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ABSTRACT 14 

The United States produced more than 66.2 billion Liters of biofuel, primarily in the form of corn 15 

ethanol (61 billion Liters) and soybean biodiesel (6 billion Liters), for the transportation industry in 2017. 16 

No work currently exists that evaluates both the economic and environmental outcomes of this industry 17 

with adequate geospatial resolution and national scope. In this study, a model framework is constructed 18 

to perform Techno-Economic Analysis and Life Cycle Assessment using high-resolution input datasets to 19 

provide a granular estimation of corn ethanol and soybean biodiesel sustainability performance in most 20 

counties in the United States in 2017 (the most recent year for which data is available). Results show a 21 

total life cycle, greenhouse gas emission volume of 99.5 million Mg CO2-eq produced in 2017 by these 22 

two biofuels (94.8 million Mg from corn ethanol, and 4.7 million Mg from soybean biodiesel), excluding 23 

indirect land use change emissions. This volume corresponds to a combined carbon intensity of 65.3 24 

gCO2-eq/MJ, which is a greenhouse gas improvement compared to petroleum-based gasoline (the carbon 25 

intensity of conventional gasoline is 93.0 gCO2-eq/MJ). However, these biofuels are produced at an 26 

additional economic cost ($1.8 billion over the displaced gas/diesel).  Additionally, these biofuels 27 

generate unfavorable impacts in other environmental categories when compared to petroleum-based 28 

fuels, particularly in areas of water, land, and nitrogen intensity. This work enables stakeholders to 29 

assess the specific value of biofuels as a means of emission reduction and determine if the attained 30 

improvements are worth the associated opportunity costs.  31 

 32 

Keywords: Biofuel; Life Cycle Assessment; Techno-Economic Analysis; Land Use Change; Marginal 33 

Land; Renewable Fuel Standard 34 

 35 

 36 

 37 
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1.  INTRODUCTION 63 

The passage of the Energy Policy Act of 2005 established the Renewable Fuel Standard program and 64 

accelerated biofuel production in the United States (Energy Information Administration, 2022a). 65 

Domestic biofuel output more than doubled between 2005 and 2008 and the US industry production 66 

capacity reached 79.5 billion L (21 billion gallons) of biofuel per year in 2022 (Energy Information 67 

Administration, 2022b). Corn ethanol constitutes the majority of annual production, with nearly 61 68 

billion L (16 billion gallons, or 89% of total biofuel volume) being produced in 2017 (Energy Information 69 

Administration, 2022a, 2022b). Biodiesel made up most of the remaining quantity with annual 70 

production reaching 6.1 billion L (1.6 billion gallons, or 9% of total biofuel volume) in 2017 (Energy 71 

Information Administration, 2022b, 2022a). The primary feedstock used for biodiesel production in 2017 72 

was soybeans, and about 3.4 billion L (0.9 billion gallons, or 5% of total biofuel volume) can be 73 

attributed to this crop/fuel combination (Energy Information Administration, 2017). Numerous other 74 

niche producers constituted about 6% of biofuel production in the US (Energy Information 75 

Administration, 2022a). Biofuels are most frequently blended with conventional fuels for consumption 76 

as this improves the emission profile of the consumed fuel without causing reduced engine performance 77 

(United States Environmental Protection Agency, 2010). It is important to note that the biofuel industry 78 

has changed since 2017. Notably, renewable diesel—a biofuel that is chemically indistinguishable from 79 

conventional diesel—has shown substantial growth in the last five years, with production volumes 80 

increasing more than four-fold since 2017 (US Energy Information Administration, 2023). Renewable 81 

diesel production nearly matched biodiesel production in 2022 (US Energy Information Administration, 82 

2023). However, corn ethanol production has remained relatively constant over the past decade, and it 83 

continues to be the most prolific biofuel type by a wide margin (US Energy Information Administration, 84 

2023).  85 
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Both of these biofuels represent greenhouse gas (GHG) emission-reducing systems with 86 

development supporting a reduction in the environmental consequences that are associated with the 87 

transportation industry (United States Environmental Protection Agency, 2010). These pathways are 88 

categorized as first-generation biofuels because the biomass that is used to produce the fuel is a food 89 

product. First-generation biofuels have been the subject of contention for many years (Babcock et al., 90 

2011), and researchers have raised concerns about the use of a food resource for transportation fuel 91 

(the Food-vs-Fuel debate). Specifically, concerns regarding the dedication of a food resource for the 92 

transportation industry (the Food-vs-Fuel debate) and the variability associated with the quantification 93 

of life cycle emissions has called into question the sustainability of the industry. Lark et al. (Lark et al., 94 

2022) recently evaluated the emissions impact of the corn ethanol industry to be worse than that of 95 

conventional gasoline, and other studies have identified the conversion of unused land for the purpose 96 

of feedstock production (Land Use Change, or LUC) as being generally detrimental to the emission 97 

profile of biofuels (Lark et al., 2022; Searchinger et al., 2008) and having negative impacts on ecosystems 98 

converted into row cropping (Schulte et al., 2017). The Lark et al. 2022 publication has received 99 

rebuttals and comments from numerous institutions that suggest the results presented are based on 100 

worst-case assumptions or are erroneously high (Falconi et al., 2022; Renewable Fuels Association, 101 

2022; Taheripour et al., 2022), and the Searching et al. 2008 publication is no longer commonly used for 102 

quantitative reference. However, such concerns indicate a need for circumspect, thorough sustainability 103 

assessment of the corn ethanol and soybean biodiesel industries. The biofuel industry is constituted of 104 

numerous diverse farms, distribution centers, and processing facilities, each possessing unique 105 

characteristics and complex interactions with one another. This complexity makes accurate, granular 106 

assessment of a biofuel’s environmental performance difficult.  107 

Stakeholders have assessed the environmental performance of corn ethanol and soybean biodiesel 108 

to determine if the intended emission improvements are being achieved (Greer et al., 2020; Kim et al., 109 
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2009; Kim & Dale, 2008; Kraatz, 2013; Li et al., 2021; Mekonnen et al., 2018; Mignone et al., 2022; 110 

Pereira et al., 2019; Rajaeifar et al., 2014; Scully et al., 2021; Tabatabaie et al., 2018; United States 111 

Environmental Protection Agency, 2010). However, only a few of these publications incorporate 112 

economic evaluation into their analysis (Li et al., 2021; Tabatabaie et al., 2018; United States 113 

