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Abstract 25 

Achieving the 1.5oC limit for global temperature increase relies on large-scale deployment of 26 

carbon dioxide removal (CDR) technologies. In this article, we explore two CDR technologies: 27 

soil carbon sequestration (SCS), and carbon capture and storage (CCS) integrated with cellulosic 28 

biofuel production. These CDR technologies are applied as part of decentralized biorefinery 29 

systems processing corn stover and unfertilized switchgrass grown in riparian zones in the 30 

Midwestern United States. Cover crops grown on corn-producing lands are the SCS approach 31 

chosen, and biogenic CO2 in biorefineries is captured, transported by pipeline and injected into 32 

saline aquifers. The decentralized biorefinery system using SCS, CCS or both can produce 33 

carbon-negative cellulosic biofuels (≤ -22.2 gCO2 MJ-1). Meanwhile, biofuel selling prices 34 

increase by 15-45% due to CDR costs. Economic incentives (e.g., cover crop incentives and/or a 35 

CO2 tax credit) can mitigate price increases caused by CDR technologies. Combining different 36 

CDR technologies in decentralized biorefinery systems is the most efficient method for 37 

greenhouse gas (GHG) mitigation, and its total GHG mitigation potential in the Midwest is 0.16 38 

GtCO2 year-1. 39 

  40 
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Introduction 43 

Biofuels derived from cellulosic feedstocks (e.g., corn stover, switchgrass, miscanthus, poplar, 44 

energy sorghum, wood residues, etc.) are alternative liquid fuels that displace petroleum 45 

transportation fuels. The lifecycle greenhouse gas (GHG) emissions of cellulosic biofuels are 46 

generally less than those of petroleum fuels; hence cellulosic biofuels can reduce GHG emissions 47 

by displacing petroleum fuels1-4. The GHG avoidance potentials by biofuels derived from corn 48 

stover in the United States Midwest are about 2-16 MtCO2 year-1 4.  49 

The IPCC Special Report on Global Warming of 1.5°C5 estimated a remaining carbon budget of 50 

420 (65th percentile of transient climate response to cumulative emissions of carbon)-580 (50th 51 

percentile) GtCO2, excluding additional Earth system feedbacks such as permafrost thawing, to 52 

limit global temperature increase below 1.5oC. CO2 emissions from FFI (fossil-fuel combustion 53 

and industry processes) and AFOLU (agriculture, forestry and other land use) are expected to be 54 

650-1270 GtCO2 for the period 2018-2100 (5th-95th percentile range; median: 950 GtCO2)5.  55 

Thus CO2 emissions exceeding the remaining carbon budget must be removed from the 56 

atmosphere via carbon dioxide removal (CDR) technologies to achieve the 1.5oC target5-9. CDR 57 

technologies include afforestation and reforestation (AR), soil carbon sequestration (SCS), ocean 58 

fertilization (OF), biochar (BC), enhanced weathering of minerals (EW), bioenergy combined 59 

with carbon capture and storage (BECCS), and direct air capture and storage (DACCS)5-8, 10. 60 

Particularly, BECCS and AFOLU-related CDR (e.g., AR and SCS) can play a major role in 61 

achieving the 1.5oC target5. Annual sequestration rate of BECCS amounts to 0-1, 0-8, and 0-16 62 

GtCO2 year-1 in 2030, 2050, and 2100, respectively, while the annual sequestration rate of 63 

AFOLU-related CDR is 0-5, 1-11, and 1-5 GtCO2 year-1 in 2030, 2050, and 2100, respectively5. 64 
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The cost of CO2 capture from ethanol fermentation in ethanol plants ranges from 20 to 175 USD 65 

tCO2-1 7. 66 

Since avoided GHG emissions by cellulosic biofuels do not remove CO2 directly from the 67 

atmosphere, CDR technologies (e.g., SCS, and carbon capture and storage (CCS)) must be 68 

integrated with biofuel production to achieve the 1.5oC target. Here, we explore CDR 69 

technologies within a cellulosic biofuel production system, with a particular focus on SCS and 70 

CCS technologies, in order to quantify the effects of CDR technologies on biofuel selling price, 71 

the lifecycle GHG emissions of biofuel, and the total GHG mitigation. The total GHG mitigation 72 

is defined as the sum of GHG avoidance (avoided GHG emissions by displacing petroleum fuel 73 

and grid electricity by biofuel production) and net CO2 removal (net GHG removed from the 74 

atmosphere by biofuels). The biorefinery system under investigation is the decentralized depot-75 

based biorefinery (DDB) system, in which very large biorefineries are located adjacent to coal-76 

fired power plants in large urban areas to take advantage of existing transportation systems. It is 77 

assumed that biorefineries operate independently of adjacent coal-fired power plants. Therefore, 78 

there is no exchange of material and energy between biorefineries and adjacent coal-fired power 79 

plants. Demand for transportation fuel in large urban areas adjacent to DDBs can reduce the cost 80 

of transportation and distribution of biofuels. Depot facilities that pretreat and pelletize cellulosic 81 

biomass are located at existing grain elevators and supply pretreated pellets to decentralized 82 

biorefineries11-13. Feedstock supply chains for the individual biorefineries are determined by 83 

minimizing their biofuel selling prices. 84 

Cellulosic feedstock in the DDB system is corn stover and unfertilized switchgrass grown in 85 

riparian buffer zones in the Midwestern United States. We assumed that biorefineries and depot 86 

facilities are able to process corn stover and switchgrass together. Switchgrass has long been 87 
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used in riparian buffers14-16. Riparian buffers are strips of grasses, shrubs or trees grown along 88 

rivers, streams, lakes and wetlands, and provide the following ecosystem services: slowing and 89 

absorbing flood water, trapping and redistributing sediments, cycling nutrients, filtering chemical 90 

pollutants, maintaining fish and wildlife habitats, and supporting the food web for biota17. The 91 

potential of switchgrass grown in riparian areas as feedstock for biofuel production has been 92 

studied15, 18, 19. Ha and Wu15 show that the conversion of low-productivity land in watershed land 93 

areas to switchgrass production for biofuel can effectively improve water quality by reducing 94 

suspended sediment and nutrient run-off.  95 

Winter rye grown as a cover crop within a corn-soybean rotation is used as a CDR technology 96 

