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Sustainable aviation fuel (SAF) has been considered as a potential means to mitigate greenhouse gas (GHG) emissions from the aviation sector, which is projected to continuously expand. This study examines the impact of developing a SAF sector along with carbon credits on carbon equivalent emissions from aviation using a Stackelberg leader-follower model that accounts for economic interaction between SAF processor and feedstock producers. The modeling framework is applied to an ex-ante optimization of commercial scale SAF production for the Memphis International Airport from the switchgrass-based alcohol-to-jet pathway. Results suggest that supplying 136 million gallons of SAF to the Memphis International Airport annually could reduce 62.5% of GHG emissions compared to conventional jet fuel (CJF). Incorporating with carbon credits, SAF could lower GHG emissions by about 65% in total from displacing CJF and generate additional welfare gains ranging between $12 and $51 million annually compared to the case without carbon credits. In addition, sensitivity analysis suggests advancing SAF conversion rate from biomass could lower the SAF break-even considerably and enhance the competitiveness of SAF over CJF.
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INTRODUCTION
There is mounting evidence that has documented the negative impacts of increasing cumulative anthropogenic greenhouse gas (GHG) emissions on human and environmental health [United States Environmental Protection Agency (EPA) 2017; Intergovernmental Panel on Climate Change Intergovernmental Panel on Climate Change (IPCC) 2014; Intergovernmental Panel on Climate Change (IPCC) 2018]. Lowering the atmospheric GHG concentration calls for actions that stabilize the atmospheric carbon content, which has been endorsed by numerous governments and private sectors across the world. One such action that has been a primary focus of researchers is lowering GHG emissions from the aviation sector (Grote et al., 2014). The International Air Transport Association (IATA) established goals of carbon neutral growth by 2020 and 50% GHG emissions reduction relative to the 2005 level by 2050 (IATA, 2015). Among various potential approaches to mitigate GHG emissions, utilizing renewable jet fuels (RJF) or sustainable aviation fuels (SAF) produced from agricultural and forestry residues, energy crops, or municipal wastes could have a crucial role in meeting the GHG emissions reduction goal (Fellet, 2016). As a “drop-in” fuel, SAF can be used in existing aircrafts without modifying engine designs or other engineering aspects (IATA, 2017).
The volume of SAF purchased by the U.S. aviation sector has increased from nearly zero in 2015 [U.S. Federal Aviation Administration (FAA), 2017] to about 4.5 million gallons in 2020 based on U.S. EPA’s Renewable Jet Fuel renewable identification numbers (RINs) data (Brown, 2021). In September 2021, the U.S. government announced a SAF Grand Challenge with the proposed goals to reach 3 billion gallons of SAF domestic production annually by 2030, and 35 billion gallons year−1 by 2050. Provision of tradable carbon credits could be a means to promote the use of SAF (Luo and Miller, 2013). Those carbon credits could be structured like RIN credits that are bought by registered blenders to ensure the compliance of a target or mandate. For example, the federal agency may issue GHG emission permits to the SAF processors and those permits can be traded in carbon market for credits.
Economic feasibility is considered as a key factor to expedite SAF production, thus studies related to SAF/RJF have primarily focused on the holistic economic assessment of various conversion technologies of SAF. Those studies estimated the break-even or minimum selling price (MSP) of SAF subject to conversion technologies and feedstock choices. Zhao et al. (2015) applied stochastic dominance rank study to identify the MSP for SAF at $3.11 gallon−1 of gasoline equivalent. Using stochastic dominance approach, Yao et al. (2017) found the mean break-even prices of $3.65 to 5.21 gallon−1 from various feedstock using the alcohol-to-jet (ATJ) pathway; whereas (Tao et al., 2017) estimated the MSP of $4.20 to $6.14 gallon−1 of SAF associated with the ethanol-to-jet (ETJ) upgrading technique. Bann et al. (2017) calculated the MSPs of Hydro-processed Esters and Fatty Acids (HEFA) and Fischer-Tropsch (FT) conversion pathways, and determined the MSP price ranging between $2.50 and 5.38 gallon−1 of SAF.
In addition to economic evaluations, a number of studies have examined the life cycle GHG emissions of SAF or RJF and indicated that replacing conventional jet fuel (CJF) with SAF/RJF could lower GHG emissions by 16–73% subject to feedstock choice and conversion pathways (Han et al., 2017). Specifically, Staples et al. (2018) indicated that SAF have the potential to reduce life cycle GHG emissions from aviation industry up to 68% in 2050 only if the policies were introduced to incentivize using bioenergy and waste feedstocks for SAF production over other alternative uses. The pathways of generating the SAF have substantial impacts on the GHG savings (O’Connell et al., 2019). Few studies have integrated carbon life cycle analysis (LCA) with economic analysis for SAF. Staples et al. (2014) calculated GHG footprint of SAF produced from Advanced Fermentation (AF) pathway and suggested RJF’s GHG emissions in the range of −27.0 to 89.8 gCO2e MJ−1 given the MSPs of $0.61 to $6.30 liter−1 ($2.31 to $23.85 gallon−1) from different feedstocks, compared to 90.0 gCO2e MJ−1 of CJF. Winchester et al. (2013) assessed the implicit subsidy required for SAF production from oilseed rotation crops via HEFA pathway, the cost of abating CO2 tonne−1 from the aviation from adopting SAF ranges between $50 and $400. Similarly, Winchester et al. (2015) evaluated the implicit subside for SAF produced via the AF pathway from perennial energy crops, and suggested the cost of abating CO2 equivalent could be from $42 to $652 tonne−1.