Environmental Protection Agency, 2010). It is critical to include economic outcomes in biofuel 114 

sustainability assessment (Mahmud et al., 2021); doing so enables the quantification of tradeoffs in a 115 

tangible and consistently evaluated way. Beyond economic considerations, only a handful of 116 

publications characterize geospatial heterogeneity within their assessment (Li et al., 2021; Pelton et al., 117 

2021; Tabatabaie et al., 2018). Geographic variation in pathway behavior causes regional tradeoffs that 118 

may not be identified in aggregated analysis (Li et al., 2021; Pelton, 2019; Pelton et al., 2021).  119 

The overarching goal of this study is to quantify the economic and environmental performance of 120 

the 2017 US biofuel industry to evaluate performance tradeoffs and identify hot-spots with county-level 121 

results. To our knowledge, there are no prior studies that include economic and environmental 122 

performance analysis with nation-wide geospatial resolution for both corn ethanol and soybean 123 

biodiesel (the US Environmental Protection Agency, or EPA, has a current draft in production that 124 

provides thorough analysis of the industry but is not currently available for citation). To address this 125 

research need, this work involves the construction of a model that evaluates the environmental impact 126 

and economic viability of corn-based ethanol and soy-based biodiesel through the incorporation of 127 

geospatial data. The model framework integrates Techno-Economic Analysis (TEA) and Life Cycle 128 

Assessment (LCA) modules to calculate the Minimum Fuel Selling Price (MFSP, $/MJ), GHG impact 129 

(GHGi, gCO2-eq/MJ), water depletion potential (WDP, m3/MJ), eutrophication (EUT, kg Neq/MJ), 130 

respiratory effects (RE, kg PM2.5-eq/MJ), and agricultural land use occupation (ALOP, m2a/MJ) of both fuel 131 

types. In addition to the result types above, other environmental impact results are generated and 132 

discussed and include acidification potential, ecotoxicity, human health – carcinogens, human health – 133 
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non-carcinogens, ozone depletion, tropospheric ozone formation, fossil resource depletion, and 134 

cumulative energy demand. Country-wide and county-scale input datasets are incorporated in order to 135 

deliver a solution set that characterizes the sustainability performance of both biofuel types in all 136 

counties across the US with adequate geospatial resolution. This work produces results that describe the 137 

economic and environmental performance of corn ethanol and soybean biodiesel production for each 138 

county in the continuous United States. The analysis presented here is conducted for the 2017 year as 139 

this is the most recent year for which Census of Agriculture data is available (Perdue & Hamer, 2019). 140 

Based on the current state of the field there is a need for such quantification, and this work is aimed at 141 

addressing this gap. No work thus far delivers this array of performance results for the contiguous 142 

United States with this level of resolution.  143 
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2.  METHODS 144 

The methods are broken down into six subsections representing the components necessary for 145 

the completion of this analysis. The first two subsections detail the model structure and the process 146 

modeling techniques used. The third and fourth subsections discuss the assumptions used for the TEA 147 

and the LCA calculations. The fifth section details the specific geographic input data used in this study 148 

and the sixth section provides the methods used to calculate the effective economic cost of avoided 149 

emissions. 150 

2.1  MODEL STRUCTURE 151 

The primary model components are depicted in Figure 1. The foundational units of the 152 

framework—the process models—were constructed to characterize the corn ethanol and soybean 153 

biodiesel pathways (Section 2.2). The process models quantified material, energy, and economic flows 154 

for the production systems (defined the Input/Output, or I/O, array).  The TEA and LCA modules then 155 

imported these I/O lists and ran economic and environmental performance analysis on the specific flow 156 

amounts described. The TEA module calculated MFSP (Section 2.3) and the LCA module quantified 157 

environmental impacts (Section 2.4). The process models were constructed with default values for 158 

substance and energy requirements (e.g., the amounts of corn seed, irrigation water, or capital costs 159 

used in fuel production) that were retrieved from the literature. These default (or baseline) values 160 

represent generic corn ethanol and soybean biodiesel production systems. The results of the process 161 

models with these default flow amounts constitute the baseline pathway results, and these results were 162 

used for validation and comparison to other corn ethanol and soybean biodiesel TEA/LCAs. For 163 

nationwide analysis, county-specific flows (e.g., the amount of irrigation water used in Cherry County, 164 

Nebraska) replaced the default flows in order to provide a characterization of the specific production 165 

pathway present in some given county. Constructing the model in this way enabled thousands of 166 

geographically unique counties to be assessed in a consistent manner. A comparison of the baseline 167 
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results to published literature sources is presented in the Supplementary Information: Appendix B. 168 

Section 2.5 provides a more thorough description of how geospatial data is utilized.   169 

 170 

Figure 1—Process Flow Diagram of primary model components. Geospatial input datasets are integrated with fixed/scaled 171 
inputs to produce process models for corn ethanol and soybean biodiesel pathways. Process models characterize aggregated 172 
flows associated with fuel production (Input/Output or I/O list). The I/O list feeds into the Techno-Economic Analysis (TEA) and 173 
Life Cycle Assessment (LCA) modules to quantify economic and environmental performance with county level resolution. (MFSP = 174 
Minimum Fuel Selling Price) 175 

2.2  PROCESS MODELS 176 

The process models quantified the flow amounts in the I/O arrays for each step in a fuel 177 

production process. For instance, the substance and energy requirements associated with corn 178 

production were defined by the corn cultivation process model. The particular quantity of every flow 179 

was specified with a Model Independent Variable (MIV). These values were retrieved from literature 180 

sources that have performed similar characterization of the corn ethanol and soybean biodiesel 181 

production pathways. MIVs fall into three categories: fixed, geospatial, or scaled. Fixed MIVs define flow 182 

amounts that are static and do not vary from county to county (e.g., herbicide application). Geospatial 183 

MIVs define flow amounts that are county specific (e.g., volume of irrigation water used). Scaled MIVs 184 

define flow amounts relative to another flow (e.g., nitrous oxide emission quantity scales off the 185 

nitrogen fertilizer application rate). Supplementary Information: Appendix A presents an exhaustive list 186 

of the MIVs used in both pathways. Supplementary Information: Appendix C presents a more thorough 187 

description of the process models and literature sources from which the MIVs were retrieved. Figure 2 188 

provides a shortened list of key MIVs.   189 
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  208 
Figure 2—Process Flow Diagrams for the corn ethanol and soybean biodiesel pathways. Primary Model Independent 
Variables (MIVs) for the baseline scenarios are presented. 
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2.3  TECHNO-ECONOMIC ANALYSIS 209 