(SCS). Planting cover crops can sequester carbon as soil organic carbon (SOC) at a rate of about 97 

0.32±0.88 MgC ha-1 year-1 and can limit soil organic carbon (SOC) losses caused by corn stover 98 

removal3, 20-24. Other benefits of cover crops include nutrient replenishment, attenuation of soil 99 

compaction, reduction of soil erosion and so forth. However, cover crop costs range from 82 100 

USD ha-1 to 173 USD ha-1, depending on seeding rate and seed cost24. Singer et al.25 showed that 101 

about 56% of farmers participating in the survey would plant cover crops if a cost-sharing 102 

incentive was available. 103 

CCS technology has been practiced in ethanol plants in the United States to capture CO2 from 104 

fermentation. The CO2 captured in ethanol plants in Kansas (Arkalon and Bonanza) has been 105 

used for enhanced oil recovery (EOR), and their capture capacities are 0.30 and 0.16 MtCO2 106 

year-1, respectively26. In contrast to these EOR applications, within the Illinois Basin-Decatur 107 

Project (IBDP) the ADM corn ethanol plant captured about one million metric tons of CO2 from 108 

fermentation during 2011 to 2014 and injected it into a deep saline reservoir in the Mt. Simon 109 

Sandstone Formation in the Illinois Basin (https://www.netl.doe.gov/node/5914). The total CO2 110 
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capture cost in the IBDP is 31.76 USD tCO2-1 27. Based on experiences from the IBDP, an 111 

industrial-scale demonstration project (Illinois Industrial Carbon Capture and Storage Project) 112 

has begun to capture about a million tons of carbon dioxide (CO₂) per year from a corn-based 113 

ethanol plant (https://netl.doe.gov/node/2254). Sanchez et al.28 estimated that about 27 GtCO2 114 

year-1 arising from fermentation in 216 existing biorefineries in the United States could be 115 

captured and compressed for under 25 USD tCO2-1. The projected CO2 capture cost in cellulosic 116 

biorefineries is 32-70 USD tCO2-1 29, estimated from the CO2 capture cost in other systems (e.g., 117 

coal-fired power plant, etc.). 118 

Unlike most previous studies on biofuels with CCS29, 30, 31, in which only high-purity CO2 119 

streams from fermentation are captured, in this analysis CO2 streams in flue gas from the boiler 120 

in the cogeneration facility and CO2 streams from fermentation are captured. Carbon in flue gas 121 

from the boiler in the cogeneration facility accounts for 53 mol% of the total carbon output in the 122 

cellulosic biorefinery (including biofuel), equivalent to about 77-78% of the total CO2 captured 123 

in these decentralized depot-based biorefineries (see SI Figure S1). Low purity CO2 in flue gas 124 

must be captured by absorbents, then released as a purified gas and compressed, while CO2 from 125 

fermentation is simply dehydrated and compressed. 126 

Six biorefinery system scenarios using different CDR technologies and economic incentives are 127 

investigated in this study (see Table 1). The economic incentives studied are cover crop incentive 128 

payments such as the Environmental Quality Incentives Program (EQIP) in the United States and 129 

a tax credit for CO2 sequestration. The EQIP provides an incentive of 68 USD ha-1 for planting 130 

grasses or cereal grains as cover crops in 2013 131 

(https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1082778.pdf). The United 132 

States also offers a tax credit for carbon dioxide sequestration of 50 USD per metric ton of CO2 133 
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captured and permanently stored, and 35 USD per metric ton of CO2 captured and used in 134 

enhanced oil recovery or natural gas development operations in the year 2026 135 

(https://uscode.house.gov/view.xhtml?req=(title:26%20section:45Q%20edition:prelim)). This 136 

CO2 tax credit (45Q) is only available for the first 12 years of operation. To qualify for the CO2 137 

tax credit, the facility must begin construction by January 1, 2024. Neither CDR technologies nor 138 

economic incentives are integrated with biofuel production in the reference scenario (denoted by 139 

“A”). Feedstock supply chains for the individual biorefineries in the reference scenario are first 140 

determined to calculate minimum biofuel selling price (MBSP), lifecycle GHG emissions, and 141 

total GHG mitigation. The feedstock supply chains in other scenarios follow the same supply 142 

chains determined in the reference scenario to estimate the effects of CDR technologies.  143 

Table 1 Biorefinery system scenarios in the decentralized depot-based biorefinery system. (CCS: 144 
carbon capture and storage; N/A: not applicable)  145 

Scenario Cover crop CCS 
Incentive 
for cover 

crop  

Carbon tax 
credit 

A No No N/A N/A 
A1 No Yes N/A No 
A2 No Yes N/A Yes 
B Yes No No N/A 
B1 Yes Yes No No 
B2 Yes Yes Yes Yes 

 146 

Materials and methods 147 

Cellulosic feedstock production 148 

Corn stover is collected within corn-soybean rotations under historical tillage management 149 

practices. The Environmental Policy Integrated Climate (EPIC) model is used to estimate the 150 

county-level grain yield, SOC changes in a corn-soybean rotation, and the quantity of corn stover 151 
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removed per hectare2, 32. The county-level information is aggregated from the pixel-level results 152 

(56×56 m) using a 50-year time horizon. The removal rate of corn stover is 66% (a practical 153 

maximum) in all scenarios. No other stover removal rates are considered in the analysis. The 154 

effects of different stover removal rates on GHG emissions associated with SOC losses per Mg 155 

of dry corn stover are probably insignificant33. Negative environmental effects of using a high 156 

corn stover removal rate in the analysis would be significantly mitigated by planting cover crops. 157 