Despite the numerous studies on the economic assessment and LCA related to SAF, one key element generally neglected in these economic analyses of SAF is the potential interaction between feedstock producers and SAF processors. The biomass feedstock, such as perennial grass, cover crops, or forest residues, are not currently traded in the market. Therefore, it is important to incorporate feedstock producers’ decision process in allocating their scarce resources, such as land, when assessing the potential feasibility of SAF. Feedstock producers make decisions primarily based on their profit margins that account for a large portion of processors’ variable costs of SAF production (Agusdinata et al., 2011). As a result, the market price of SAF produced from a given feedstock-based conversion technology is a consequence to competition among the supply chain participants. Such interaction between the participants is influential to the optimization of bioethanol supply chains (Bai et al., 2012).
Another missing piece in the research on SAF production is the welfare analysis of SAF production and the probable policy mechanism. In order to achieve the determined target of the SAF Grand Challenge (3 billion gallons by 2030, 35 billion gallons by 2050) from the current level (∼4.5 million gallons in 2020), understanding the welfare implications to the related entities in the SAF supply chain could encourage more SAF production. In addition, how a GHG emissions policy or provision, such as carbon credits, may affect the optimization of SAF supply chain, net GHG emissions, and associated welfare for SAF processors and feedstock producers will provide important insights of policy mechanism on aviation GHG emissions reduction.
This study thus aims to contribute to the literature of SAF in two dimensions: first, the competitive interaction among the feedstock producers and the SAF processor is incorporated to determine the impacts of commercial-scale SAF production on farmland allocation, processing facility configuration, and GHG emissions using high resolution spatial data. Second, the impact of tradable carbon credits, a policy instrument for incentivizing the GHG emission reductions, on the welfare of the SAF processor and feedstock producers is assessed while addressing the economic interaction in the supply chain.
A Stackelberg leader-follower model is applied to capture the interaction of the SAF processor and feedstock producers and their location decision for biorefinery and feedstock draw area. As the follower, the feedstock producers are assumed to maximize their individual profits competing amongst each other in land use decision to fulfill the derived demand. The SAF processor, on the other hand, is the leader that maximizes its profit nesting the profit maximizing behavior of the individual feedstock producers. Under this circumstance, multiple decision makers from upstream to downstream of the supply chain are involved in the decisions of resource (farmland) allocation and site selection. Such sequential decision process can be formulated as a bi-level optimization problem (Lim and Ouyang, 2016), which indicates that the leader (SAF processor) considers the follower’s (feedstock producer) optimization outcome when optimizing its goals (Sinha et al., 2018).
The modeling framework is applied to an ex-ante optimization of supplying switchgrass as feedstock for SAF production to meet 50% of the aviation fuel use in the Memphis International Airport (MEM). Switchgrass is selected as the feedstock given its suitability to the soil and weather condition in the southeastern region (Wright and Turhollow, 2010). Given the selected biomass feedstock, the ATJ pathway is selected for the analysis since it is one of the technical feasible technologies to convert biomass to SAF (Yao et al., 2017). The findings from this study should provide researchers, the industry, and policy makers more insights of the potential economic and environmental impacts of developing a commercial scale SAF for the aviation industry. The modeling framework can be applied to alternative feedstock and the associated SAF pathways in different regions.
ANALYTICAL METHODS
A supply chain framework entailing game-theoretic competition between the feedstock producers and the SAF processor is implemented to analyze the economic and environmental metrics of the SAF supply chain. Following (Bai et al., 2012), the interactive decision process is modeled as a Stackelberg leader-follower game with farmland use and facility location decisions. Illustrated in Figure 1, the SAF processor (leader) select farmers for contracts based on the types of lands with a predetermined payment under the situation with carbon credit (the Baseline) and without the credit (alternative scenarios), and farmers (follower) choose to accept or decline the offer price for converting their current land use to supply feedstock. Farmers compete for the contracts without cooperative arrangements. Since there is no well-established market for large volume switchgrass transaction, land use changes are the primary decisions that go into the profit maximization problem of the feedstock producers. The “take it or leave it” feedstock price is exogenously determined by the processor based on the quantity of SAF to be produced. Since the SAF price is exogenously determined as a contractual agreement between the processor and the airlines rather than a market clearing mechanism, the processor’s profit maximization is essentially a cost minimization problem.
[image: Figure 1]FIGURE 1 | The Stackelberg leader-follower game of the SAF feedstock supply chain. Note: Figure is adapted from Figure 2 in Yao et al. (2019).
The model assumes that the SAF processor determines the break-even price for the SAF before accepting the airlines’ offered price leading to an offtake agreement1. The SAF processor then decides the feedstock price and offers an identical price to all feedstock producers in the region. An individual feedstock producer’s decision to accept the offered price for producing biomass feedstock is determined by whether the offered price meets the producer’s minimal profits expectation or not. Essentially, the processor chooses a processing capacity for the potential plant with its spatial configuration along with a price offered to the feedstock producers that minimizes its feedstock procurement and the SAF processing costs. Finally, a premium above the break-even price obtained from the processor’s bi-level optimization is assumed as the contract price between airlines and the SAF processor to satisfy the profit of the processor.
Feedstock Producer’s Profit Maximization
Feedstock producers decide on biomass supply quantities to maximize their profits based on the exogenous feedstock price offered from the processing facility subject to land availability and SAF demand. Feedstock producers’ objective is generalized as:
[image: image]
where [image: image] denotes harvest season whereas [image: image] denotes off-harvest season, P denotes the feedstock price ($ ton−1) offered by processing facility, [image: image] denotes feedstock transportation cost from site i to j ($ ton−1), [image: image] denotes feedstock supply quantity (tons) from site i to j at season m, [image: image] denotes feedstock storage cost ($ ton−1), [image: image] denotes annualized feedstock establishment cost ($ acre−1), [image: image] denotes annual feedstock harvest cost ($ acre−1), AM denotes annual maintenance cost ($ acre−1) of feedstock field, [image: image] denotes opportunity cost ($ acre−1) at site i for existing crop h, and [image: image] denotes acreage of harvested feedstock at site i replacing existing crop h.