A TEA was performed with a 30-year Discounted Cash Flow Rate-of-Return analysis that 210 

assessed the minimum price at which the final product must be sold in order to produce a net-present 211 

value of zero. This amount is the MFSP. Specific parameters used for the TEA include a discount rate of 212 

10%, a federal tax rate of 21%, a state tax rate of 6.1%, an investor equity share of 40%, an interest rate 213 

of 8%, a loan term of 10 years, a maintenance rate of 3%, an insurance rate of 1%, no construction 214 

period, no tax credit, and a 7-year Modified Accelerated Cost Recovery System depreciation schedule. 215 

Financial incentives (e.g., Renewable Identification Numbers) exist for biofuels in the US and it is 216 

important to recognize that they can influence the economic balance in substantial ways. However, the 217 

analysis presented in this work is aimed at quantifying the cost of fuel production (rather than the retail 218 

price of the biofuel), so such incentives are not included here. Operating expenses (OPEX) for the fuel 219 

production processes were calculated from the I/O arrays using prices listed in Supplementary 220 

Information: Appendix A. Nth of a Kind capital cost assumptions were applied as defined by the National 221 

Renewable Energy Lab and the Department of Energy’s Bio-Energy Technologies Office for all process 222 

steps (Humbird et al., 2002). This is a reasonable assumption to make as both the corn ethanol and 223 

soybean biodiesel industries are well established: 192 corn ethanol and 69 soybean biodiesel plants 224 

were operating in 2017 (U.S. Energy Information Administration, 2018). This analysis assumes that 225 

cropland is not being purchased and paid off with substantial loans; a small percentage of total US 226 

agricultural land changes ownership through direct purchase at any given time (Bigelow et al., 2016). 227 

However, nearly 60% of all corn and soy farms make rent payments (Bigelow et al., 2016). Average rent 228 

payments were retrieved from the USDA’s 2017 Census of Agriculture and incorporated into the analysis 229 

(Perdue & Hamer, 2019).  230 
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2.4  LIFE CYCLE ASSESSMENT 231 

The LCA applied a well-to-wheels system boundary to quantify environmental impacts for GHGi, 232 

WDP, EUT, RE, and ALOP. GHGi quantifies the total GHG emissions that are associated with the fuel 233 

production process, including all direct and upstream processes that contribute to the greenhouse 234 

effect, and is given in units of gCO2-eq (Bare et al., 2012). WDP quantifies water that is “evaporated, 235 

incorporated into products, transferred to other watersheds or disposed in the sea” (Huijbregts et al., 236 

2017), and its units are m3. EUT is defined by the US EPA as the “enrichment of an aquatic ecosystem 237 

with nutrients (nitrates, phosphates) that accelerate biological productivity (growth of algae and weeds) 238 

and an undesirable accumulation of algal biomass” (U.S. Environmental Protection Agency, 2008a) and 239 

its units are kg Neq. RE quantify the total amount of “’fine particles’ which are smaller than or equal to 240 

2.5 micrometers in diameter and are often products of combustion” (U.S. Environmental Protection 241 

Agency, 2008b) and its units are kg PM2.5eq. ALOP assesses the “relative species loss due to local land 242 

use” (Huijbregts et al., 2017) and is quantified in square-meter years (m2a). The functional unit was 1 MJ 243 

of liquid transport fuel. This functional unit is frequently selected when assessing the environmental 244 

outcomes of a liquid biofuel (Pereira et al., 2019; Scully et al., 2021). The model performed co-product 245 

burden attribution through economic (market-based) allocation methods (DeRose et al., 2019). Specific 246 

co-products included Dried Distillers Grains with Solubles (DDGS) for the corn ethanol production 247 

pathway, and soymeal and glycerol for the soybean biodiesel production pathway. Economic allocation 248 

factors were 0.81 for ethanol and 0.44 for biodiesel. Supplementary Information: Appendix A provides 249 

energy allocation results.  250 

The model incorporates Life Cycle Inventory (LCI) data from the EcoInvent 3.8 Database accessed 251 

through the OpenLCA 1.11 platform. LCI values that corresponded to the United States region were 252 

selected where possible, and inventories of the market type were prioritized. LCI values of the market 253 

type were selected when available as this includes not only the embodied emissions of a substance but 254 
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also relevant market shares and transportation emissions (Wernet et al., 2016a). Cutoff allocation, in the 255 

context of LCI values, refers to the specific way that environmental burdens from recycled flows are 256 

assessed. Due to the organization of this particular analysis, the distinction between cutoff and 257 

allocation at-point-of-substitution data is not critical; remaining consistent in the selected allocation 258 

type is relevant (Wernet et al., 2016a).  These LCI values apply the TRACI v2.1 and ReCiPe impact 259 

assessment methodologies in order to provide flow specific metrics of environmental impact. The TRACI 260 

v2.1 assessment methodology evaluates the GHGi of emissions on a 100-year timeline (Bare et al., 261 

2012). Because different gases possess different greenhouse behavior, GHGi results are presented in 262 

units of carbon dioxide equivalents (CO2-eq), where the total global warming potential of other GHGs are 263 

normalized to the equivalent amount of carbon dioxide emissions which would produce the same effect. 264 

The gas specific equivalence factors are 1 gCO2-eq/gCO2, 27 gCO2-eq/gCH4, and 273 gCO2-eq/gN2O as are 265 

specified by the Intergovernmental Panel on Climate Change Sixth Assessment Report methodology 266 

(Calvo Buendia; Peru et al., 2019).  267 

The LCA module is constructed to accept data regarding LUC emissions. LUC impacts are separated 268 

into two categories: direct (DLUC) and indirect (ILUC) (Brandão et al., 2022; Searchinger et al., 2008). 269 

