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Thlaspi arvense L. (Field Pennycress; pennycress) is being converted into a winter-annual oilseed crop that confers cover crop benefits when grown throughout the 12 million-hectares U.S. Midwest. To ensure a fit with downstream market demand, conversion involves not only improvements in yield and maturity through traditional breeding, but also improvements in the composition of the oil and protein through gene editing tools. The conversion process is similar to the path taken to convert rapeseed into Canola. In the case of field pennycress, the converted product that is suitable as a rotational crop is called CoverCress™ as marketed by CoverCress Inc. or golden pennycress if marketed by others. Off-season integration of a CoverCress crop into existing corn and soybean hectares would extend the growing season on established croplands and avoid displacement of food crops or ecosystems while yielding up to 1 billion liters of seed oil annually by 2030, with the potential to grow to 8 billion liters from production in the U.S. Midwest alone. The aviation sector is committed to carbon-neutral growth and reducing emissions of its global market, which in 2019 approached 122 billion liters of consumption in the U.S. and 454 billion liters globally. The oil derived from a CoverCress crop is ideally suited as a new bioenergy feedstock for the production of drop-in Sustainable Aviation Fuel (SAF), renewable diesel, biodiesel and other value-added coproducts. Through a combination of breeding and genomics-enabled mutagenesis approaches, considerable progress has been made in genetically improving yield and other agronomic traits. With USDA-NIFA funding and continued public and private investments, improvements to CoverCress germplasm and agronomic practices suggest that field-scale production can surpass 1,680 kg ha−1 (1,500 lb ac−1) in the near term. At current commodity prices, economic modeling predicts this level of production can be profitable across the entire supply chain. Two-thirds of the grain value is in oil converted to fuels and chemicals, and the other one-third is in the meal used as an animal feed, industrial applications, and potential plant-based protein products. In addition to strengthening rural communities by providing income to producers and agribusinesses, cultivating a CoverCress crop potentially offers a myriad of ecosystem services. The most notable service is water quality protection through reduced nutrient leaching and reduced soil erosion. Biodiversity enhancement by supporting pollinators’ health is also a benefit. While the efforts described herein are focused on the U.S., cultivation of a CoverCress crop will likely have a broader application to regions around the world with similar agronomic and environmental conditions.
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INTRODUCTION
A reliable, sustainable, and secure biofuels industry in the U.S. requires a diverse portfolio of feedstocks that can be utilized across multiple energy platforms. This includes dedicated industrial crops for production of lipids which can be efficiently converted to drop-in fuels using both proven and emerging technologies. According to the National Oilseed Processing Association (NOPA), companies are investing in oilseed-to-biofuels processing facilities across the U.S. Cargill, Bunge, and ADM are leading the industry in conversion of soy oil, distillers corn oil, and other diverse soft oilseeds for the biodiesel and renewable diesel markets. Additionally, the Commercial Aviation Alternative Fuels Initiative (CAAFI) is monitoring the efforts of multiple companies who have communicated their intent to install over 45.4 billion liters of additional lipid hydro-processing facilities over the next 5 years. However, the limited domestic availability of diverse oilseed feedstocks may hinder such development. To address the demand for lipid feedstocks for sustainable aviation and other biofuels, the authors are working to convert pennycress (Thlaspi arvense L., Field pennycress) into a new oilseed crop to be grown as a winter-annual industrial crop throughout the U.S. Midwest Corn Belt. While the primary near-term goal is to commercialize converted pennycress as a feedstock for renewable diesel, there is a longer-term goal to also commercialize converted pennycress as a feedstock for sustainable aviation fuel. To reach this longer-term goal, there are many steps along the path to commercialization from ‘farm to flight’.
In 2019, the authors were awarded a $10 million grant to fund the IPREFER (Integrated Pennycress Research Enabling Farm and Energy Resilience; www.iprefercap.org/) Project as part of the USDA-NIFA Coordinated Agriculture Projects focused on Sustainable Agricultural Systems. This project has the singular goal of removing production bottlenecks to commercialize converted pennycress by 2022. The IPREFER team consists of academic collaborators from Illinois State University, Ohio State University, University of Minnesota, University of Wisconsin, Southern Illinois University, and Western Illinois University in addition to researchers from the USDA-ARS North Central Soil Conservation Research Lab and the Agricultural Utilization Research Institute in Minnesota. The private partner developing and commercializing a converted form of pennycress is CoverCress Inc. (CCI) in St. Louis, MO.