The first summation term in Eq. 1 presents the revenues from feedstock supply subtracting transportation costs during harvest season, while the second summation term represents the revenues after deducting feedstock transportation and storage costs during the off-harvest season. The third component sums up annualized feedstock establishment, harvest, maintenance, and the opportunity costs of land use change. Opportunity cost is defined as either net return from existing land use or land rent, whichever is higher (Yu et al., 2016), given by:
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where [image: image] denotes price ($ acre−1) at site i for crop h, [image: image] denotes yield (ton acre−1) at site i for crop h, [image: image] denotes production cost ($ acre−1) at site i for crop h, and [image: image] land rent ($ acre−1) at site i for crop h.
The profit maximization problem is subject to certain constraints presented in Eqs. 2–8 below. Eq. 2 limits feedstock production area to the available agricultural land. Eq. 3 assures that total harvested biomass equals the total biomass production. Eq. 4 models the competitive relationship between the individual feedstock producers and assures that biomass supplied by profit maximizing feedstock producers together does not exceed the production capacity of the processing facility. Eqs 5, 6 are mass balance/flow constraints. Eqs 7, 8 are the non-negativity constraints imposed on the continuous decision variables.
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where [image: image] denotes available acreage at site i under existing crop h, [image: image] denotes spatial switchgrass (x) yield (ton acre−1) at site i, [image: image] denotes switchgrass not stored at the harvest site i for facility j after harvest (tons), [image: image] denotes switchgrass stored at the harvest site i for facility at site j after harvest (tons), [image: image] denotes the feedstock-SAF conversion efficiency (gallon ton−1), [image: image] denotes seasonal production capacity (gallons) of the facility at j with annual capacity g, [image: image] denotes binary variable for locating facility at j with annual capacity g, DT denotes dry matter loss during transportation (%), and DS denotes dry matter loss during storage (%).
Processor’s Bi-level Optimization Problem
The SAF processor also aims to maximize profit assuming the final SAF price is a contract between the processor and the airlines once the processor determines its break-even level and its profit margins. Thus, the processor needs to decide on biomass procurement price and the configuration of facilities to minimize its costs as its break-even level subject to the anticipated optimal behavior of the feedstock producers. The processor’s profit maximization objective is thus converted to a cost minimization objective as:
[image: image]
where [image: image] denotes SAF transported at season m from facility j to the airport d, [image: image] denotes facility operation cost ($ gallon−1), [image: image] denotes SAF transportation cost ($ gallon−1), [image: image] g denotes amortized facility investment cost ($ facility−1) with annual capacity g, and [image: image] denotes seasonal SAF demand at the airport. The first component in Eq. 9 denotes the total of feedstock-to-SAF conversion and SAF transportation costs. The second term presents the annualized investment costs of processing facilities, while the last component sums the feedstock procurement costs of the SAF processor.
Eqs 10–15 below define the constraints imposed on the cost minimization problem. Eq. 10 ensures that the amount of biomass transported during each season is all converted into SAF by processing facility. Eq. 11 guarantees SAF sent to airport in each season meets the seasonal demand of SAF by the airlines. Eq. 12 limits the number of processing plants at each site. Eqs 13, 14 denote the domains of the binary and continuous decision variables. Eq. 15 assures that profit of individual feedstock producers to be at least [image: image] % higher than the net returns from current use at their land (i.e., opportunity cost). Eq. 15 incorporates feedstock producers’ objective in SAF processors’ decision process. A minimum margin of 10% is assumed in this study to fulfill the profitability expectations of the potential feedstock producers.
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Solution Approach to Bi-level Optimization
Since the profit maximization problem of the feedstock producers (lower-level problem) is linear, the typical approach to solving the bi-level optimization is to convert it into a single-level optimization by replacing the original constraints of the lower-level including the objective function by its corresponding Karush-Kuhn-Tucker (KKT) conditions. The KKT conditions guarantee the objective function and all the constraints corresponding to individual feedstock producer’s profit maximization problem are satisfied. The KKT transformation is a non-convex non-linear problem which is often difficult to solve (Gümüş and Floudas, 2005). These KKT constraints are thus reformulated as disjunctions with the introduction of slack variables, and converted into mixed-integer constraints using the Big-M and binary variables (Gümüş and Floudas, 2005). The resulting problem then becomes linear and is solved using the CPLEX solver of the General Algebraic Modeling System (GAMS) 24.2 (Rosenthal, 2008).
GHG Emissions, SAF Co-products and RIN Credits
The LCA-based GHG emissions from SAF2 is estimated to evaluate the environmental impact of SAF. The estimated total supply-chain GHG emissions include GHG emissions from land use change into switchgrass; energy use emissions from switchgrass production, harvest, and storage; emissions from energy use during transportation of biomass and SAF; and the emissions related with feedstock grinding and conversion.
As the ATJ pathway produces other hydrocarbon fuels as co-products in addition to the SAF, estimation of LCA-based GHG emissions for the main-product should account for the contribution of its co-products (Wang et al., 2011). GHG emissions from the co-products are calculated using an allocation method based on their approximately equal energy contents (Han et al., 2017). In addition, the revenue generated from the co-products by displacing the fossil fuels is estimated using the displacement method at the market prices of fossil fuels. In particular, the environmental benefit of SAF and its co-products is assessed by estimating changes in GHG emissions between the energy products from the ATJ-pathway (SAF, cellulosic-diesel, and cellulosic-gasoline) and the displaced fossil fuels (CJF, diesel, and gasoline).