For winter rye (as a cover crop) simulation, we add winter rye planting and killing operations 158 

into the existing corn-soybean cropping systems in the Midwest. The planting and killing dates 159 

were designed following the scenario used by Feyereisen et al.34. The planting date for winter rye 160 

is 2 days after corn or soybean harvesting, while the killing date is set as 7 days before corn or 161 

soybean planting for the next year. Fertilizer is not applied during winter rye growing season. 162 

When no corn residue is removed, EPIC simulates an average yield of 2.12 dry Mg ha-1 year-1 of 163 

winter rye over the entire Midwest, and the simulated county-level winter rye yields range 164 

between 1.2 and 6.1 dry Mg ha-1 year-1. The range of rye yields compares favorably with the 165 

estimated range of county-level winter rye yields by Feyereisen et al.34, which vary from less 166 

than 2 dry Mg ha-1 year-1 in the northern states to ca. 6 dry Mg ha-1 year-1 in the more southern 167 

states of the Midwest. The EPIC simulations show that corn stover collection with planting cover 168 

crops can increase SOC level by 0.17±0.17 MgC ha-1 year-1, while corn stover collection without 169 

planting cover crops can reduce SOC by 0.26±0.25 MgC ha-1 year-1. 170 

The EPIC model is also used to simulate switchgrass production across the 12-state Midwest for 171 

a 60-year period from 1991 through 2050. A 10-year spin-up period modeled as grassland 172 

precedes the planting of switchgrass in the year 2001. Unfertilized simulations are performed 173 

with the aboveground biomass harvested each November. Fertilized (56 kg N ha-1year-1) 174 
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simulations are also performed for validation purposes. The growing season is governed by 175 

location-specific heat unit values, which are adjusted based on switchgrass maturity estimates 176 

from Behrman et al.35 and historical climate data. Additional steps are taken to summarize EPIC 177 

results for 150-foot (45.7 meters) wide riparian zones surrounding streams and rivers in the 178 

Midwest, a maximum riparian buffer width to reduce runoff into streams, among other 179 

environmental benefits36. The riparian zones are defined using stream and river features from the 180 

National Hydrography Dataset (https://www.usgs.gov/core-science-systems/ngp/national-181 

hydrography/national-hydrography-dataset?qt-science_support_page_related_con=0#qt-182 

science_support_page_related_con). Croplands, forest and urban areas are excluded in the 183 

riparian zones for switchgrass production. EPIC site results were clipped to areas within 150-feet 184 

of this stream dataset and summarized for each county. Although some riparian areas may not be 185 

suitable for biofuel production due to accessibility and economic feasibility, we assume that all 186 

the riparian areas are available to biofuel production to estimate the maximum biofuel production 187 

potential in the Midwest. County-level fertilized switchgrass yields simulated by the EPIC model 188 

are adequately predicted compared to yields estimated in the 2016 U.S. Billion‐Ton Report37: 189 

R2=0.69 (see SI Figure S2). Fertilized switchgrass yield is on average 24% higher than 190 

unfertilized switchgrass yield, similar to results from field experiments38, 39. Overall, fertilized 191 

switchgrass cultivation in the riparian buffer zones reduces the SOC by about 5% of the initial 192 

SOC, similar to the overall change estimated by Qin et al.40.  193 

Decentralized depot-based biorefinery (DDB) system 194 

Corn stover and unfertilized switchgrass are baled in the biomass production areas and 195 

transported by truck to depot facilities, where baled cellulosic biomass is pretreated via the 196 

ammonia fiber expansion (AFEX™) technology41, and then pelletized42. The pretreated corn 197 
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stover and switchgrass pellets are transported by either truck or railroad to DDB. Depot facilities 198 

are assumed to be located at existing grain elevators11-13. It is assumed that 100% of farmers 199 

within the collection radius supply baled cellulosic feedstock to a depot facility owned by 200 

farmers. Sensitivity analyses are performed to quantify the effects of farmer participation rate 201 

and riparian area availability on the system. Over 1600 depot facilities (at grain elevators) are 202 

potentially available to participate in DDBs, and could process 107 Tg of dry cellulosic 203 

feedstock per year in the Midwest. The mass fraction of corn stover in the cellulosic feedstock 204 

processed in depot facilities is about 0.9. An average depot size is 185±31 dry Mg day-1, and an 205 

average collection radius is about 13±2.2 km. The depot sizes and the collection radii depend on 206 

cellulosic biomass density (dry Mg (km2)-1). It is assumed that cellulosic biomass is evenly 207 

distributed within a county. 208 

Fifteen coal-fired power plants in the Midwest are selected as candidate DDB sites based on the 209 

total population within an 80-km radius of the coal-fired power plant (see SI Table S1). Kim and 210 

Dale11 modified the Aspen Plus model developed by the National Renewable Energy Laboratory 211 

(NREL)43 for DDB. This modified Aspen Plus model is used to estimate mass and energy 212 

balances in this analysis. Ethanol yield in the biorefinery depends on the feedstock composition. 213 

Corn stover composition is available in the Aspen Plus model developed by NREL43, while 214 

switchgrass composition is estimated based on values from literature44-49. Ethanol yield is 56.2 215 

gasoline gallon equivalent (GGE) dry Mg-1 (213 gasoline liter equivalent (GLE) dry Mg-1) for 216 

pretreated corn stover pellets and 55.0 GGE dry Mg-1 for pretreated switchgrass pellets. For a 217 

50/50 mixture of pre-processed corn stover and switchgrass pellets, the ethanol yield is 55.6 218 

GGE dry Mg-1. In contrast to ethanol yield, excess electricity is 5.4 kWh GGE-1 (1.4 kWh GLE-1) 219 

in the DDB processing pretreated corn stover pellets and 5.9 kWh GGE-1 in the DDB processing 220 
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pretreated switchgrass pellets when a CO2 capture facility is not integrated. The high lignin 221 

content in pretreated switchgrass pellets slightly reduces ethanol yield, but also increases excess 222 

electricity production. 223 

The CO2 capture facility in the biorefinery is comprised of the following units: CO2 absorber, 224 