To ensure a fit with downstream market demand, the conversion of pennycress involves not only improvements in yield and maturity through traditional breeding but also improvements in the composition of the oil and protein through gene editing tools. The conversion process is similar to the path taken to convert rapeseed into Canola. In the case of field pennycress, the converted product that is suitable as a rotational crop is called CoverCress™ as marketed by CCI or golden pennycress if marketed by others. This integrated team of researchers has diverse expertise to deliver advances in pennycress germplasm, gene editing techniques, crop management, harvest efficiency, and post-harvest handling and processing of CoverCress seeds.1
Agronomic studies are conducted on environmentally-diverse test plots located in four Midwestern states (IL, MN, OH, WI). Economic, social, and environmental data generation helps guide research and development directions as well as inform community dissemination through leveraged extension and education components. Results of the agronomic work are integrated into the evaluation of fuel and byproduct production with the goal of economic sustainability for the entire supply chain. These efforts are coupled with techno-economic analyses of the entire energy-crop value chain as well as development of decision-making tools applicable throughout the Midwest region. Outreach is focused on regional producers and agricultural industries along with 4-H, undergraduate and graduate students, and the general public. Through these integrated approaches, the new CoverCress crop is successfully progressing along the path to commercialization as evidenced to date by industry partner CCI who will be delivering CoverCress seed to contracted growers for fall 2022 planting.
IMPORTANCE TO AVIATION INDUSTRY
The anthropogenic greenhouse gases (GHGs) contributed by the transportation sector are significant. The U.S. Energy Information Administration indicates the commercial aviation market is responsible for up to 13% of such transportation GHG emissions (U.S. Energy Information Administration, 2020b), i.e., generating less than 3% of all manmade CO2 production. However, demand for commercial air travel continues to grow, with expected, sustained average annual traffic growth rates of from 3%–5%, with strong demand coming from developing regions. Depending on traffic growth and new aircraft (with improved efficiency driven by new technology incorporation) assimilation rates, the current global aviation CO2 emissions have the potential to increase to 200%–300% of today’s levels by 2050. The civil aviation industry recognizes the pressure of such emissions growth with respect to societal demands to reduce GHGs and has made multiple voluntary commitments to do so. Aviation is the first industrial sector to make a significant commitment to near-term carbon-neutral growth, from 2020 onward, and making a long-term (2050) commitment on physical net carbon reductions of −50% from 2005 levels. In early 2021, U.S. airline members of Airlines for America updated their goals and committed to 2030 SAF usage levels, and to net-zero carbon by 2050 (Airlines for America, 2020). On 04 October 2021, the International Air Transport Association (IATA) announced an agreement from their member airlines, worldwide, to commit to net zero carbon by 2050 (IATA Net Zero, 2022). The announcement outlines significant targets for SAF production and use as required to meet the goal, as well as calling on the International Civil Aviation Organization (ICAO) to develop by 2022 a long-term goal for SAF than can be promulgated under the Carbon Offsetting and Reduction Scheme (CORSIA). All these goals will rely on the use of sustainable aviation fuels (SAF) that are able to demonstrate significant net lifecycle reductions in CO2 emissions (low Carbon Intensity (CI) scores) versus use of petroleum-based jet fuel.
CORSIA was established by ICAO as a framework of standards concerning the assessment and adoption of SAF that demonstrate reduction of CO2 emissions in international aviation. As of September 2021, the United States and 106 other countries have committed to participate in the first voluntary phase of CORSIA from 2021–2026, covering >77% of all international aviation activity. All ICAO member states will participate in the second phase from 2027–2035 representing >90% of all international activity, even with CORSIA allowed exceptions. A CORSIA approved SAF is a renewable or waste-derived fuel that meets the sustainability criteria of CORSIA (ICAO CORSIA, 2022).
The Biden administration, on 9 September 2021 held a Sustainable Aviation Summit where they announced a SAF Grand Challenge entailing government agencies working together to develop a comprehensive strategy for scaling up new technologies to produce SAF on a commercial scale. Goals of the Challenge include a nearer term goal of producing 1.63 billion liters per year by 2030 (or about 10% of U.S. demand) and ultimately supplying sufficient SAF to meet 100% of U.S. aviation fuel demand by 2050 (159 billion liters per year) (The White House, 2021a; Energy, 2021). U.S. airlines simultaneously announced their intent to utilize such fuel volumes. There has also been legislation proposed in the U.S. House and Senate to foster the development of SAF with incentives including the Clean Skies Act and Sustainable Aviation Fuels Act, a primary tenet of which is the implementation of a Blender’s Tax Credit for the production of SAF meeting certain CI scoring. Legislative efforts are also being pursued around the world to either incentivize or mandate the use of SAF, including in the European Union, United Kingdom, and Canada.