DLUC quantifies the soil organic carbon emissions that are physically released at the farm when 270 

previously unused land is converted to support agricultural cultivation (Brandão et al., 2022). ILUC 271 

quantifies the emissions that are associated with a nontrivial increase in a market’s demand for a crop, 272 

and that crop’s subsequent extensification. Specifically, previously unused land in a different geographic 273 

location is converted in order to accommodate the existing food/feed demand for a crop due to its 274 

diversion to fuel production. The LUC emissions that occur at this geographically separate location (due 275 

to the physical conversion of this land) are then attributed to the fuel production system, as it is this 276 

system that is deemed responsible for the change (Brandão et al., 2022). ILUC is very difficult to 277 

quantify, and a high level of uncertainty regarding its assessment has resulted in corn ethanol ILUC 278 
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contributions ranging from 6 gCO2-eq/MJ to 39 gCO2-eq/MJ (Elliott et al., 2014; Lark et al., 2022) (for 279 

context, the EPA evaluates the GHGi of gasoline use at 93 gCO2-eq/MJ (U.S. Environmental Protection 280 

Agency, 2022b)). Soy biodiesel results have ranged similarly, and many life cycle practitioners elect to 281 

disregard the effects of ILUC in assessing environmental outcomes; a choice which is replicated here 282 

(Beal et al., 2021; Pelton et al., 2021). LUC, in the context of this analysis, refers to the DLUC emissions 283 

which results from the change in the soil organic carbon profile of a particular plot of land. Quantified 284 

DLUC emissions were brought into the model at a county scale for both corn and soybean, and a more 285 

thorough discussion of these data is provided in Section 2.5. 286 

2.5  GEOSPATIAL INPUT DATA 287 

In order to accurately capture the geospatial variability that is present across the contiguous 288 

United States, county-level data was integrated as shown in Figure 1. Specific input sets include areal 289 

crop yield (kg/ha), cost of electricity ($/kWh), emissions from electricity (gCO2-eq/kWh), nitrogen 290 

fertilizer application rates (kg N/ha), irrigation rates (kg water/ha), and DLUC emissions rates (kg CO2-291 

eq/ha). These data are available in Supplementary Information: Appendix A. The United States 292 

Department of Agriculture National Agricultural Statistics Service provides county-level crop production 293 

and acreage dedication statistics for both the corn grain and soybean industries in 2017, the most recent 294 

year for which this census data was available (Perdue & Hamer, 2019). From these two sets, the model 295 

obtained a county average kg/ha areal crop yield. Electricity grid emissions and cost quantities were 296 

retrieved from the EPA’s eGrid service and from the Energy Information Administration (EIA), 297 

respectively (Energy Information Administration, 2019; U.S. Environmental Protection Agency, 2022a). 298 

Only state level characterizations of this data were available. Secondary impact values of the electricity 299 

grid (e.g., EUT) were obtained from the EcoInvent 3.8 database, and were only available at a grid-level 300 

resolution. Finally, Pelton et al. 2021 (Pelton et al., 2021) offers county-level datasets which include 301 

nitrogen fertilizer application rates (kg/ha), emissions due to DLUC (kg/ha), and irrigation rates (kg/ha) 302 
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at a county-level for most of the contiguous US. The DLUC values were calculated through the 303 

incorporation of land conversion data from (Lark et al., 2020) with the carbon emissions model of 304 

(Spawn et al., 2019). Pelton et al.’s 2021 analysis then approximated the carbon emissions for a specific 305 

parcel of land with the stock-difference method. Data from Pelton et al. 2021 was incorporated as it is 306 

the highest-resolution characterization of inputs for the corn and soybean production industries that is 307 

readily available to date. This approach was preferrable to attempting to replicate the same information 308 

through analysis of disparate sources that likely possess inconsistent footprints or methodologies. A 309 

more detailed explanation of how these values were obtained is available in (Pelton et al., 2021). By 310 

integrating these datasets, the model achieved a decoupled set of geospatial inputs that are 311 

independent of the county-specific biomass produced, which is critical to capturing geospatial 312 

heterogeneity and its impact on sustainability performance. This geospatial input data is primarily 313 

related to characterizing agricultural production rather than fuel conversion; only the electricity grid 314 

variations influenced fuel production behavior. This was done as the primary processes that dictate 315 

agricultural production are more sensitive to geographical location than those that govern fuel 316 

production. For instance, the required volume of water for ethanol fermentation changes much less 317 

than the total water requirements for agricultural production of corn grain does from location-to-318 

location.  319 

The process models quantified flows on an areal basis (e.g., kg soybeans produced per ha, kg 320 

nitrogen fertilizer applied per ha, etc.), for each county where input data was available. In order to 321 

characterize the aggregate outcomes of the biofuel sector, these county results were weighted based on 322 

their relative production fraction. The industry is characterized by numerous and complex commodity 323 

flows that govern where produced biomass is converted to fuels. This makes the characterization of 324 

county-to-county corn grain and soybean destination tracking difficult. Pelton et al. 2021 has previously 325 

addressed this behavior in the context of an LCA but did not publish estimates for biomass used for 326 
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biofuel results on a county-by-county basis. As such, the biomass used for biofuel production was 327 

estimated for this work based on the geographic locations of biofuel plants provided by the EIA’s US 328 

Energy Atlas (U.S. Energy Information Administration, n.d.-a, n.d.-b). County-level biomass was allocated 329 

to each biofuel plant based on distance to the plant assuming all biomass is located at each county’s 330 

centroid. Each county’s centroid was calculated using QGIS and Esri’s USA Counties shapefile data (Esri, 331 

n.d.). If two plants were competing for the same county’s biomass, priority was given to the biofuel 332 

plant with the highest production capacity. County-level biomass estimation was validated using 333 

reported state-level biomass to biofuel values. Reported values could only be found for 11 states, but 334 

the mean difference between reported and estimated biomass used for biofuel production was 1.4% for 335 

corn ethanol. Full details on the biomass to biofuel estimation methods used are provided in 336 

Supplementary Information: Appendix D. The resulting county-level biomass to biofuel quantities are 337 

termed the Biomass Use Fractions (𝐵𝑈𝐹; kg biomass used for biofuels/kg fuel produced). Therefore, the 338 

total amount of biofuel produced in the US in 2017 (𝑉𝐵𝐹) can be characterized in gallons of gasoline 339 

equivalent (GGE) as: 340 

𝑉𝐵𝐹 [
𝐺𝐺𝐸

𝑦𝑟
] = ∑ 𝑉𝐶𝐸𝑖

𝑛

𝑖

+ ∑ 𝑉𝑆𝐵𝑖

𝑛

𝑖

 341 

(1)  342 

where 𝑉𝐶𝐸  is the amount of corn ethanol and 𝑉𝑆𝐵 is the amount of soy biodiesel that is produced in all 343 

contiguous US counties (n=3,082 counties). The amount of corn ethanol produced in 2017, 𝑉𝐶𝐸, is 344 

calculated as 345 

𝑉𝐶𝐸 = ∑ 𝑉𝐶𝐸𝑖

𝑛

𝑖

= ∑ 𝐴𝐶𝑖
[
ℎ𝑎

𝑦𝑟
] ∙ 𝑌𝐶𝑖

[
𝑡

ℎ𝑎
] ∙ 𝐵𝑈𝐹𝑖 [

𝑡 𝑢𝑠𝑒𝑑

𝑡
] ∙ 𝐹𝑌𝐶𝐸 [

𝑡 𝑓𝑢𝑒𝑙

𝑡 𝑢𝑠𝑒𝑑
]

