly variable and uncertain. Some of it gets metabolized elsewhere and some of it ends up in sediments. It is not generally considered to contribute to terrestrial carbon stocks except perhaps in areas where eroded sediments are deposited and so, unlike SOC, aggregate values of Ex are not tracked in GHG inventories. On an overall global basis, Schlesinger & Bernhardt (2013, p. 150) report a range of 0.01-0.1 MgC∙ha-1∙yr-1 for this term. For the net export of SOC from agricultural watersheds, Van Oost et al (2007) estimated a range of zero to ~0.07 MgC∙ha-1∙yr-1. Thus, Ex is at least an order of magnitude less than the carbon harvest values for major crops, which are of the order 1-4 MgC∙ha-1∙yr-1 (Table A1). In any case, no systematic data are available for making specific estimates of Ex and there is no reason to believe omitting it would bias the estimates of cropland NEP one way or another. Finally, unlike for forests, biomass loss because of fire is not significant for active cropland, and so it is safe to assume that Ox is zero for our analysis. 
A.4  Land Use Change
(a) Direct land-use change (DLUC) 
In the United States, some regions are seeing forest succession while in other locations cropland is expanding at the expense of other land uses, such as grasslands or land in the Conservation Reserve Program (CRP). Overall, the U.S. GHG inventory reports that the country's land-use sector has been a net sink, with average net carbon uptake of roughly 240 TgC/yr over the 2005-2013 period (derived from Table ES-2 in EPA 2015). Although carbon sequestration by the forest sink nationwide overshadows the carbon release from land conversion, the latter is still occurring and part of it involves cropland expansion. Little U.S. cropland expansion occurs at the expense of mature forests, which would cause a very large carbon stock release. However, a portion of it comes from grasslands and does involve a significant carbon release. Our analysis of USDA planted area data shows an increase of 10 million hectares (Mha), or by 8%, for major crops over the 2005-2013 period. Corn area increased by nearly 17% and soy by 6% (see the RFS-Crop-Analysis workbook). 
The literature that focuses on land-use and land-cover changes associated with U.S. cropland indicates a net loss of carbon sequestering land since the RFS took effect. Using the satellite-based CDL, Lark et al (2015) found that 3.0 million hectares (Mha; or 7.3 million acres) of land that had been uncultivated since 2001 was converted to cropland between 2008 and 2012. That gross expansion amounts to 2.6% of the roughly 120 Mha of active plus intermittent cropland in the United States. The same period saw the abandonment of 1.8 Mha of cropland, so that net expansion amounted to 1.2 Mha. However, carbon stock releases from the gross land conversion, 77% of which came from grassland, dominate sequestration in abandoned croplands. Lark et al (2015) estimated a likely net DLUC release of 131 MMT CO2e (36 TgC in the units used here) over 2008-12. Because they rely on the CDL, which starts in 2008, Lark et al did not estimate land-use change between 2005 and 2008. Because our analysis is only using land-use change estimates for comparison purposes, we reference the Lark et al estimate for 2008-2012 while noting that the total DLUC impact over 2005-2013 was most likely higher than that. 
(b) Indirect land-use change (ILUC)
Indirect land-use change (ILUC) has become one of the most debated and analyzed aspects of fuel-related LCA since the RFS and LCFS required its determination for regulatory purposes. The range of estimates is quite large and depends on model choice and structural assumptions at least as much as it involves uncertainties in data (Plevin et al 2015). For purposes of this analysis, we do not attempt to assess which of the many ILUC modeling approaches might be the most reasonable. Rather, we use EPA's modeling outputs for the RFS and re-apply them for the year-at-a-time accounting used by the ABC method, without presuming that carbon stock releases due to land-use change can be amortized over a predetermined period of time, such as the 30-year lifecycle assumed for the RFS. 
The EPA (2010c) fuel-specific LCA spreadsheets provide annual projections for biofuel expansions made in the years 2012, 2017 and 2022. The 2022 results are featured in the final rule and an earlier version of the ILUC analysis conducted for the proposed rule was illustrated in Figure VI.B.5-1 of that document (EPA 2009, p. 25034). ILUC causes a very large initial carbon release due to land clearing followed by years of lower-level releases from soil carbon loss that eventually taper off to a long-term effect of foregone forest carbon sequestration. We adopt EPA's mid-range ILUC carbon release estimates for expansions that occur in 2012 in order to represent the effect during our 2005-2013 analysis period. These projected ILUC releases for corn ethanol and soy biodiesel are plotted here in Figure A1; note the use of a logarithmic vertical scale that shows how the initial carbon release is well over an order of magnitude larger than the subsequent annual releases. [image: ]
Figure A1.	Carbon release patterns for indirect land-use change (ILUC) 
due to expanding corn ethanol and soy biodiesel production 
Grey arrow shows maximum extent of integration (summation of areas under the curves) 
used to estimate cumulative impacts through 2013. 
Source: derived from EPA (2010c) projections for expansions in 2012. 

To combine these ILUC impact estimates with our annual accounting, we integrate the area under the curve from each year of biofuel expansion through 2013. Thus, the maximum number of years summed is eight (from 2005 to 2013), as illustrated by the block arrow in the figure. For example, to estimate cumulative ILUC emissions through 2013 for an increase in corn ethanol use from 2007 to 2008, we sum the first six years under the corn ethanol curve in Figure A1. The same approach is used to estimate the ILUC impact for soy biodiesel. Details of these calculations are given in Tab L of the RFS-ABC-Analysis workbook. 
Summing the results for both ethanol and biodiesel over the staggered periods of up to eight years between 2005 and 2013 yields a cumulative release of 433 TgC (million metric tons of carbon mass, which corresponds to nearly 1.6 billion tons on a CO2 mass basis). Any such ILUC projection is highly uncertain; applying the uncertainty levels calculated by Plevin et al (2010) suggest a range of roughly 300 TgC to 600 TgC for the ILUC impact over the 2005-2013 period. Nevertheless, such estimates reflect an impact that is is an order of magnitude greater than that of DLUC. Together, the CO2 releases related to land-use change swamp the changes in direct emissions from the vehicle-fuel system. Even if highly uncertain, they clearly serve to push the overall GHG emissions impact of the renewable fuel expansion into a zone of being worse than the GHG emissions from continued use of petroleum fuels over the period. Moreover, because the increase in NEP on cropland was insufficient to fully offset the biogenic emissions, the carbon debt due to DLUC and ILUC will take longer to repay than implied by analyses that assume biofuel carbon neutrality, if it can be repaid at all. 
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