Due to U.S. production only occurring at two facilities (World Energy’s Paramount, California, USA, facility, and Gevo’s facility in Silsbee, Texas, USA), SAF has been in regular commercial use since 2016 in limited volumes. In 2020, the Environmental Protection Agency reported U.S. SAF usage (volumes complying with the U.S. Renewable Fuels Standard) of 21 million liters which falls short of the civil aviation demand (U.S. Environmental Protection Agency, 2021d). However, additional SAF production facilities are in development world-wide with the Air Transport Action Group of the International Air Transport Association reporting airline industry SAF offtake commitments of more than 12 billion liters at the end of September 2021 (GreenAir News, 2021), with additional deals being announced on a frequent basis.
Low carbon feedstocks therefore are gaining prominence in the effort to develop SAF and meet industry targets and commitments. Concerns regarding food-versus-fuel conflicts and other unintended consequences of first-generation biofuels have driven bioenergy research towards developing novel feedstocks that minimize competition with food-crop production. Bioenergy feedstocks can be sustainably produced through ‘sustainable intensification’ or, extensification, which is the targeted use of underutilized land or biomass residues or the intensification of conventional crop rotations (Heaton et al., 2013). Among such crop rotations, purpose-grown oilseeds hold promise for meeting the regulatory specifications of SAF and other renewable fuels. Specifically, the use of lipid feedstock as a source of renewable liquid fuels is particularly significant because they can easily be converted to produce drop-in fuels that have been tested successfully in commercial and military operations and are market-ready.
The aviation industry has qualified the use of two thermochemical conversion processes to convert fats, oils, and greases (FOG) to synthetic jet fuel, as well as allowing FOG to be co-processed with petroleum in existing refineries (see ASTM D7566 and D1655 specifications respectively). Additional efforts are underway to: evaluate four additional conversion processes for FOG; expand the possibility for refinery co-processing; and, allow select FOG conversion processes to be used as fully drop-in fuels with no blending requirements.
FOG include waste greases, animal fats, municipal waste and sludge, algae, food processing oils, and purpose grown oil-bearing seeds and nuts. Several industrial oilseed crops fit the criteria of no direct land-use change (Shi et al., 2019) due to being non-food crops and non-land displacing especially since these are suited for winter production in most regions.
Winter oilseeds, like CoverCress seed, are “second generation” feedstocks that are also an example of temporal intensification in which feedstock crops are integrated into the fallow seasons of existing rotations and avoids the direct and indirect land-use change impacts associated with agricultural intensification (Fargione et al., 2008) or displacement of existing crop production (Searchinger et al., 2008), respectively. They also provide a means of achieving the ecosystem service benefits of cover cropping, such as erosion control and reduced nutrient leaching, with a net profit to producers rather than at a significant cost (Plastina et al., 2018). Winter oilseeds are known to be effective in various rotations to break disease and pest cycles, recycle nutrients in the soil, reduce nutrient leaching, and reduce or eliminate weed problems (Seepaul et al., 2016; Shi et al., 2019). Biomass returned to the soil with only the seed being harvested is a major differentiating factor between non-food oilseed crops and other first generation (starches and sugars) or certain second generation (cellulosic and lignocellulosic) crops. This results in maximum sequestration of carbon and return of nutrients to the soil for the following crops (Seepaul et al., 2019).
WHY PENNYCRESS?
Pennycress is an oilseed-producing member of the Brassicaceae family, closely related to rapeseed, canola, carinata, and camelina (Best and Mcintyre, 1975; Warwick et al., 2010; Franzke et al., 2011). Containing 30%–32% oil with a fatty acid profile that allows for easy conversion to biofuels meeting the U.S. Renewable Fuels Standard, pennycress can help fill the demand for SAF (Moser et al., 2009; Moser, 2012). Pennycress is unique in that it has a small non-repetitive diploid genome (Dorn et al., 2013; Dorn et al., 2015; McGinn et al., 2018) and can be easily genetically manipulated (Sedbrook et al., 2014; Chopra et al., 2018; McGinn et al., 2018; Chopra et al., 2020), akin to its well-known model relative Arabidopsis thaliana. Extremely winter hardy with high oilseed yields and a short life cycle, pennycress can be integrated into the fallow period of existing cropping systems in the U.S. Midwest as a profitable winter cover crop (Phippen and Phippen, 2012; Fan et al., 2013; Johnson et al., 2015; Jordan et al., 2016; Johnson et al., 2017; Ott et al., 2018). For example, pennycress, as converted to CoverCress, can be planted following corn or soybean in late summer/early fall. Early-maturing pennycress varieties can be harvested in mid-May to June in time to plant full-season summer crops which allows producers to produce two cash crops on the same land in 1 year.