𝑛

𝑖

 346 

(2)  347 
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where 𝐴𝐶𝑖
 is the county-specific area of land dedicated to corn growth in 2017, 𝑌𝐶𝑖

 is the county-specific 348 

areal corn grain yield achieved, and 𝐹𝑌𝐶𝐸  is the ratio of fuel (corn ethanol) produced per biomass (corn 349 

grain) input that is derived from the process model steps detailed above. 𝑉𝐶𝐸  and 𝑉𝑆𝐵 were calculated to 350 

be 60.1 billion L (15.9 billion gallons) and 3.3 billion L (.9 billion gallons), respectively. These values 351 

display reasonable parity with the reported production volumes of the associated biofuels (Energy 352 

Information Administration, 2022b) and this calculation is available in Supplementary Information: 353 

Appendix A. The model was executed for each county in the contiguous United States where input data 354 

was available. The USDA’s 2017 Census data have varying footprints for the corn and soy crops (Perdue 355 

& Hamer, 2019). This is responsible for the different footprints present in the maps below as the analysis 356 

was not performed for counties where no yield data was available. Monte Carlo Analysis was performed 357 

(Supplementary Information: Appendix E) and the results presented constitute the mean outcome for 358 

each county over the stochastic analysis. 359 

2.6  EFFECTIVE COST OF AVOIDED GREENHOUSE GAS EMISSIONS  360 

Comparing the sustainability performance of conventional fuels (with relatively low economic 361 

cost and relatively high carbon emissions) to biofuels (with relatively high economic cost and relatively 362 

low carbon emissions) is a difficult task.  The Avoided GHGs Cost (AGC) metric presents the economic 363 

cost per unit of avoided emissions in order to enable clear comparison to other negative emissions 364 

technologies. The AGC of a biofuel is calculated as in Equation 3. 365 

𝑀𝐹𝑆𝑃𝐵 (
$

𝑀𝐽
) −  𝑀𝐹𝑆𝑃𝑃𝑒𝑡𝑟 (

$
𝑀𝐽

 )

𝐺𝐻𝐺𝑖𝑃𝑒𝑡𝑟 (
𝑔 𝐶𝑂2−𝑒𝑞

𝑀𝐽
) −  𝐺𝐻𝐺𝑖𝐵 (

𝑔 𝐶𝑂2−𝑒𝑞

𝑀𝐽
 )

 ×  106  (
𝑔𝐶𝑂2−𝑒𝑞

𝑀𝑔 𝐶𝑂2−𝑒𝑞
) =  𝐴𝐺𝐶 (

$

𝑀𝑔 𝐶𝑂2−𝑒𝑞
) 366 

(3)  367 

Where MFSPB is the calculated MFSP of a biofuel (i.e., of corn ethanol or soybean biodiesel) and 368 

MFSPPetr is the cost of petroleum-based, conventional fuels (i.e., of gasoline or diesel). GHGiPetr 369 
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corresponds to the reported GHGi of the petroleum-based fuel and GHGiB corresponds to the calculated 370 

GHGi of the biofuel. The assumed cost of petroleum-based fuels presented for this analysis is 371 

$0.0207/MJ ($2.50/Gal gasoline or $2.84/Gal diesel). It is important to note that this value is volatile and 372 

the retail price of gasoline ranges substantially. Moreover, the additional cost of biofuel is sensitive to 373 

this petroleum-based volatility. In order to provide an accurate characterization, a sensitivity analysis is 374 

presented in Supplementary Information: Appendix A that evaluates AGC for a number of petroleum-375 

based fuel prices.   376 
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3. RESULTS AND DISCUSSION 377 

Sustainability results are presented in three sections. First, results in Section 3.1 include 378 

sustainability outcomes that are not weighted by their relative share of national production. This section 379 

serves to highlight regional variations in fuel performance and to explain the mechanisms that are 380 

responsible for economic or environmental hot spotting. Second, results in Section 3.2 include 381 

sustainability outcomes that have been weighted by their relative share of national production. This 382 

section serves to quantify the total impacts of the biofuel industry by aggregating emissions and costs. 383 

Finally, results in Section 3.3 include AGC results for both pathways.   384 
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3.1  SUSTAINABILITY PERFORMANCE RESULTS 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

  405 

Figure 3a—Economic and Environmental results for the corn ethanol and soybean biodiesel pathways. Plotted metrics include 
Minimum Fuel Selling Price or MFSP (Top), Greenhouse Gas Impact or GHGi (Middle), and Water Depletion Potential or WDP 
(Bottom). Maps present results for regions where agricultural yield data was available and have grayed-out counties where yield 
data was unavailable.  
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 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 Figure 3b—Continued sustainability results for the corn ethanol and soybean biodiesel pathways. Plotted metrics include 
Eutrophication or EUT (Top), Respiratory Effects or RE (Middle), and Agricultural Land Occupation or ALOP (Bottom). Maps 
present results for regions where agricultural yield data was available and have grayed-out counties where yield data was 
unavailable.  Jo
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Sustainability performance results for the corn ethanol and soybean biodiesel pathway are 424 

presented in Figure 3. Sustainability results are significantly sensitive to all geospatial inputs (yield, 425 

nitrogen fertilizer use, emissions from DLUC, and irrigation rate), and an exhaustive list of all correlation 426 

coefficients (and associated p-values) between each input and each output is available in Supplementary 427 

Information: Appendix A. The following section will explore relationships between geospatial inputs and 428 

results that have strong (>0.7) correlations. Scatter plots were generated for each I/O combination and a 429 

select few are available in Supplementary Information: Appendix E (the rest are available upon request).  430 

MFSP results are highly sensitive to the yield that is associated with a particular county: the 431 