CO2 stripper, absorbent purification, triethylene glycol (TEG) dehydration, and compressor50. 225 

The CO2 capture process consumes about 2.5 MJ of steam per kg of CO2 captured and 0.15 kWh 226 

of electricity per kg of CO2 captured50. The energy consumed by the CO2 capture facility 227 

changes the energy generation system in biorefineries. The thermal energy generated by burning 228 

solid residue and biogas in the DDB is assumed to provide sufficient thermal energy to the 229 

carbon dioxide capture facility as well as the biorefinery process. However, producing more 230 

thermal energy in the biorefinery reduces the amount of electricity generated by the cogeneration 231 

facility, which then is not sufficient to operate both the biorefinery process and the CO2 capture 232 

facility. Therefore, grid electricity is used to operate some units in the CO2 capture facility. As a 233 

result, there is no excess electricity, that is, no electricity is exported to the grid in biorefineries 234 

with the CO2 capture facility. 235 

CO2 is emitted in the following portions of the decentralized depot-based biorefinery: enzyme 236 

production, fermentation/recovery, cogeneration, and wastewater treatment (see SI Figure S1). 237 

The fraction of carbon dioxide in the stream from fermentation/recovery is about 97 wt%. 238 

Carbon dioxide in this stream is dehydrated and compressed, but no CO2 absorber and associated 239 

units are required. Unlike the stream from the fermentation/recovery facility, the less-240 

concentrated CO2 in the flue gas stream from the cogeneration facility is captured by CO2 241 

absorber and associated units, and then dehydrated and compressed. A sensitivity analysis 242 

investigates the case of capturing only high-purity CO2 stream from fermentation/recovery in the 243 
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CO2 capture facility. CO2 streams from the enzyme production and the wastewater treatment 244 

facilities are not captured. In the wastewater treatment facility, CO2 is released into the 245 

atmosphere. The stream from the enzyme production facility contains low purity CO2 and is not 246 

an economical candidate for capture. 247 

Economic values 248 

The costs of corn stover collection and growing the cover crop are estimated based on field 249 

experiment data at the W.K. Kellogg Biological Station in Michigan and at the Arlington 250 

Agricultural Research Station in Wisconsin. The cost of field operations per hectare is assumed 251 

to be constant regardless of biomass yield and farm size because there is not enough information 252 

on the size of individual farms. We also make conservative assumptions about the cover crop, 253 

namely: 1) no economic incentives for growing cover crop and 2) no cover crop is grown unless 254 

corn stover is collected. Thus, when planting cover crops, the farm gate price of corn stover 255 

includes cover crop costs in the following corn and soybean season (e.g., seed, herbicides, 256 

planting, etc.) along with the corn stover collection costs. The farm gate price of switchgrass is 257 

based on field experiment data from these two stations and literature51-53. Land rental rates for 258 

the riparian zone are also included in the farm gate price of switchgrass and are assumed to be 259 

equal to the county-level rental rates for pasture. The 2013 county-level rental rates for pasture in 260 

the National Agricultural Statistics Service (https://www.nass.usda.gov/) are used in the analysis 261 

and range from 12.36 to 191.51 USD ha-1. A mass-weighted average farm gate price of corn 262 

stover without planting cover crops is 38.74±3.98 USD dry Mg-1, while a mass-weighted average 263 

farm gate price of corn stover with planting cover crops is 73.53±21.68 USD dry Mg-1. A mass-264 

weighted average farm gate price of unfertilized switchgrass is 42.67±13.92 USD dry Mg-1.  265 
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The operating costs at depot facilities are estimated from the literature11. We assume that depot 266 

facilities sell pretreated pellets at the same price (i.e., mass-weighted average price) regardless of 267 

biomass types. The minimum biofuel selling price (MBSP) in biorefineries without CCS is 268 

estimated by a regression equation based on the modified Aspen Plus model11. The cost year is 269 

2013. Truck and rail transport costs are calculated based on literature52, 54. Energy prices in 2013 270 

(e.g., electricity, natural gas, etc.) are obtained from the US Energy Information Administration 271 

(https://www.eia.gov/outlooks/aeo/). 272 

We estimate the costs of the CO2 capture facility in the biorefinery based on National Energy 273 

Technology Laboratory (NETL) reports50, 55 even though the NETL report focused on CO2 274 

capture in coal-fired boiler systems. The mass fraction of CO2 in flue gas in the boiler in DDB 275 

(18%) is similar to that from a coal-fired boiler (20%50). The CO2 capture facility costs in the 276 

biorefinery include total capital investment (e.g., CO2 absorber, stripper, absorbent purification, 277 

dehydration, compressor, and etc.), material costs (e.g., make-up absorbent, TEG, caustic soda, 278 

and etc.), and operating costs (i.e., electricity). The labor costs of the CO2 capture facility are not 279 

included because it is not clear whether additional personnel are required for the CO2 capture 280 

facility. A scaling factor of 0.6 is applied to the total equipment cost (see SI Figure S4). The 281 

effects of a different scaling factor on total cost of CO2 capture equipment and biofuel selling 282 

price are investigated in a sensitivity analysis. The method used in the NREL repot43 is applied to 283 

calculate total capital investment, which includes total equipment cost, indirect costs (e.g., 284 

prorated expenses, field expenses, home office & construction fee, project contingency, other 285 

costs (start-up, permits, etc.), etc.), and working capital. Detailed information is presented in the 286 

Supporting Information (see SI Table S2). Pipeline transport distances are measured on a map 287 

based on natural gas pipelines 288 
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(https://www.eia.gov/naturalgas/archive/analysis_publications/ngpipeline/index.html). Pipeline 289 

transport and storage costs are calculated in spreadsheet models developed by NETL56, 57. 290 