As a protective living cover during the offseason in the Midwest, a pennycress crop, such as CoverCress, provides numerous ecosystem services. Ecosystem benefits include nutrient retention, increased pollinator health, and biodiversity (Malakoff, 1998; Eberle et al., 2015). The deadzone in the Gulf of Mexico, which is the second largest deadzone in the world, has been attributed to nitrogen inputs from agriculture in Minnesota, Iowa, Illinois, Indiana, and Ohio (Malakoff, 1998; Scavia, and Donnelly, 2007; David et al., 2010). Both surface and subsurface drainage modifications bypass traditional mitigation efforts (Baker and Johnson, 1981; Baker et al., 2008). Nutrients losses from agricultural fields can be reduced, in part, with the implementation of reduced fertilizer application rates in combination with optimized spatial and temporal applications (Roth et al., 2018; Wang and Weil, 2018). However, producers are reluctant to reduce nitrogen application due to perceived risk to corn yields. Moreover, tile drainage bypasses traditional best management practices. Cover crops, like pennycress, provide a remedy in that they sequester nutrients before reaching tiles (Lemke et al., 2011; Jarecki et al., 2018).
A pennycress crop may serve as a nectar and pollen source as early as late April in central Minnesota and earlier in more southern states (Sindelar et al., 2017). No other agronomic crops, aside from winter camelina (a companion oilseed of pennycress), have the ability to flower so early and en masse as a pennycress crop in the U.S. Midwest region, particularly in its converted form as a CoverCress crop. Pennycress fields can flower for 3–4 weeks during which they produce abundant quantities of pollen and nectar (Eberle et al., 2015; Thom et al., 2018). Pennycress flowers are visited frequently by a wide range of insects, including native bees (Eberle et al., 2015; Groeneveld and Klein, 2015; Thomas et al., 2017; Thom et al., 2018). If early, reliable, and extensive floral resources were available in the U.S. Midwest, local honey production would increase, and overall colony health would improve. It is also hypothesized that health and vigor of early-emerging native pollinators would increase with access to fields of spring-flowering pennycress.
Field trials in Illinois and Minnesota have demonstrated that a pennycress crop has a minimal impact on yields of soybean crops following pennycress (Phippen and Phippen, 2012; Johnson et al., 2015; Ott et al., 2018). A pennycress crop, particularly in its converted form as a CoverCress crop, is not invasive, and producers who have grown the crop multiple years in commercial fields attest that it is not a problem weed. Since the same equipment used to manage conventional crops can be used with a pennycress crop (e.g., the same combines used to harvest soybean are used to harvest pennycress), minimal new farm equipment is required. Therefore, a CoverCress crop fits into existing crop rotations resulting in higher total seed yields (two cash crops in 1 year) without requiring new land commitments.
A CoverCress crop is unique among winter cover crops in that it can generate income as an oilseed crop thereby providing incentive for adoption by producers and stakeholders. Off-season integration of a CoverCress crop into existing corn and soybean hectares would extend the growing season on established croplands while avoiding displacement of food crops. At current commodity prices, our economic modeling informed by producers, industry partners, investors, and other stakeholders predicts the modest production increases enabled by the IPREFER project will make a CoverCress crop profitable across the entire supply chain.
HOW HAVE RESEARCHERS IMPROVED PENNYCRESS FOR COMMERCIALIZATION AS COVERCRESS?
Researchers have developed varieties with low seed coat fiber content and low erucic acid seed oil that produce seed meal and oil equivalent to that of canola (Chopra et al., 2018; Chopra et al., 2020). After less than a decade of selection and breeding, CoverCress lines yield over 1,680 kg ha−1 (1,500 lb ac−1) of seed with newer varieties approaching 2,241 kg ha−1 (2,000 lb ac−1). Wild pennycress stands have been reported to produce seed yields as high as 2,246 kg ha−1 (Mitich, 1996) which equates to 646 L (170 gal) of oil and 1,460 kg of seed meal per ha (1,302 lb ac−1). Given the success of their breeding, gene editing, and agronomic program, CCI believes 2,465 kg ha−1 (2,200 lb ac−1) can be attained commercially in a CoverCress crop in the near term through marker-assisted breeding in combination with gene editing and improvements to agronomic practices. At 2,200 kg ha−1 (2,000 lb ac−1), a CoverCress crop planted on half of the rotational hectares of the U.S. Midwest Corn Belt would produce 5 billion liters (1.1 billion gal) of oil and 7 million metric tons (MT) of edible seed meal annually.