Spearman Correlation Coefficient between MFSP and areal yield is 0.960 for ethanol and 0.997 for 432 

biodiesel (p-values of zero in both cases). This correlation is strong as areal yields are decoupled from 433 

assumed capital expenses associated with the farm. Thus, any farm with low areal yield would need to 434 

charge more for its crop in order to break even on investment. Due to this dependence on areal yield, it 435 

is economically inadvisable to dedicate low productivity lands to producing first-generation biofuel 436 

feedstocks. Though this particular relationship is obvious, quantifying the specific strength of the 437 

relationship enables comparison of result sensitivity to other inputs.  438 

GHGi is significantly sensitive to the DLUC effects associated with a county (Pearson’s r: 0.911 439 

for ethanol and 0.965 for biodiesel, p-value = 0 in both cases). This relationship is strong as GHG 440 

emissions due to DLUC effects are added to life-cycle emissions and do not improve the fuel yield in any 441 

way; DLUC emissions constitute a GHGi penalty for which there is no upside. DLUC effects are 442 

responsible for the particularly high GHGi counties (i.e., counties with a GHGi of 200 gCO2-eq/MJ and 443 

above); all counties with this GHGi and above have a non-zero DLUC impact associated with them. Many 444 

of these counties also have moderate to low yields, which amplifies the effect. However, DLUC is the 445 

primary driver of the assessed GHGi in these cases. This sensitivity demonstrates that land conversion is 446 

a critical consideration for biofuel LCAs. Biofuels are an inherently land-intensive technology and 447 
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production of substantial volumes in the future will not be possible without sizable conversion of land. 448 

Marginal and barren lands can be leveraged for future feedstock production, but there is a need for 449 

additional datasets with improved scope to accurately quantify DLUC impacts in future analyses.  450 

WDP shows significant correlation with the associated irrigation amount (Pearson’s r: 0.955 for 451 

ethanol and 0.940 for biodiesel, p-value = 0 in both cases). This correlation is due to the substantial 452 

volumes of water that are pulled from surface and sub-surface reservoirs and applied to the crop. These 453 

irrigation volumes dwarf the volumes of water depleted during other steps of (or upstream of) the 454 

biofuel production process. Due to the fragile state of the water resources (particularly the Ogallala 455 

Aquifer), future biomass solutions should leverage low water-intensity pathways where the resource is 456 

scarce. EUT effects show significant correlation with the applied nitrogen fertilizer quantities (Pearson’s 457 

r: 0.830 for ethanol, p-value = 0). Corn is analyzed here as the nitrogen fertilizer demands for soy 458 

cultivation are relatively low. This correlation is strong because, in general, more nitrogen fertilizer 459 

applied in a given location will result in more nitrogen leaching and run-off. However, two additional 460 

factors exist. First, the crop yield is relevant to the EUT calculation as burden is distributed across the 461 

total product (corn) amount. Second, grid electricity EUT impacts vary substantially from region to 462 

region (Supplementary Information: Appendix A). These EUT impacts could be reduced in the future by 463 

leveraging algae pathways (which do not discharge substantial quantities of the valuable nutrient (Batan 464 

et al., 2013)) or by ensuring high nitrogen-efficiency application practices are pursued in biomass 465 

cultivation stages.  466 

Finally, ALOP demonstrates a significant correlation with areal yield (Spearman’s rho: 0.999 and 467 

p-value = 0 for both fuels). This relationship is almost deterministic (Figure E.1 in Supplementary 468 

Information: Appendix E) as the contribution to land occupation impact is dominated by the farmland 469 

that is dedicated to crop production. While upstream land occupation impacts are also tracked, they are 470 
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dwarfed by the area of land that is required to produce the feedstock. As with the MFSP results, a lower 471 

yield causes a distribution of impact onto a smaller final product. 472 

Many of these results are competing, in that making changes to improve one metric will 473 

simultaneously worsen another. For example, economic performance might be improved in some cases 474 

by applying additional nitrogen fertilizer to increase areal yield. However, this would also cause EUT 475 

impacts to increase. WDP performance could be improved by reducing the irrigation rates for a given 476 

farm, but the subsequent drop in areal yield would worsen performance in almost all other assessment 477 

categories. This interaction is at the heart of what makes sustainability assessment both challenging and 478 

important: the relative merits of different solutions must be compared in a consistent way to deliver 479 

potential solutions. Future analysis should leverage Multi-Objective Optimization techniques to formally 480 

address these tradeoffs.   481 
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3.2  AGGREGATED IMPACT RESULTS 482 

 483 
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 499 

  500 
Figure 4a—Total impact amounts for corn ethanol and soybean biodiesel pathways. Plotted metrics include total Minimum Fuel 
Selling Price (Top), total Greenhouse Gas emissions (Middle), and total Water Depletion Potential (Bottom). Jo
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 516 

 517 

  518 
Figure 4b—Continued total impact results for corn ethanol and soybean biodiesel pathways. Plotted metrics include total 
Eutrophication impacts (Top), total Respiratory Effects (Middle), and Agricultural Land Occupation (Bottom). 
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National corn ethanol production totaled 14.1x1011 MJ (117x108 GGEs) and soybean biodiesel 519 

production totaled 1.1x1011 MJ (9.1x108 GGEs). Total estimated cost was $34 billion for corn ethanol and 520 

$4 billion for soybean biodiesel. Total emissions from corn ethanol were 94.8 Million Metric Tonnes 521 

(MMT) CO2-eq
 and from soybean biodiesel were 4.7 MMT CO2-eq. Total WDP from corn ethanol was 522 

147x108 m3 and from soybean biodiesel was 0.35x108 m3. National total EUT impacts were 447x106 kg 523 

Neq from corn ethanol and 10.8x106 kg Neq
 from soybean biodiesel. RE impacts totaled 94x106 kg PM2.5-eq 524 

emitted due to corn ethanol production and 5x106 kg PM2.5eq emitted due to soybean biodiesel. Finally, 525 

ALOP impacts of 70x109 m2a and 14x109 m2a were attributable to corn ethanol and soybean biodiesel, 526 

respectively.  527 

Total economic and environmental outcome values can be normalized over national biofuel 528 

production to deliver the MFSP, GHGi, WDP, EUT, RE, and ALOP impacts of the US biofuels industry in 529 