Storage sites are not specified in this analysis, and state weighted average storage costs are used. 291 

The storage costs ranges from 6.63 to 1008 USD tCO2-1 (see SI Tables S3 and S4).  292 

Lifecycle GHG emissions 293 

GHG emissions associated with the biofuel production system are calculated by the life cycle 294 

approach based on one MJ of biofuel. The system boundaries in the GHG calculations include all 295 

GHG emissions from cellulosic feedstock production to biofuel combustion including cellulosic 296 

feedstock production, transportation and storage of baled feedstock, the depot facility, 297 

transportation of pretreated pellets, the decentralized depot-based biorefinery, transportation and 298 

distribution of biofuel, combustion of biofuel, relevant upstream processes, avoided grid 299 

electricity (if applicable), and pipeline transport and CO2 injection if applicable (see SI Figure 300 

S3). Excess electricity in the biorefinery without CCS is assumed to displace the grid electricity 301 

in the state where the biorefinery is located, resulting in GHG credit from avoided grid 302 

electricity. The 2016 electricity fuel mix58 is used to calculate the GHG emissions of materials, 303 

transportation, and energy productions. The effects of the electricity fuel mix on the lifecycle 304 

GHG emissions are investigated in a sensitivity analysis. The GHG emissions associated with 305 

material, transportation, and energy production are calculated based on unit process data from 306 

US Life cycle inventory Database (https://www.nrel.gov/lci/) and Ecoinvent version 3.4 307 

(https://www.ecoinvent.org/database/database.html). Greenhouse gas in the analysis includes 308 

CO2, CH4 and N2O, and the 100-year time horizon global warming potentials are used in the 309 

analysis. 310 
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The GHG emissions of cellulosic feedstock includes GHG emissions of fertilizers (if applicable), 311 

agrochemicals (if applicable), diesel, seed (e.g., switchgrass and winter rye), carbon released (or 312 

sequestered) from SOC changes, and N2O emissions. Carbon stock loss due to land conversion 313 

from riparian zones to switchgrass production is also included in the GHG emissions of 314 

switchgrass. It is assumed that grasses are planted in the riparian zones before converting to 315 

switchgrass production. Due to lack of data, the state-level carbon stocks in grassland59 are used 316 

to estimate carbon losses of aboveground biomass with a 50-year time horizon. The agronomic 317 

inputs and the fuel usage for corn stover collection, cover crop culture and switchgrass 318 

production are based on the field experiment data at the two experimental stations. Similar to the 319 

farm gate price calculations, fuel use per hectare for field operations is assumed to be constant 320 

regardless of yield and farm size. SOC changes are estimated based on the results from the EPIC 321 

simulations. N2O emissions are estimated by the Tier 1 method in the 2006 IPCC Guidelines for 322 

National Greenhouse Gas Inventories60. The system expansion allocation method is used to 323 

assign the environmental burdens to corn stover. The GHG emissions of corn stover therefore 324 

include GHG emissions of diesel used in collecting and baling corn stover, GHG emissions of 325 

the replacement nutrients required, carbon emissions from SOC changes due to corn stover 326 

removal, and changes in N2O emissions by corn stover removal. When cover crops are planted, 327 

the GHG emissions associated with the cover crop in both corn and soybean growing years are 328 

assigned to corn stover.  329 

The process data at the depot facility are obtained from literature11 and the biorefinery process 330 

data are estimated based on the mass and energy balances calculated in the modified Aspen Plus 331 

model. GHG emissions of transportation and distribution of biofuel are estimated based on the 332 

Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) Model61. 333 
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GHG emissions of biofuel combustion are obtained from literature62. The amount of energy and 334 

materials used in the CO2 capture facility, pipeline transport and injection in saline aquifers is 335 

estimated based on the NETL reports50, 56, 57, 63, 64. The materials used in the CO2 capture units 336 

(i.e., CO2 absorber, stripper, absorbent purification) are ion exchange resin, caustic soda, and 337 

amine-based absorbent50. The NETL report50 listed the total cost of the materials used. To 338 

estimate GHG emissions associated with these materials, the amount of make-up absorbent is 339 

assumed to be equal to the amount of make-up monoethanolamine (MEA) in the MEA system 340 

for coal-fired power plant55. Since the amine-based absorbent is not specified in the NETL 341 

report50, it is assumed to be MEA. Caustic soda is used for ion exchange resin regeneration, and 342 

the amount of caustic soda is obtained from a U.S. patent65. Based on the quantities of MEA and 343 

caustic soda, and the prices of each material43, 55, 66, the amount of ion exchange resin can be 344 

estimated. 345 

Supply chain 346 

Feedstock supply chains for the individual biorefineries in the reference scenario are determined 347 

by minimizing their biofuel selling prices under the constraint of biorefinery size (see SI). It is 348 

assumed that the size of any DDB should be greater than 3,000 dry Mg day-1. A depot facility is 349 

assumed to supply pretreated pellets to one DDB. The road distances between depot facilities 350 

and DDBs are obtained from mapping software (https://www.caliper.com/maptovu.htm). It is 351 

assumed that the railroad distance is equal to about 1.3 times the road distance54. The sequence 352 

of the supply chains follows the energy demand-oriented approach11. For example, the first 353 

biorefinery is located in the highest gasoline consumption area (Chicago) among the urban areas 354 

considered here, the second biorefinery is located in the second highest gasoline consumption 355 

area (Detroit), and so on. When a candidate biorefinery does not meet the biorefinery size 356 
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constraint, this candidate site is ignored, and supply chain optimization moves to the next 357 

candidate biorefinery.  358 

Results & discussion 359 

Reference scenario and its supply chain  360 

Thirteen biorefineries out of 15 candidate biorefineries are established through feedstock supply 361 

chain analysis (see SI Figure S5). Candidate biorefineries adjacent to coal-fired power plants in 362 