In addition to rapid advances in breeding, CCI researchers have identified and validated pennycress mutations that confer agronomic trait improvements necessary for commercial launch. These mutations were generated using both classical mutagenesis and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 gene editing approaches. Trait improvements include: absence of erucic acid in seed oil (fae1 mutation produces edible oil equivalent to canola oil and well-suited for biodiesel and SAF generation), reduced seed glucosinolate content (e.g., aop2 mutation makes the seed meal highly palatable as an animal feed), reduced seed coat fiber (e.g., ttg1, tt8, or tt2 mutations individually reduce seed coat fiber content thereby improving the nutritional value of the CoverCress meal), increased seed oil from 25%–30% to 30%–34%, and reduced seed pod shatter (ind partial loss-of-function mutations reduce preharvest seed loss) (Chopra et al., 2018; McGinn et al., 2018). As of 2021, researchers have combined these genetic improvements into elite breeding lines and are currently conducting field trials across multiple locations throughout the central U.S. Midwest region as well as commercial seed inventory production for a planned commercial launch of CoverCress in the fall of 2022.
To support our efforts in securing CoverCress as a newly converted pennycress crop, the U.S. Department of Energy Biological and Environmental Research (DOE-BER) program funded in 2020 the $13 million Integrated Pennycress Resilience Project (IPReP; www.pennycressresilience.org/) focused on interrogating natural and induced genetic variation in pennycress to improve abiotic stress tolerance. As a winter annual, pennycress/CoverCress undergoes a plethora of environmental challenges including drought in the fall, freeze-thaw cycles throughout the winter, and water logging and heat waves in the spring. These environmental challenges are becoming more frequent and severe with climate change (IPCC, 2021), hence the need to introduce genetics into future generations of the crop to confer improved resilience. IPReP involves interdisciplinary teams from public universities, non-profit institutions and U.S. DOE labs who are employing eco-evolutionary computational genomics along with traditional mutagenesis and CRISPR genome editing approaches to identify key genetic variants that confer superior abiotic stress resilience.
COVERCRESS COMMERCIALIZATION EFFORTS
During the initial years of converting pennycress, it became apparent breeding varieties with consistent seed yields across years would be essential for commercialization. CCI (previously known as Arvegenix) was founded in 2013 and started with a structured plant-breeding program including a broad germplasm base, detailed crossing and testing programs, and the goal to convert pennycress into CoverCress following a path similar to the one taken for converting rapeseed into canola (Bell, 1982) (Figure 1). CoverCress grain will initially be marketed as a feed ingredient in the production of broiler chickens and in its whole grain form at a 2%–4% inclusion rate in the feed ration. As CCI scales hectares and CoverCress grain production increases, CoverCress grain (following completion of product development efforts) will go to crush and the extracted oil will be used in renewable fuel production and the extracted meal as livestock feed, using all carbon components produced.
[image: Figure 1]FIGURE 1 | Breeding efforts to improve pennycress to address seed yield and new markets.
The transition from whole grain feed to a crush ready product with the extracted oil for fuel will occur when economies of scale are met. This will occur when sufficient volumes of seed reached, product development efforts are completed, and processing facilities are improved to handle diversified feedstocks including CoverCress grain that has been specifically produced under an offtake agreement with Bunge that was announced in the spring of 2022. As part of a recently announced partnership between Bunge and Chevron, Bunge and CCI entered into a product offtake agreement whereby Bunge will purchase and process CoverCress grain. Also as a part of that announced partnership, Bunge will begin modifying and improving the current processing facilities to handle new feedstocks. Bunge’s U.S. soybean processing plants in Destrehan, Louisiana, and Cairo, Illinois, will be a part of the joint venture with Chevron contributing approximately $600 million in cash (Bunge, 2022). Plans include approximately doubling the combined capacity of these facilities from 7,000 MT per day by the end of 2024 (Bunge, 2022). Under the agreements, Bunge will operate the facilities; Chevron will have purchase rights for the oil to use as a renewable feedstock to manufacture transportation fuels with lower lifecycle carbon intensity (Bunge, 2022). The CCI and Bunge offtake agreement is an integral part of the Bunge and Chevron joint venture (Lane, 2022).