2017. These results constitute a core product of this work. National, weighted MFSP was $0.0239/MJ 530 

($2.89/GGE) for ethanol and $0.0361/MJ ($4.37/GGE) for biodiesel. National, weighted GHGi was 67 531 

gCO2-eq/MJ for ethanol and 42 gCO2-eq/MJ for biodiesel. National, weighted WDP was 0.0104 m3/MJ for 532 

ethanol and 3.2x10-4 m3/MJ for biodiesel. National, weighted EUT was 3.16x10-4 kg Neq/MJ for ethanol 533 

and 9.8x10-5 kg Neq/MJ for biodiesel. National, weighted RE was 6.69x10-5 kg PM2.5-eq/MJ for ethanol and 534 

4.38x10-5 kg PM2.5-eq/MJ for biodiesel. Finally, national, weighted ALOP was 0.052 m2a/MJ for ethanol 535 

and 0.089 m2a/MJ for biodiesel. Conventional gasoline has a typical retail price of $0.0207/MJ 536 

($2.50/GGE), GHGi of 93 gCO2-eq/MJ (U.S. Environmental Protection Agency, 2022b), WDP of 0.27x10-4 537 

m3/MJ, EUT of 0.57x10-4 kg Neq/MJ, RE of 8.71x10-5 kg PM2.5-eq/MJ, and ALOP of 1.3x10-4 m2a/MJ (Wernet 538 

et al., 2016b).  539 

Cost contribution breakdowns are depicted in Figure 5. Major contributions to the corn ethanol 540 

operating costs include natural gas used for distillation and fermentation (32.5% of OPEX), corn seed 541 

(11% of OPEX), agricultural land rent payments (10% of OPEX), grid electricity (8% of OPEX), nitrogen in 542 
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fertilizer (7% of OPEX), water for fermentation (6% of OPEX), and diesel use on the farm (5% of OPEX). 543 

Major contributions to the soybean biodiesel pathway OPEX include agricultural land rent payments 544 

(26% of OPEX), methanol (19% of OPEX), soybean seed (16% of OPEX), diesel use on the farm (10% of 545 

OPEX), natural gas (8% of OPEX), and grid electricity (6% of OPEX). In making the same rent payments for 546 

the land, the soybean biodiesel pathway is disproportionately affected by the expense: because corn 547 

grain is roughly 3x as productive as soybean (in terms of average kg/ha yields), each dollar spent on land 548 

for soybean production has roughly 3x the impact on the economic balance than it does for corn.  549 

GHGi contribution breakdowns are depicted in Figure 5. Major contributions to the corn ethanol 550 

pathway include GHG emissions due to natural gas use for distillation and fermentation (40% of GHGi or 551 

gCO2-eq/MJ), N2O emissions (11% of GHGi or gCO2-eq/MJ), nitrogen in fertilizer (9% of GHGi or gCO2-552 

eq/MJ), diesel use on the farm (8% of GHGi or gCO2-eq/MJ), and emissions due to DLUC effects (7% of 553 

GHGi or gCO2-eq/MJ). Major contributions to the soybean biodiesel pathway include GHG emissions due 554 

to DLUC effects (33% of GHGi or gCO2-eq/MJ), diesel use on the farm (16% of GHGi or gCO2-eq/MJ), 555 

natural gas (16% of GHGi or gCO2-eq/MJ), and potassium in fertilizer (9% of GHGi or gCO2-eq/MJ). 556 

Transportation emissions of biomass to refinery and fuel to pump constituted 2% and 5% of GHGi for 557 

the corn ethanol and soybean biodiesel pathways, respectively. The corn ethanol production pathway 558 

produces a substantial quantity of high-concentration CO2 as a by-product of fermentation. This flow is 559 

not depicted in Figure 5 as a GHGi contributor as the CO2 emitted is biogenic and is thus burden-free. A 560 

substantial volume of this fermentation CO2 is produced annually (45 MMT in 2017), and these 561 

emissions are typically high in concentration (90+%) (Emery & Informed Sustainability Consulting, 2022).   562 
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 587 
Figure 5—Contribution breakdowns for the operational expenditure (OPEX) and greenhouse gas intensity (GHGi) of both the corn 
ethanol and soybean biodiesel pathways.  
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 The biofuel industry in 2017 was assessed to have emitted 99.5 MMT CO2-eq, which constitutes a 588 

GHG emissions reduction of 42 MMT CO2-eq when compared to the GHG emissions associated with the 589 

equivalent energy of gasoline and diesel. In 2017, the transportation sector was responsible for 1,886 590 

MMT CO2-eq or about 37% of total national emissions (US Energy Information Administration, 2023), 591 

meaning that the industry reduced sector-wide emissions by approximately 2% and national emissions 592 

by 0.8%. Energy-based allocation results report a lower GHGi than economic-based allocation results 593 

(GHGi of 45 gCO2-eq/MJ for the industry overall) and would constitute sector-wide emissions reductions 594 

of approximately 4%. Of all US farmland, approximately 10% (36.4 million hectares) was dedicated to 595 

producing corn grain (Perdue & Hamer, 2019), and about 38% of the produced corn grain was dedicated 596 

to ethanol production. Approximately 10% of US farmland was dedicated to producing soybeans 597 

(Perdue & Hamer, 2019), and about 12% of the produced soybean was dedicated to production of 598 

biodiesel. In short, dedication of 5% of US farmland constituted a 2-4% reduction in transportation 599 

emissions (depending on the allocation method applied) and a 0.8-1.4% reduction in national emissions. 600 

In addition, production of biofuel resulted in WDP impacts of 14.7x109 m3 and EUT impacts of 458x106 601 

kg Neq when weighted by relative production share. For perspective, the US consumed 2.8x1013 MJ of 602 

fossil-based transportation fuels (about 95% of total production) and 1.5x1012
 MJ of corn ethanol and 603 

soybean biodiesel (about 5% of total production) (US Energy Information Administration, 2023). Fossil-604 

based transport fuels constituted a total WDP of approximately 7.6x109 m3 and a total EUT impact of 605 

1.6x109 kg Neq with the reported per-MJ intensities taken from EcoInvent 3.8 (Wernet et al., 2016b). 606 

Despite producing 18 times more energy for transportation, fossil fuels constituted half the WDP and 607 

only 3.5 times the EUT impacts of the 2017 biofuel industry. Emissions reductions are achieved through 608 

biofuel production but include a considerable opportunity cost in terms of water and nitrogen intensity. 609 