The Renewable Fuel Standard program established in the Energy Policy Act of 2005 is a market-based compliance system that utilizes RIN credits as a mechanism to trace if biofuel refiners or terminal operators produce the mandated level of biofuels under the Energy Act. Two different RIN credits for cellulosic biofuel based on average price for 2016 (2016-A), and 2017 (2017-A) are considered to examine its impacts on economic feasibility of SAF. The impact of revenues from ATJ co-products as well RIN credits is exogenous since they are taken as additional economic incentives for supporting SAF production. Thus, RIN credits, revenues, and GHG emission reductions from co-products are included in estimating the cost, environmental, and welfare impacts of SAF.
Welfare Analysis of the SAF Sector
Given the price assumptions used in satisfying the economic objectives of the supply-chain participants, surpluses for feedstock producers ([image: image]) and the SAF processor ([image: image]) are set equal to the total feedstock producer profit and processor’s profit, respectively. Also assumed, the processing facility produces SAF only if the price received from the airlines includes a premium at least $ [image: image] above break-even. A $0.10 gallon−1 as the markup3 is used as the premium assuming that it satisfies the profitability requirements of the SAF processor. The consumers surplus in the SAF market ([image: image]) is calculated using CJF price ([image: image]) as the maximum willingness to pay. Finally, the net welfare associated with SAF market is assessed while internalizing the environmental (social) costs of aviation emissions based on the social cost of carbon as follows:
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where [image: image] is the environmental cost of emission in $ tonCO2e−1, and [image: image] denotes total feedstock production to combustion (field-to-wake) GHG emissions from SAF in tonCO2e.
Carbon Credits Analysis
For a processor, the choice for the processing facility location and the contracted feedstock producers could vary considerably whether carbon credits are available or not at the investment stage. The presence of tradable carbon credits incentivizes the SAF processor to reduce the total field-to-wake GHG emissions since the total value of carbon credits is proportional to the difference in energy equivalent well-to-wake (fuel extraction to combustion) GHG emissions from CJF and field-to-wake GHG emissions from SAF. The reduction in GHG emissions for the SAF processor is achieved either through contracting feedstock producers for crop land conversion to switchgrass because of net carbon sequestration or by reducing feedstock and SAF transportation GHG emissions through optimal facility location. To estimate the economic, environmental and welfare implication of the hypothetical carbon credits on the SAF supply-chain, the system is defined in Eqs. 1–15 as the Baseline in which SAF processor and feedstock producers make their decisions without carbon credits. In contrast, under the alternative scenarios of having carbon credit, the augmented objective function of SAF processor in Eq. 9 is defined as follows:
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where [image: image] is the carbon credits in $ tonCO2e−1, [image: image] denotes well-to-wake emission from energy-equivalent CJF in tonCO2e gallon−1, and [image: image] denotes total field-to-wake emission from SAF in tonCO2e as a result of processor’s optimal decisions under carbon credit scenarios.
Three different carbon credit scenarios corresponding to historical low and high carbon prices in the California Cap-and-Trade program (CalCaT-L and CalCaT-H, respectively), and historical high carbon price in the European Union Emission Trading System (EUETS-H) are used to evaluate the impact of potential carbon markets in GHG emissions reduction and supply-chain welfare. These scenarios are selected to reflect the ranges of the U.S. as well as the global carbon prices in the emission trading market. In each scenario, a share of the total carbon credits per gallon of SAF ([image: image] %) is used as an additional margin in determining the SAF contract price.
The leader-follower nature merits the processor in a way that impacts the optimal land use decisions of the feedstock producers through its facility location decisions under carbon credits. The processor is able to simultaneously lower the break-even SAF price and GHG emissions since the total carbon credits is proportional to the GHG emissions reduction compared to equivalent CJF. This decision process changes net welfare primarily through changes in the surpluses for feedstock producers, the processor, and the airlines as follows:
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where [image: image] is the break-even price for processor delivering SAF to airport k with carbon credits.
DATA
The data used for cellulosic ATJ conversion pathway is categorized into two groups: feedstock-based ethanol production data, and the data on potential conversion technology of ethanol to SAF. The parameters used to calculate costs and GHG emissions of feedstock-based ethanol production are from (Yu et al., 2016); whereas the parameters used for calculating costs, yields including co-products, and GHG emissions of ethanol-to-SAF conversion are primarily based on recent techno-economic analysis of feedstock-based ATJ or ETJ conversion pathways (Elgowainy et al., 2012; Han et al., 2017; Tao et al., 2017; Yao et al., 2017). The ethanol-to-SAF conversion parameters are augmented with relevant feedstock-based ethanol production data in estimating the feedstock-to-SAF conversion parameters.
Data from switchgrass field trials between 2006 and 2011 at west Tennessee (Boyer et al., 2012; Boyer et al., 2013) is used to simulate feedstock yields across 5 sq. mile spatial units on existing agricultural lands. Mean yields obtained from normally distributed simulations are matched to the number of potential feedstock producers supplying feedstock. Spatial yield variation is determined following the simulated spatial variation in switchgrass yields in the region (Jager et al., 2010). A total of 18 industrial parks are identified as candidates for establishing processing facilities. Each location can have at most one facility with the capacity of either 50 million gallons year−1 (MGY) or 100 MGY. Similarly, a total of 1936 hexagon-shaped spatial units (5 mile2 per unit) are taken as potential feedstock producers opting to cultivate switchgrass replacing current crops. An annual SAF demand of 136 million gallons for the MEM is assumed which replaces one-third of the total jet fuel consumption for flights departing from the MEM airport in 20164. The price feedstock producers received at the processing facility gate in the study region is $75 ton−1 derived from the estimated average plant gate cost of switchgrass delivered to an ethanol plant in west Tennessee in Yu et al. (2016).