Breeding and Gene Editing
CCI’s current CoverCress product offering is a gene edited “golden seed” variety converted from pennycress having low fiber content in the seed meal for improved animal feeding and low erucic acid which produces healthier oil characteristics. Another striking improvement has been in seed germination. Wild pennycress varieties have a characteristically high initial dormancy rate, with first year germination of only 30%–50%. With mutations in the tt8 gene, the seed coat is thinner, has a golden color, and seed exhibits dramatically improved germination rates to greater than 95% for freshly harvested seed. The improved germination has substantially increased yield by allowing for a more reliable and consistent stand establishment in the fall which leads to an earlier harvest in the spring (Figure 2). Reducing seed dormancy also alleviates weediness due to the seeds germinating when planted instead of lingering in the soil. By increasing the crude protein content in the seed meal from 25% to 30%, value is added as a livestock feed. CCI, along with the parallel work at IPREFER institutions, is working together through plant breeding, gene editing, and agronomy programs to continuously improve the current products for higher yields and added positive traits. Traits currently in the development pipeline include reduced glucosinolates and herbicide tolerance.
[image: Figure 2]FIGURE 2 | Multi-year and multi-location yield data demonstrating significant seed yield increases of CoverCress™ through traditional plant breeding and gene-editing.
Seed Increase and Supply Chain
The first commercial CoverCress product was developed in 2019. This led to foundation-seed-expansion efforts in the 2020–21 season and commercial seed production in the 2021–2022 season. As expansion efforts continue, the details on the immediate supply chain for grain handling becomes paramount. One hectare of commercial seed production can produce the seed for 48 ha (121 acres), assuming a yield of 1,681 kg ha−1 (1,500 lb ac−1) and a seeding rate of 5.6 kg ha−1 (5 lb ac−1).
Ideal foundation-seed-expansion production ground is a relatively flat topography, relatively weed free or free of certain weed types, where no HPPD (4-Hydroxyphenylpyruvate dioxygenase inhibitor) herbicide was applied in the spring/summer before CoverCress seeding. Fields are observed throughout the season for weeds and CoverCress stand establishment. To ensure high quality seed and purity, a very clean combine optimized for small oilseeds is used for harvest.
The main supply chain components are: contract grower production (plant/cultivate/harvest/deliver), transportation to local seed handlers, grain cleaning/drying and storage, and seed delivery to end-product users. After an initial period of expansion (i.e., during the period when CoverCress grain is marketed in its whole grain form for inclusion in broiler feed) and final product development to achieve the low glucosinolate trait, the grain will also go to crush (for oil excrescence and meal production), with the initial customer being Bunge under the aforementioned offtake agreement. The oil and meal will be delivered to subsequent product producers. Harvesting CoverCress grain could use one of three likely models: 1) individual producers harvesting their fields; 2) one producer harvesting for each farm cluster (simplifying out-of-season machinery use); or 3) hired custom harvest. It is likely that a combination of the three models will be employed, especially in the first 5–10 years as hectares increase and the best option is determined.
Grain cleaning efforts show that a single additional sieving process after harvest at the seed handler will provide adequately clean grain when seed is harvested with properly adjusted combines. Forced-air grain drying at ambient temperature works well for CoverCress grain, and a moisture level of ∼10%–12% which is adequate for storage is achieved in a couple of days (when the grain is harvested at ∼18% moisture). While CoverCress grain can be stored in standard bins by grain handlers, customization of the bin flooring is required due to the small seed size. Flat storage with movement of grain via bucket loaders is also a viable option.
Launch Area
The initial launch area considered by CCI is south central Illinois and portions of Missouri (Figure 3). The initial launch is slated for 4,046 ha (10,000 ac) to be planted in fall 2022 with expected expansion to 20,234 ha (50,000 ac) in fall 2023. As producers become more interested about contracting for CoverCress grain production and expansion of hectares increase, CCI will expand its geography to include Iowa, Indiana and Ohio. The commercialization model depicted in Figure 4 mainly considered farmer adoption for increased hectares along with the development of new CoverCress varieties having improved yields as well as earlier maturity (shorter cycle) allowing for expansion of where the crop can be planted.
[image: Figure 3]FIGURE 3 | Commercial target launch zone for CoverCress™ seed in central Illinois and northeast Missouri, USA.