Jasper County, Missouri and Clay County, Minnesota process less than 3000 Mg of dry 363 

pretreated pellets per day, which does not meet the biorefinery size constraint, and thus are 364 

excluded in the DDB system. The mean annual biofuel production in the individual biorefineries 365 

is 0.45±0.22 billion GGE year-1 (1.71±0.85 billion GLE year-1). The projected biorefineries in 366 

Chicago, Detroit, Minneapolis, and Milwaukee are very large, over 0.60 billion GGE year-1. The 367 

DDB system in the Midwest can annually produce 5.9 billion GGE (22 billion GLE) of biofuels 368 

derived from about 105 Tg of dry pretreated pellets (i.e., corn stover and switchgrass). Due to 369 

limited land areas in the riparian zones, the mass fractions of switchgrass in the pretreated pellets 370 

processed in DDBs are 0.03-0.29. Higher fractions of switchgrass in the pretreated pellets are 371 

seen in Kansas, where corn stover availability is lower than other states. 372 

Lifecycle GHG emissions of biofuels in scenario A are 51.6-79.6 gCO2 MJ-1 with an energy-373 

weighted average of 67.2±7.7 gCO2 MJ-1. Producing the pretreated pellets is the largest GHG 374 

emission source (83.7±4.0 gCO2 MJ-1) in biofuel production in the DDB system. Emissions 375 

associated with SOC changes in the cellulosic feedstock production and combustion of natural 376 

gas in depot facilities are the major GHG contributors with emissions of 27.6±1.9 and 24.6 gCO2 377 

MJ-1, respectively. GHG credits for the excess electricity in the biorefineries are 31.1±7.6 gCO2 378 

MJ-1 (see Figure 1). Biofuel selling prices in scenario A are 3.37-5.09 USD GGE-1 (0.89-1.35 379 
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USD GLE-1). The delivered feedstock cost (78% of biofuel price) is the main contributor to the 380 

biofuel selling price, followed by the cost of glucose. Glucose is used to produce enzymes in the 381 

biorefinery, amounting to 0.57 kg GGE-1. The credit for the excess electricity is 0.32 USD GGE-382 

1, accounting to 8% of biofuel price (see SI Figure S6). The biofuel selling prices in the four 383 

largest DDBs (in Chicago, Detroit, Minneapolis, and Milwaukee) are below 3.70 USD GGE-1. 384 

The lowest biofuel selling price is in the Chicago area biorefinery, 3.37 USD GGE-1.  385 

 386 

Figure 1. Lifecycle GHG emissions of biofuels (Excess electricity: GHG credit for the excess 387 

electricity; Biorefinery process: GHG of materials used in the biorefinery (e.g., glucose, corn 388 

steep liquor, etc.)) 389 

Soil carbon sequestration (cover crop)  390 
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Using cover crops as a CDR technology in the decentralized depot-based biorefinery system 391 

(scenario B), all the biorefineries are able to produce carbon-negative biofuels, and the lifecycle 392 

GHG emissions of biofuels range from -0.8 to -40.7 gCO2 MJ-1 for an energy-weighted average 393 

of -22.2±12.7 gCO2 MJ-1. Cover crops compensate for SOC losses induced by corn stover 394 

removal and also sequester soil organic carbon in amounts ranging from 57.2 to 97.7 gCO2 MJ-1. 395 

Cover crops in the DDB system can remove about 0.01 Gt of carbon per year from the 396 

atmosphere, equivalent to about 1-4% of the annual sequestration rate of AFOLU-related CDR. 397 

However, cover crops produced without any economic incentives raise biofuel selling prices by 398 

11-19% (39-89 cents per GGE) compared to the biofuel prices in scenario A. In scenario B, the 399 

volume-weighted average biofuel selling price is 4.41±0.54 USD GGE-1, while a volume-400 

weighted average biofuel selling price in scenario A is 3.84±0.42 USD GGE-1 (see Figure 2). 401 

The cover crop costs are assigned to corn stover, resulting in a 1.8-fold increase in the farm gate 402 

price of corn stover compared to the corn stover price in scenario A. As a result, the delivered 403 

feedstock cost in scenario B is 3.57±0.49 USD GGE-1, higher than that for scenario A (3.00±0.37 404 

USD GGE-1). If farmers receive a cover crop incentive of 68 USD ha-1 from EQIP, growing 405 

cover crops results in only a slight increase in the biofuel selling price (3.91±0.49 USD GGE-1). 406 
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 407 

Figure 2. Minimum biofuel selling prices (MBSP) (Excess electricity: credit for the excess 408 

electricity; Biorefinery process: material cost, capital, labor, etc.)) 409 

Carbon capture and storage  410 

About 159 gCO2 per MJ of biofuel in decentralized depot-based biorefineries (DDB) can be 411 

captured in scenarios A1 and B1, equivalent to 1.3-14 MtCO2 year-1 in the individual 412 

biorefineries. However, the GHG emissions associated with the CO2 capture facility are about 413 

11.3±1.4 gCO2 MJ-1 (see Figure 1), including 5.8±1.4 gCO2 MJ-1 from external electricity 414 

consumed in the CO2 capture facility and 5.5±0.01 gCO2 MJ-1 from chemicals used in the CO2 415 

capture facility (i.e., amine-based absorbent makeup, ion exchange resin and caustic soda for 416 

carbon dioxide absorption, triethylene glycol for dehydration, and etc.). GHG emissions 417 
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associated with electricity consumed in pipeline transport and CO2 injection in saline aquifers are 418 

about 1.9±0.4 gCO2 MJ-1.  The overall GHG emissions associated with CCS in the DDB system 419 

are thus 13.2±1.4 gCO2 MJ-1. Overall GHG emissions associated with biofuel production, CCS, 420 

and CO2 injected in saline aquifers (~157 gCO2 MJ-1, including CO2 losses during transport and 421 

injection) are negative in all the DDBs. The lifecycle GHG emissions of biofuel with carbon 422 

capture and storage range from -38.1 to -56.1 gCO2 MJ-1 in scenarios A1-2 and from -121.4 to -423 