Table 1 presents key conversion parameters used in the analysis including co-products i.e. cellulosic-gasoline and cellulosic-diesel. Conversion cost and GHG emissions in the table refer to the parameters associated with feedstock-to-SAF conversion excluding feedstock grinding. The cost and GHG emission parameters on feedstock grinding are taken into account separately based on (Yu et al., 2016). The LCA-based GHG emissions of displaced conventional energy products (fossil fuels) are shown in Table 2. The market prices of fossil fuels displaced by corresponding ATJ products are also included in Table 2. Table 3 shows the levels of RIN credits5 used and carbon credits considered for specific carbon credit scenarios. The social cost of carbon, $33.70 tonCO2e−1, is adapted from (Nordhaus, 2017).
TABLE 1 | Parametric assumptions for cellulosic alcohol-to-jet (ATJ) conversion pathway.
[image: Table 1]TABLE 2 | Parameters on energy-equivalent substitutes to ATJ products.
[image: Table 2]TABLE 3 | RIN credits and parameters for carbon credit scenarios.
[image: Table 3]RESULTS AND DISCUSSION
The Baseline Solutions of the Stackelberg Model
Supply-Chain Economic and GHG Emissions Outputs
Under the Baseline, the overall cost accrued by the SAF processor from the optimal game-theoretic model is $1,155 million year−1, while the aggregate profit of feedstock producers is $16.88 million. The optimal location of processing facility and the contracted individual feedstock producers are shown in Figure 2. An important factor in producers’ decision on converting their land to a new operation is the opportunity cost of land use change. Selection of land for food crops had higher opportunity costs than pasture land. Additionally, spatial variation in switchgrass yields across west Tennessee creates comparative advantage to some of the potential feedstock producers. A total of 657,000 acres of farmland are selected for feedstock cultivation with more than 58% converting from pasture land. Crop land use changes occur with soybean and corn acreages shifting to switchgrass production.
[image: Figure 2]FIGURE 2 | Optimal land use and facility locations under the Baseline.
The processor’s facility configuration decisions are influenced by the spatial distribution of the potential feedstock producers, their opportunity costs of supplying feedstock, and the spatial yield variability. The processor decides to locate a larger processing facility (100 MGY capacity) at a site surrounded by feedstock producers farming agricultural lands with lower opportunity costs. On the other hand, feedstock producers with higher yields are pivotal in determining the location for the 50 MGY facility simultaneously securing their profit margins.
The margin over the opportunity cost gained by feedstock producers from supplying feedstock is shown in the Figure 3. Most of the feedstock producing areas (more than 57%) received a margin ranging from 10 to 47% over their opportunity cost of converting the land, whereas a few feedstock producing areas obtained substantial margins of up to 658%. The observed gains are primarily dictated by the types of land used for feedstock cultivation. In general, the margin is higher for feedstock producers converting pasture land. Because of the higher opportunity costs of cropland, less margin is acquired in areas with significantly more cropland when compared to pastureland, resulting conversion of either crop land alone or a mix of the pasture and crop land.
[image: Figure 3]FIGURE 3 | Margins of individual feedstock producers under the Baseline. Note: Number in the parenthesis refers the amount of feedstock producers.
The annualized costs and GHG emissions of each operation in the bi-level supply-chain optimization for the Baseline are summarized in Table 4. The largest component of the processor’s cost is related to SAF conversion, around $515 million year−1. Similarly, feedstock procurement (approximately $382 million) consists of a sizeable portion of the processor’s cost. With a conversion factor of 26.72 gallons ton−1, a total of 5.09 million tons of feedstock are procured for fulfilling the SAF demand at the MEM airport. Feedstock harvest cost of nearly $114 million are the highest costs incurred in aggregate, followed by feedstock transportation cost of around $107 million.
TABLE 4 | Annualized variables for the Baseline.
[image: Table 4]The conversion process produces the highest GHG emissions, above 380,000 tons of CO2e with feedstock harvest producing around 265,000 tons of CO2e emissions annually. Land use change results in sequestration of around 57,000 tons of CO2e emissions, primarily through crop lands conversion to switchgrass because of net carbon sequestration in the soil. More than 777,000 tons year−1 of CO2e emissions are generated from this switchgrass-based SAF supply chain. The total LCA-based GHG emission reduction through displacement of the fossil fuels with the ATJ-pathway is 62.5% under the Baseline, which lies within the range of 16–80% estimated in Han et al. (2017) for various feedstock conversion pathways.
Supply-Chain Welfare Analysis
In this study, the producer surpluses for feedstock producers (denoted as PS-FS) are equal to the total feedstock producer profit, while and the SAF processor surpluses (denoted as PS-SAF) and the processor’s profit. The feedstock producers’ economic surplus is about $16.9 million, while the SAF processor secures a surplus of $13.6 million. The consumer surpluses for the SAF (denoted by CS-SAF) are -$256.8 million and $158 thousand with 2016-A and 2017-A RIN credits, respectively, for the Baseline. Internalized environmental costs of aviation GHG emissions of around $26.2 million result in net supply-chain welfares -- around -$252.5 million and $4.44 million with 2016-A and 2017-A RIN credits, respectively, for the Baseline.
The large negative values in the estimated social welfare is mainly related to prohibitively expensive production and processing costs of switchgrass-based SAF. This is in line with the prior studies indicating cellulosic biofuel mandates with the blending credits may have large negative welfare estimates because of heightened production costs and burden to taxpayers (Chen et al., 2011). Even though there are no explicit SAF mandates and subsidies in place, a recent analysis of SAF produced from Camelina sativa shows that a combination of 9% subsidy on the SAF and 9% tax on the CJF would make it at least revenue neutral to the government otherwise society would have to bear a large cost (Reimer and Zheng, 2017).