[image: Figure 4]FIGURE 4 | CoverCress commercialization forecast in M tons of harvested grain.
CoverCress seed is an important part of the broad solution to produce low carbon intensity fuels which are critical to reducing global warming. Because crush facilities for plant-based oil extraction and fuel production from these oils use well-established processes, CoverCress seed oil can be added rapidly to the fuel feedstock markets. As shown by Frank et al. (2021), time is a critical component in the fight against climate change. Well established processes can make the final impact more relevant due to the time it will take to fully implement lower carbon alternatives to our way of life.
HOW DOES COVERCRESS FIT INTO THE LOW CARBON BIOECONOMY?
In the United States, approximately 80% of the total energy consumed is supplied from fossil fuels (U.S. Energy Information Administration, 2020a). The U.S. ranks second globally in GHG emissions, contributing approximately 15% of the total amount released annually (U.S. Environmental Protection Agency, 2021a). The U.S. Energy Independence and Security Act of 2007 mandates an increase in renewable transportation fuels to 136 metric liters by 2022 (Fan et al., 2013; U.S. Environmental Protection Agency, 2021b), but progress in fuel production beyond ethanol and biodiesel has been rather limited versus expectations included in the Act. Recently, President Biden signed an executive order to reduce emissions across federal operations which calls for a 65% reduction in emissions by 2030 and net-zero emissions by 2050 (The White House, 2021b). A few states have imposed their own programs to reduce GHG emissions. One of the most ambitious programs to reduce GHG emissions is the California Low Carbon Fuel Standard (LCFS), which requires oil refineries and distributors to reduce GHG emissions by replacing petroleum-based fuels with renewable fuels used for transportation. The program considers a full life cycle analysis of the fuel, which includes carbon emissions during production and consumption of the fuel. The program is designed to encourage the adoption of low carbon and renewable fuel alternatives which in turn will reduce the carbon intensity of transportation fuels by 20 percent by 2030 (California Air Resource Board, 2021a). An LCFS program also exists in Oregon, modelled closely after the California model, and a Clean Fuel Program was also created in Washington in 2021. This sets the stage for LCFS incentives to draw renewable fuel production and deliveries to west coast markets, irrespective of their area of production. These LCFS programs are designed to provide the greatest reward to those producing biofuels with the lowest CI scores. These programs are designed to provide incentives that are aligned with the desired behavior of producing fuels with increasingly less carbon intensive. This strategy further promotes transitions among alternative fuels.
CI scores measure the amount of carbon dioxide equivalent (C02e), by weight, emitted per unit of energy consumed for a given fuel (e.g. grams (g) of CO2e MJ−1). Fuel derived from biological sources, such as plants which pulled their carbon content from the atmosphere, have much lower CI scores than petroleum-based fuels. Renewable fuels with lower CI scores than petroleum-based fuels will aid with climate and environmental protection and promote the transition from a fossil fuel-based economy towards a sustainable biobased or bioeconomy having sustainable economic growth.
In California, the beginnings of a biobased economy are well underway. Businesses that produce biofuel with CI scores lower than the target value for the year can earn an LCFS credit which can be sold to a company whose fuel production process generates excessive carbon emissions. The credit price of carbon for the week of 15 November 2021 traded at $179.36 MT−1 with a volume of 618,108 MT traded for a total value of $110,862,192 (California Air Resources Board, 2021b). From 2011 to 2018, the LCFS program removed 38 million MT of CO2 emissions and saw a 74% increase in renewable fuel use. In 2018, the total value of credit transactions was approximately $2 billion (California Air Resources Board, 2021b).
Reported CI scores for producing petroleum-based diesel and jet fuel are 91.66 and 89.37 g CO2e MJ−1, respectively (California Air Resource Board, 2021c). By comparison, the CI score for biodiesel and renewable jet fuels has been reported at 35.4 and 36.4 g CO2e MJ−1, respectively (U.S. Environmental Protection Agency, 2021c). CI scores for a fuel can vary based upon inputs (petroleum-based or plant-based oil), production efficiencies, and for plant-based renewable fuels, from how the crop was grown. Growing biofuel crops following best management practices that minimize GHG production will lower CI scores of the fuel produced. Such best management practices include adopting conservation tillage practices, including winter cover crops, and optimizing fertilizer inputs to increase yields while limiting GHG emissions such as CO2 and N2O. Paustian et al. (2019) describes how conservation tillage practices can reduce C losses from soil while improved crop rotations and the inclusion of winter cover crops can add C to soils with the potential of sequestering 4–5 Gt CO2 per year globally for 2–3 decades.