159.1 gCO2 MJ-1 in scenarios B1-2 (see SI Tables S5 and S6).  424 

The CO2 capture cost in the biorefinery ranges from 13.4 to 29.6 USD tCO2-1, depending on the 425 

biorefinery size, that is, on the amount of CO2 captured. A mass-weighted average CO2 capture 426 

cost is 15.2±2.6 USD tCO2-1. Although CO2 in flue gases stream from the boiler in the 427 

cogeneration facility is included in the CO2 capture facility along with CO2 from fermentation, 428 

the CO2 capture costs of most biorefineries estimated here are lower than the CO2 capture costs 429 

of the cellulosic biorefinery estimated in literature29. These reduced CO2 capture costs result 430 

from economies of scale provided by the very large biorefineries which are in turn made possible 431 

by a pellet-based decentralized depot system.  432 

An average pipeline transport cost is 5.3±4.4 USD tCO2-1, while an average storage cost is 433 

23.4±7.1 USD tCO2-1. The CCS cost in the DDB system thus ranges from 33.1 to 66.8 USD 434 

tCO2-1. The CCS technology in the DDB system raises the biofuel selling prices by 0.94-1.57 435 

USD GGE-1. The biofuel selling prices in the DDB with CCS are 4.62-6.46 USD GGE-1 in 436 

scenario A1 and 5.17-7.36 USD GGE-1 in scenario B1 (see SI Tables S5and S6). Volume-437 

weighted average biofuel selling prices are 4.98±0.50 USD GGE-1 in scenario A1 and 5.56±0.62 438 

USD GGE-1 in scenario B1 (see Figure 2). 439 
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The tax credit for carbon dioxide sequestration of 50 USD tCO2-1 is equivalent to 0.93 USD 440 

GGE-1 in scenarios A1 and B1. Applying this carbon dioxide tax credit, the CCS technology 441 

increases biofuel selling prices in scenario A2 by 0.3-17% compared to biofuel prices in scenario 442 

A. Applying both carbon dioxide credit and cover crop incentive (EQIP) in scenario B1, biofuel 443 

selling prices in scenario B2 decline by 21-28%. Volume-weighted average biofuel selling prices 444 

are 4.05±0.50 USD GGE-1 in scenario A2 and 4.12±0.57 USD GGE-1 in scenario B2 (see Figure 445 

3). The break-even CO2 tax credit, that is, a tax credit sufficient to offset the CCS cost, ranges 446 

from 51 to 85 USD tCO2-1 in scenario A1, depending on the biorefinery size (see SI Figure S7). 447 

 448 

Figure 3. Biofuel selling price, lifecycle GHG and total GHG mitigation.  449 
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Total GHG mitigation 450 

GHG mitigation in the DDB system without CDR technologies is equivalent to the GHG 451 

avoidance by displacing gasoline and grid electricity, amounting to 18.0 MtCO2 year-1 in 452 

scenario A. Using cover crop as a CDR technology in the DDB system (scenario B), the total 453 

GHG mitigation in scenario B is 79.6 MtCO2 year-1 (from GHG avoidance), 4-fold greater than 454 

that in the DDB system without CDR technologies (scenario A). The total GHG mitigation in the 455 

DDB using a CCS system is 96.4 MtCO2 year-1 in scenarios A1-2 and 157.4 MtCO2 year-1 in 456 

scenarios B1-2 (see Figure 3). The net CO2 removal via biofuel combustion is 33% of the total 457 

GHG mitigation in scenarios A1-2 and 59% in scenarios B1-2. In the scenarios studied here, the 458 

total GHG mitigations in scenarios A1-2 and B1-2 are equivalent to 13-21% of the total GHG 459 

emissions from passenger cars in the United States in the year 201767. The annual total GHG 460 

mitigation in the DDB system with CCS accounts for 1-31% of the global mitigation potential 461 

for BECCS (500-16000 MtCO2 year-1) estimated by literature5, 7. 462 

Sensitivity analysis 463 

Low farmer participation in biofuel production can reduce the total ethanol production and 464 

increase the biofuel selling prices due to loss of economies of scale (small-scale biorefineries). 465 

However, the farmer participation rates do not significantly change the weighted life cycle GHG 466 

emissions. In contrast to the lifecycle GHG emissions, total GHG mitigation is greatly affected 467 

by the farmer participation rate because farmer participation rates directly determine total biofuel 468 

production (see SI Tables S7-9). Lowering the availability of riparian areas can reduce biofuel 469 

production and total GHG mitigation. In contrast, the effects of availability of riparian areas for 470 

biofuel production on biofuel selling price and lifecycle GHG emissions are not significant 471 
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because the overall fraction of switchgrass processed in the biorefinery systems is small (about 472 

10%).  473 

When only the high-purity CO2 stream from fermentation is captured, the CO2 capture cost is 474 

reduced by 50-60% compared to the case of capturing CO2 streams from both fermentation and 475 

the boiler (see SI Figure S8), thereby also reducing biofuel selling prices by 12-20%. However, 476 

when economic incentives (i.e., cover crop incentives and/or a CO2 tax credit) are applied, the 477 

differences in biofuel selling prices between the two cases (CO2 from fermentation versus CO2 478 

from fermentation and boiler) are small because of the relatively small amount of CO2 479 

sequestered (about 4.2 kgCO2 GGE-1). Without planting cover crops, the DDB system is not able 480 

to produce carbon-negative biofuel when capturing only high-purity CO2 streams from 481 

fermentation (see SI Figure S9). Capturing only high-purity CO2 streams from fermentation 482 

reduces the total GHG mitigation by 45-75%, and the total GHG mitigations in scenarios A1-2 483 

and B1-2 are 24.4 MtCO2 year-1 and 86.0 MtCO2 year-1, respectively. 484 

Due to the operation of the depot facilities, the DDB system without CCS consumes electricity at 485 

a rate of about 2.1% of the total electricity consumption in the Midwest. Integrating CCS 486 

technology with the cellulosic biorefinery can increase the electricity consumption of the DDB 487 

system by 53-60%. New power plants would likely be built to meet the power demand of CCS 488 

facilities, and their energy sources would be natural gas (44%) and renewable resources (56%, 489 

i.e., hydro, geothermal, solar, wind)13. Such electricity would be marginal electricity. When the 490 