Comparison Between the Baseline and Carbon Credit Scenarios
Changes in Optimal Solutions for the Bi-level Objectives
Under the scenarios of available carbon credits, the SAF processor decides on facility locations and the contracted feedstock producers in such a way that reduces the total field-to-wake GHG emissions through contracting feedstock producers converting crop lands for switchgrass production or siting facility that reduced feedstock and SAF transportation GHG emissions (see Supplementary Figures SA1–A3 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively, in the Appendix). The changes in the annualized costs of related operations in the supply chain from introducing carbon credits is summarized in Table 5. Compared to the Baseline, total annual feedstock producer profit declines by $5.88, $5.90, and $10.45 million for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively, as the opportunity costs of land use increased. The crop land use increases by around 98,000 to 151,000 acres for the three scenarios. Meanwhile, there are subsequent reductions in pasture land conversion under all three scenarios.
TABLE 5 | Changes in annualized variables for carbon credit scenarios compared to the Baseline.
[image: Table 5]In addition, the processor locates the facility closer to the MEM airport to reduce SAF transportation GHG emissions in response to carbon credits (see Figs. A1, A2, and A3 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively, in the Appendix). As a result, the processor’s transportation cost also declines. The highest carbon credit scenario, i.e. EUETS-H, triggers major land use changes and facility location, increasing the objective values compared to the no carbon credit case. Similarly, increased cropland use in response to proximity of the facility reduced the feedstock transportation costs by $1.72, $1.70, and $2.98 million for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively.
Total annual GHG emissions in the SAF supply chains are reduced between 27.7 to more than 46.6 thousand tonCO2e under the three carbon credit scenarios compared to the Baseline. As expected, the highest carbon credits (EUETS-H scenario) creates the most impact on GHG emissions reduction from the Baseline, while the changes in GHG emissions for the CalCaT-L and CalCaT-H scenarios are similar. As shown in Table 5, major GHG emission reductions from all the carbon credit scenarios are associated with land use change. Reductions in GHG emissions associated with feedstock and SAF transportation are relatively small. With carbon credits, the total GHG emission reductions from using SAF and its co-products range between 64 and 65% among all three scenarios when compared to the displaced CJF and other fuel products.
Change in the Supply Chain Welfare
The changes in net welfare for different carbon credit scenarios against the Baseline is illustrated in Figure 4. A subsequent decrease in the SAF processor’s break-even price incurs given higher carbon credits. The margin under carbon credits improves the surplus for the SAF processor. Similarly, the surplus for the SAF consumers, i.e., airlines, increases as the SAF price at each carbon credit scenario is lower than the Baseline. However, the surplus for the feedstock producers, i.e. feedstock producers, reduces due to more high opportunity cost crop lands converted for feedstock production driven by the carbon credits acquired by the SAF processor.
[image: Figure 4]FIGURE 4 | Changes in net welfare for carbon credit scenarios against the Baseline. Note: PS-FS, PS-SAF and CS-SAF denote surplus for feedstock producers, surplus for SAF processor and surplus for SAF consumers, respectively. CalCaT-L, CalCaT-H and EUETS-H denote lowest carbon price in the California Cap-and-Trade program, highest carbon price in the California Cap-and-Trade program and highest carbon price in the European Union Emission Trading System, respectively.
Subsequent abatements in the GHG emissions from carbon credits reduce the social cost of emissions compared to the Baseline in each carbon credit scenario. The net welfare increases across all carbon credit scenarios because of the consumer surplus increase toward the airlines. Under the minimum carbon credit (CalCaT-L scenario) scenario,. the SAF processor’s surplus increases by $1.53 million and economic surplus of airlines increases by $16.12 million. However, feedstock producers’ surplus decreases by $5.88 million due to the selection of higher productive cropland (with higher opportunity cost) that can store more soil carbons after being converted to switchgrass. With $935,000 reduction in the internalized costs of field-to-wake GHG emissions, the net welfare increases by $12.71 for the CalCaT-L scenario compared to the Baseline. Similarly, the net welfare increases by $27.61 and 50.62 million for the CalCaT-H and EUETS-H scenarios, respectively, mainly due to increments in the airlines’ surpluses.
In this study, the benefit of a tradable carbon credit is reaped by the SAF processor only even though the reduction in GHG emissions is based on field-to-wake approach. This is because it is assumed that the processor as a leader can reduce field-to-wake GHG emissions indirectly by contracting feedstock producers that convert crop land due to net carbon sequestration, or directly by reducing feedstock and SAF transportation GHG emissions through optimal facility location. If the portion of the carbon credit is allocated to the feedstock producers for soil carbon sequestration, the competition for feedstock and related land use decisions could be different.
Economic Feasibility and GHG Emission Abatement Cost
The inclusion of cellulosic RIN credits has a substantial impact in lowering the break-even SAF price as well as the cost of aviation emission abatement. Figure 5 depicts the break-even prices6 for the SAF considering two levels of cellulosic RIN credits (2016-A and 2017-A) along with revenues from the co-products in the Baseline and three carbon credit scenarios. With the 2017-A RIN credit ($2.69 RIN−1), the feedstock processor’s break-even for the SAF ($1.65 gallon−1) is lower than the market price of the CJF ($1.76 gallon−1) regardless of the availability of carbon credits. The SAF remains price-competitive with 2017-A RIN credits after implementing the markup of $0.10 gallon−1. If the RIN credit is at the level 2016-A ($1.85 RIN−1), the SAF is not economic competitive with CJF in both the Baseline and the carbon credit scenarios.
[image: Figure 5]FIGURE 5 | SAF break-even prices with RIN credits and revenues of co-products. Note: 2016-A and 2017-A denote RIN credits for cellulosic biofuel based on average price for 2016 and 2017, respectively. CalCaT-L, CalCaT-H and EUETS-H denote lowest carbon price in the California Cap-and-Trade program, highest carbon price in the California Cap-and-Trade program and highest carbon price in the European Union Emission Trading System, respectively.