As conservation practices are introduced on cropland, carbon sequestration in soil typically follows a sigmoidal curve, eventually reaching a new equilibrium concentration. It has been estimated that soil may be able to sequester 5%–15% of global fossil fuel emissions (Lal, 2004). Carefully managing fertilizer applications are essential because higher fertilizer rates can stimulate microbial activity that will release more GHG from soil, increasing the crops CI score. A study by Field et al. (2018) found that by optimizing soil cultivation and N fertilizer application on switchgrass used as a feedstock to produce cellulosic ethanol, GHG emissions were reduced by up to 22 g CO2e MJ−1 of energy produced compared to conventional gasoline.
The CoverCress product shows great potential as an oilseed crop because it can produce renewable fuels such as biodiesel, renewable diesel, and SAF and may be suitable to grow on approximately 12 million hectares in the Midwest typically left winter fallow. A preliminary life cycle analysis by CCI has reported a CI score of 30.23 g CO2e MJ−1 for biodiesel production (CoverCress, 2019), although biodiesel produced from fatty acid methyl esters will have a lower carbon intensity than hydrotreated oils used to make jet fuel (Moser, 2012). In addition, CCI conducted an Induced Land Use Changes (ILUC) study through Purdue University using the GTAP-BIO model used by the California Air Resources Board (CARB). This ILUC study examined the effects of a limited stock of 757 million liters (200 million gallons) of biodiesel produced from CoverCress as a second crop with the level of biodiesel produced from pennycress generating an ILUC value of −30.6 g CO2e MJ−1 on average. Fan et al. (2013) conducted a life cycle assessment comparing pennycress to petroleum to synthesize biodiesel and renewable jet fuel. The study evaluated pennycress as a winter annual in the U.S. Midwest, grown between corn harvested in the fall and soybean planted in the spring. The study concluded that using pennycress to produce biodiesel and renewable jet fuel reduced GHG emissions by up to 85% and 63% respectively, compared to producing petroleum-based fuels. It was further concluded that growing pennycress between corn and soybean did not compete with food crops for land, nor did pennycress cause a yield reduction from the subsequent soybean crop (Fan et al., 2013).
While in the past, producers have been incurring unrecoverable costs in adopting cover crops, there appears to be progress on clearing this hurdle to CoverCress commercialization. Thompson et al. reviewed the 2017 U.S. Census of Agriculture and reported that cover crops had been adopted on only 11% of farms, and just 4% of cropland acres, in Illinois, Indiana, and Iowa (2021). They further highlighted the reluctance of producers to plant cover crops is evident in that more than half of cover crop adopters planted less than 20 ha (50 ac) of cover crops (Thompson et al., 2021). However, in more recent surveys, producers are expressing an interest in growing a CoverCress crop. A survey conducted by Zhou et al. (2021) evaluated the willingness of producers to grow CoverCress as an energy feedstock. Results showed that approximately 58% of producers surveyed were interested in growing a CoverCress crop if it was profitable; and among those interested, 54.4% would accept the farmgate price of $0.28 kg−1. They further concluded a profit of $179 ha−1 could be achieved from an average harvest of 1,600 kg ha−1 (1,427 lb ac−1) sold at $0.28 kg−1 ($0.62 lb−1). This would generate a gross income of $448 ha−1 ($988 ac−1) and assumed a production cost of $269 ha−1 ($665 ac−1) (Zhou et al., 2021).
CONCLUSION
In order to substantially reduce GHG emissions of commercial aviation and meet the SAF Grand Challenge, a second-generation of biofuels is needed to develop feedstocks that minimize competition with food-crop production. As an extremely hardy winter cover crop with high oilseed yields and a low CI score, a CoverCress crop helps to fulfill this need. The efforts of IPREFER and its constituent university teams, as well as those of CCI in varietal and product development, supply chain strategies, and rapid growth in commercialization hectares have positioned CoverCress as new rotational crops to become a source of renewable fuels such as renewable diesel, SAF and biodiesel. As commercial farm production of the CoverCress crop begins in the fall 2022, converted pennycress is well on its way from “farm-to-flight” as it becomes a commercial low carbon intensity cash cover crop for sustainable aviation fuel. IPREFER, in close partnership with CCI, will be working a multifaceted research, education, and outreach approach over the next 3 years to remove the remaining hurdles for broad producer and stakeholder adoption.
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