CCS facilities in the DDB system consume marginal electricity, the life cycle GHG emissions in 491 

scenarios A1-2 and B1-2 are -49.4±4.8 gCO2 MJ-1 and -138.8±11.7 gCO2 MJ-1, respectively. 492 

Using marginal electricity in the CCS facilities increases the total GHG mitigation by 3% in 493 
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scenarios A1-2 (99.2 MtCO2 year-1) and 2% in scenarios B1-2 (160.1 MtCO2 year-1) (see SI 494 

Figure S10). 495 

The size of some CO2 capture facilities analyzed here is 3-4 times larger than that of the coal-496 

fired power plants used as a reference in the cost calculations. For very large CO2 capture 497 

facilities, the equipment cost would increase linearly with size due to equipment size limitations. 498 

If the scaling factor for large CO2 capture facilities is 1 (linear increase), the mass-weighted 499 

average CO2 capture cost in scenarios A1-2 increases by 16% (equivalent to 2.46 USD tCO2-1) 500 

compared to 0.6, but the volume-weighted average biofuel selling price increases only by about 501 

1% in scenarios A1 and A2, respectively (see SI Figure S11). 502 

Discussion 503 

The CO2 capture cost in the biorefinery depends greatly on the amount of carbon captured (see 504 

SI Figure S8). Thus very large biorefineries are favored over smaller ones. Using baled feedstock 505 

is therefore a significant obstacle to large-scale biorefineries in the centralized biorefinery 506 

system. Biorefineries using baled feedstock are limited in size to less than about 2,000 dry Mg 507 

day-1 43 because of biomass transport costs. About 0.73 Mt of CO2 per year can be captured in a 508 

centralized biorefinery of 2,000 dry Mg day-1, and the CO2 capture cost is about 43 USD 509 

MgCO2-1, which is much greater than the average cost in the DDB system. When only the CO2 510 

stream from fermentation is captured in a centralized biorefinery of 2,000 dry Mg day-1 (0.17 Mt 511 

of CO2 per year), the CO2 capture cost is about 25 USD MgCO2-1. From an economic standpoint, 512 

decentralized biorefinery systems based on pellets are much better suited to CCR technology 513 

than the smaller centralized systems. 514 

Another potential economic advantage of the decentralized biorefinery system is that a biomass 515 

pellet-based biorefinery system can be located adjacent to power plants that are usually far 516 
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distant from the cellulosic feedstock production areas. Most centralized biorefineries would be 517 

located near feedstock production areas. Long distance feedstock transportation is probably not 518 

practical in the bale-based centralized system. Sharing the CO2 capture facility between the 519 

decentralized biorefinery and the adjacent power plant can reduce the capital and pipeline 520 

transport costs, resulting in a 7% reduction in both capital and transport costs on the biorefinery 521 

side due to economies of scale. CO2 emissions from adjacent coal-fired power plants in the DDB 522 

system considered in this analysis account for 58% on average of the total CO2 captured in the 523 

biorefineries. Another reason for co-locating the biorefinery with a power plant is that the power 524 

plants are in or near urban areas, and thus the cost of distributing biofuel to the consumers can be 525 

reduced. 526 

Decentralized biorefineries with CDR technologies can provide carbon-negative biofuels, but 527 

these biofuels are more expensive than biofuels without CDR technologies. Economic incentives 528 

(i.e., cover crop incentives, and/or a CO2 tax credit) can mitigate price increases due to CDR 529 

technology. Federal economic incentives cost 5.5 and 8.4 billion USD annually in scenarios A2 530 

and B2, respectively. The total GHG mitigation per dollar of economic incentives is 17.7 kgCO2 531 

USD-1 in scenario A2 and 18.8 kgCO2 USD-1 in scenario B2. In other words, scenario B2 uses 532 

the economic incentives somewhat more efficiently than does scenario A2 in terms of total GHG 533 

mitigation versus economic incentives. In addition to federal economic incentives, the California 534 

Low Carbon Fuel Standard (LCFS) provides credit for cellulosic biofuel at a rate of 200 USD per 535 

metric ton of carbon dioxide reduced (https://ww3.arb.ca.gov/regact/2019/lcfs2019/isor.pdf). The 536 

LCFS credits for scenarios A1, B, and B1 are 3.25, 2.70, and 5.57 USD GGE-1, respectively, 537 

resulting in a 65-97% decrease in biofuel selling prices. The LCFS credits in scenario B2 are 538 

greater than biofuel selling prices, implying that CCS technology integrated with cover crops in 539 
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biofuel production is more profitable. Therefore, combining different CDR technologies (i.e., 540 

cover crop and CCS) in decentralized biorefineries is economically efficient for GHG mitigation. 541 
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Figure Legends and Tables 780 

Figure 1. Lifecycle GHG emissions of biofuels (Excess electricity: GHG credit for the excess 781 

electricity; Biorefinery process: GHG of materials used in the biorefinery (e.g., glucose, corn 782 

steep liquor, etc.)) 783 

Figure 2.  Minimum biofuel selling prices (Excess electricity: credit for the excess electricity; 784 

Biorefinery process: material costs, capital, labor, etc.)  785 

Figure 3. Biofuel selling price, lifecycle GHG and total GHG mitigation. 786 

Table 1. Biorefinery system scenarios in the decentralized depot-based biorefinery system. 787 

(CCS: carbon capture and storage; N/A: not applicable)  788 
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