The sustainability performance of the industry may be improved with some modification. For 610 

instance, the high-purity CO2 vent that is produced during fermentation could be captured and stored. 611 
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Capture and successful storage of this volume would constitute an additional GHG reduction of 45 MMT 612 

CO2-eq and would reduce the GHGi of the biofuel industry by nearly 30 gCO2-eq/MJ. However, this volume 613 

of high purity CO2 is also available for industrial or consumptive use. A reduction of 30 gCO2-eq/MJ is only 614 

possible if the entirety of CO2 from fermentation is captured and stored, so this result presents a best-615 

case scenario. The ethanol produced from corn grain could also be diverted to production of jet fuel, 616 

which would help alleviate the emissions associated with an electrification-resistant industry (Beal et al., 617 

2021), but relatively high GHGi associated with corn ethanol suggests that substantial GHG reductions 618 

would not be attained in this manner. 619 

 If the approximately 18 million hectares of land that were dedicated to biofuel production were 620 

not used to produce corn for ethanol and soybean for biodiesel, the same quantity of feed (DDGS and 621 

soymeal, specifically) that were produced as coproducts to the industry could likely be produced with 622 

less land; a dedicated crop would be more productive per square meter than corn grain and soybean 623 

used for biofuel production. This could essentially free-up a large portion of high-productivity 624 

agricultural land that could then be dedicated to an advanced biofuel pathway that possesses greater 625 

GHGi improvements than corn ethanol or soybean biodiesel. However, the considerable economic 626 

implications associated with these changes make it difficult to envision such a scenario without a low-627 

cost advanced biofuel pathway and a much greater public emphasis on reducing environmental impacts. 628 

Future analysis should assess these—and other—potential scenarios with a similar geospatial resolution 629 

to the analysis presented here, as such work could better guide policymakers to potential improvements 630 

in national sustainability.  631 
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3.3  AVOIDED GREENHOUSE GAS EMISSIONS COST 632 

The national AGC of the biofuel industry in 2017 was $147/Mg avoided CO2-eq ($126/Mg avoided 633 

CO2-eq for corn ethanol and $287/Mg avoided CO2-eq for soybean biodiesel). This value is competitive 634 

with the majority of other reported costs of negative emission technologies, which range from $50–635 

$500/Mg avoided CO2-eq (Fuss et al., 2018). As such, both corn ethanol and soybean biodiesel seem 636 

attractive means of reducing GHGs; both technologies are proven and commercially deployed. It is 637 

important to note that the AGC values presented here are predicated on actual displacement of 638 

petroleum fuels (i.e., every MJ of biofuel is assumed to prevent the production of a MJ of conventional 639 

fuel that would have been produced in the absence of biofuel production). It is not entirely clear that 640 

this is the case as the transportation industry is volatile and there was a nontrivial (10%) portion of corn 641 

ethanol exported in 2017 (US Energy Information Administration, 2023). These factors (along with 642 

numerous others) make it challenging to determine if biofuel production resulted in a one-to-one 643 

reduction in petroleum fuels. County-level AGC results are presented in Figure 6 and show low AGC 644 

results in areas where corn ethanol and soybean biodiesel production are concentrated. Corn ethanol 645 

and soybean biodiesel constitute a cost-competitive means of reducing GHG emissions in the 646 

transportation sector. However, the associated opportunity costs (particularly regarding water intensity) 647 

are frequently omitted from debates of the industries performance.   648 
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 649 

 650 

 651 

 652 

  653 

Figure 6—Avoided cost of greenhouse gas emissions for the corn ethanol and soybean biodiesel pathway. Results depict the 
effective cost of avoided greenhouse gas emissions when compared to conventional, petroleum-based fuels (i.e., gasoline) in 
$/Mg CO2-eq avoided.  
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4.  CONCLUSION 654 

This study evaluates the sustainability performance of the 2017 biofuel industry. Results in this work 655 

provide sustainability outcomes with high geospatial resolution. Economic (MFSP) and environmental 656 

(GHGi, WDP, EUT, RE, ALOP) results are presented at a county-level for the contiguous United States. 657 

Aggregate totals, and high-resolution, nation-wide sustainability results are delivered for the industry. 658 

These results highlight the importance of capturing geographic variability in sustainability assessment. 659 

Substantial variations in performance metrics are observed and characterized across the nation for 660 

several different inputs. National, sector-wide emissions are assessed to be 99.5 MMT CO2-eq and total 661 

estimated expenditure is $37.8 billion. The weighted average GHGi for corn ethanol is 67 gCO2-eq/MJ and 662 

42 gCO2-eq/MJ for soybean biodiesel when DLUC emissions are included. The weighted average MFSP 663 

results are $0.0239/MJ ($2.90/GGE) for corn ethanol and $0.0362/MJ ($4.37/GGE) for soybean 664 

biodiesel. Combined economic and environmental metrics show biofuel to be a strong performer when 665 

compared to conventional fuels and other negative emission technologies. Specifically, when compared 666 

to conventional diesel and gasoline, biofuels in 2017 reduced overall emissions by 42 MMT CO2-eq at an 667 

additional cost of $6.2 billion. The national AGC of the biofuel industry in 2017 was $147/Mg avoided 668 

CO2-eq ($126/Mg avoided CO2-eq for corn ethanol and $287/Mg avoided CO2-eq for soybean biodiesel), 669 

which is competitive when compared to other negative emission technologies. However, the land and 670 

water opportunity costs that are associated with biofuel production (and the total emissions reduction 671 

achieved) imply that the same portion of land dedicated to biofuels in 2017 could be better leveraged 672 

for sustainability. In the future, this model framework can be leveraged to evaluate potential future-673 

state scenarios that include different biomass-to-biofuel pathways and can be sued to define the 674 

relative improvements and costs compared to existing technology. Such analysis would enable a holistic, 675 

consistent and high-resolution evaluation of different potential production options and support strategic 676 

investment to meet sustainability goals.    677 
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• Corn Ethanol and Soybean Biodiesel evaluated with multiple LCA metrics 

• Country wide and county level results are provided for the 2017 biofuel industry 

• Total life cycle, greenhouse gas emission volume of 99.5 million Mg CO2-eq produced in 2017 

• Combined carbon intensity of 65.3 gCO2-eq/MJ for corn and soy based biofuels in 2017 

• Techno-economic results show biofuels result in $1.8 billion over the displaced gas/diesel cost 
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