Cost associated with the LCA-based GHG emissions reduction using SAF and its co-products from the ATJ-pathway varies across the Baseline and the carbon credit scenarios. With 2017-A RIN credit, the SAF price ($1.75 gallon−1) is lower than the market price of the CJF even without the carbon credits, thus no additional cost of GHG emission abatement. However, if the RIN credit remained at 2016-A level, the implicit subsidy from the airlines to the processor is $1.89 gallon−1 for the Baseline, which decreases to $1.77, $1.67, and $1.49 gallon−1 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively. Given the 2016-A RIN credit, the implicit cost of abatement for the airlines is $198 tonCO2e−1 for the case of no carbon credits. The estimated abatement cost is within the range of other estimates for SAF produced from oilseed rotation crops and perennial energy crops (Winchester et al., 2013; Winchester et al., 2015). The abatement cost estimates further decreases to $182, $172, and $151 tonCO2e−1 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively.
To sum up, the findings suggest that the evaluated carbon credits are found influential in reducing aviation GHG emissions while simultaneously improving net welfare of SAF sector. However, the level of RIN credits largely determines the economic feasibility of SAF.
Sensitivity Analysis
As land use competition is critical to the objective of feedstock producers and the SAF processors in this bi-level optimization model (Bai et al., 2012), factors influencing land use choice are further evaluated in the sensitivity analysis. The first key parameter is feedstock procurement price given its directly impact on farmers’ profit, and consequently influence on the location of feedstock supply and the location of biorefineries. The SAF conversion rate is another crucial factor. It determines the required feedstock quantity and resulting land use competition for feedstock supply, and the profit of farmers and SAF producers.
Feedstock Procurement Price Sensitivity Analysis
Two feedstock procurement prices are evaluated in the sensitivity analysis: $60 ton−1 (15% below the baseline feedstock price of $75 ton−1) and $90 ton−1 (10% above the baseline feedstock price) in presence of cellulosic RIN credits. With a feedstock price of $60 ton−1, there would not be sufficient number of feedstock producers to supply required feedstock quantity for the SAF demand at the MEM airport. Thus, SAF processor would not operate when offering switchgrass producers $60 ton−1.
Assuming the feedstock price is offered at $90 ton−1, the feedstock processor’s break-even for SAF is $4.07 gallon−1 with 2016-A RIN credits. With the 2017-A RIN credits, the SAF processor’s break-even price is $2.18 gallon−1, making SAF economically infeasible at both RIN credit levels. Considering a $0.10 gallon−1 markup for the SAF processor, the implicit subsidy from the airlines to the processor ranges from $2.03 to $2.41 gallon−1 in the Baseline and the carbon credit scenarios cases under the provision of 2016-A RIN credits (Table 6). Equivalently, the airline’s implicit abatement cost is $251 tonCO2e−1 for the Baseline, which decreases to $232, $216, and $204 tonCO2e−1 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively. Similarly, under the availability of 2017-A RIN credits, the implicit GHG emissions abatement cost for the airlines is $54 tonCO2e−1 for the Baseline case and decreases to $45, $36, and $15 tonCO2e−1 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively.
TABLE 6 | GHG emission abatement costs with feedstock price at $90 ton−1.
[image: Table 6]With the assumed feedstock price of $90 ton−1, the aggregate net farm income increases and the economic surplus for the feedstock producers is $59.5 million. Without carbon credits, social cost of aviation GHG emissions is around $26.0 million and leading to a net supply-chain welfare of approximately -$280.6 million and -$23.7 million with 2016-A and 2017-A RIN credits, respectively. Under the availability of CalCaT-L carbon credits, the SAF processor’s surplus increases by $1.6 million, and the airlines’ economic surplus increases by $12 million, while feedstock producers’ surplus decreases by $2.7 million compared to the Baseline. Thus, the net supply-chain welfare for the CalCaT-L scenario increases by $12.8 with a reduction of $1.9 million in the internalized costs of aviation GHG emissions relative to the Baseline. Similarly, the net supply-chain welfare increases by $24.3 and 51.7 million for the CalCaT-H and EUETS-H scenarios, respectively, compared to the Baseline.
Displacing CJF with the ATJ-pathway SAF produced from switchgrass at a price of $90 ton−1 reduces the total LCA-based GHG emissions by 63% under the Baseline. With carbon credits, the total GHG emission reductions from SAF and its co-products reach to 65.5–68% for the three carbon credits scenarios compared to utilizing CJF in the aviation sector.
SAF Conversion Rate Sensitivity Analysis
Sensitivity of SAF conversion rate on economic feasibility of SAF production and associated GHG emission abatement cost is examined with two levels of conversion rate: 24.05 gallons ton−1 (10% below the Baseline conversion rate at 26.72 gallons ton−1) and 29.40 gallons ton−1 (10% above the Baseline rate) in presence of cellulosic RIN credits. With a conversion rate of 24.05 gallons ton−1, the demand for feedstock increases but there would not be sufficient feedstock producers to supply required feedstock quantity for the SAF demand. Therefore, SAF processor would not be able to operate given the lower conversion rate.
If the conversion rate improves to 29.40 gallons ton−1, the break-even for SAF decreases to $3.25 gallon−1 with 2016-A RIN credits. With a $0.10 gallon−1 markup for the SAF processor, the implicit subsidy from the airlines to the processor is between $1.35 and $1.59 gallon−1 in the Baseline and the carbon credit cases under the provision of 2016-A RIN credits (Table 7). Equivalently, the implicit GHG emissions abatement cost for the airlines is $165 tonCO2e−1 under the Baseline, which decreases to $152, $144, and $134 tonCO2e−1 for the CalCaT-L, CalCaT-H, and EUETS-H scenarios, respectively. At the higher conversion rate (29.40 gallons ton−1) and assuming the 2017-A RIN credits, SAF becomes price-competitive to the CJF ($1.36 vs. $1.75 gallon−1) even without the carbon credits and does not require additional subsidies for abating GHG emissions. This finding suggests the importance of technology improvement for the commercialization of SAF.
TABLE 7 | GHG emission abatement costs with conversion yield of 29.40 gallons ton−1.
[image: Table 7]At a 29.40 gallons ton−1 conversion rate, the aggregate net farm income decreases given less feedstock demand compared to the Baseline conversion rate, resulting in an economic loss of nearly $17 million to the feedstock producers. Without carbon credits, social cost of aviation GHG emissions is around $26.0 million, resulting in a net supply-chain welfare of about -$211.3 million and $45.7 million with 2016-A and 2017-A RIN credits, respectively. The net supply-chain welfare under the three carbon credit scenarios increases from $3.2 million to $33.4 million compared to the Baseline. Displacing CJF with the ATJ-pathway SAF from switchgrass with a conversion yield of 29.40 gallons ton−1 reduces the total LCA-based GHG emissions by 63% under the Baseline. With carbon credits, the total GHG emission reductions from using SAF and its co-products reach to 64.5–66% for the three carbon credits scenarios compared to the CJF usage in the aviation sector.
CONCLUSION
Given the rising interest in reducing GHG emissions from the aviation sector, the implications of costs, GHG emissions, and welfare associated with commercial-scale switchgrass-based SAF under the ATJ-pathway are analyzed. Impacts of SAF production from switchgrass on farmland allocation, processing facility configuration, and GHG emissions are estimated assuming a bi-level Stackelberg model to incorporate possible interaction amongst the participants. Using an ex-ante analysis for a case study that targets the MEM, the differences in the optimal decisions of a SAF processor and its contracted feedstock producers are evaluated under a with- and without-hypothetical carbon credit scenarios. The potential impacts of several carbon credit scenarios on the optimal decisions of the feedstock producers and the processor are evaluated in terms of changes in the LCA-based GHG emissions and net supply-chain welfares.
The feedstock producers’ annual economic surplus is about $16.9 million for the no carbon credit case (i.e., Baseline) with the majority of the feedstock producers receiving a margin ranging from 10 to 47% over their opportunity costs of land conversion. Under the case of available carbon credits, the processor’s cost decreases by $17.7 to $59.5 million annually from the Baseline. Since the SAF processor’s optimal decisions includes feedstock producers converting higher opportunity cost crop lands to switchgrass production, a decline of $5.9 to $10.5 million annually in the aggregate feedstock producer surplus incures when compared to the Baseline. On the other hand, airlines reduces negative economic surplus because of lower SAF price given carbon and RIN credits. The net supply-chain welfare increases by $12.7 to $50.6 million annually under the carbon credit scenarios irrespective of the level of RIN credits.
Replacing the CJF and other fossil fuels with SAF and its co-products from the ATJ-pathway could lead to 62.5–65.0% LCA-based GHG emission reductions. We obtain a range of 31.37–33.37 gCO2e MJ−1 by replacing the CJF and other fossil fuels with SAF and its co-products from the switchgrass-based ATJ-pathway. The west Tennessee estimates is slightly higher than the values of the International Civil Aviation Organization Carbon Offsetting and Reduction Scheme for International Aviation (2021), which is 28.90 gCO2e MJ−1 for LCA-based GHG emission associated with the U.S. switchgrass-based ATJ-pathway.
Utilizing SAF and its co-products is important to achieving IATA’s goal of lowering 50% GHG emissions by 2050 relative to the 2005 level. However, the potential environmental benefits would not be achieved without cost. Estimated GHG emission abatement costs, ranging from $151 to 198 tonCO2e−1, imply that the stakeholders of the aviation sector, including policy makers, feedstock and SAF producers, and the airlines, must come together and share the responsibility to help the decarbonization from the sector. In addition, the sensitivity analysis suggests increasing SAF conversion rate from biomass could largely lower the SAF break-even and enhance the competitiveness of SAF over CJF.
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FOOTNOTES
1Offtake agreements are contracts between fuel consumers and producers specifying the procurement of specified fuel volumes for a period and have recently been agreed upon with several airlines [Commercial Aviation Alternative Fuels Initiative (CAAFI), 2016].
2The GHG emissions from feedstock production through SAF delivery to the airport is considered as the LCA-based emission because GHG emissions from burning biomass-based renewable fuel nearly equal the amount of CO2 sequestered by the biomass during its growth, i.e. biogenic carbon (Elgowainy et al., 2012; Wang et al., 2012).
3The profit margin is approximated based on the percentage of refining costs and profits of average retail price paid for gasoline in the U.S for 2008–2017 (U.S. Energy Information Administration (EIA), 2017), and the average retail price for CJF in the year 2017 [Bureau of Transportation Statistics (BTS), 2016a].
4Total fuel consumption at the Memphis airport (MEM) was estimated around 410 million gallons in 2016 (Pearlson, 2020). The assumed SAF demand is close to 33% of the total jet fuel consumption, which is under the current statutory blending limit (50%) for the ATJ pathway
5Advanced biofuels such as biomass-based biodiesel (BBD) counts as 1.5 or 1.7 RINS (depending on fuel type) to reflect its higher energy content compared to ethanol (Congressional Research Service, 2013). The available RIN prices on cellulosic ethanol are multiplied by a factor of 1.7 for generating cellulosic SAF-based RIN credits
6The SAF break-even price level without the RIN credits remains above $7.5/gallon which is generally higher compared to the ones estimated in the recent SAF studies (e.g., Tao et al., 2017; Yao et al., 2017) as the minimal profitability expectation of the individual feedstock producers are satisfied given the game-theoretic interaction between the feedstock producers and the processor
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