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The aviation sector seeks to reduce greenhouse gas (GHG) emissions, with manufacturers and airlines announcing “zero-emission” goals and plans. Reduced carbon aviation fuels are central to meeting these goals. However, current and near-term aircraft, which will remain flying for decades, are designed around the combustion of petroleum-based aviation kerosene (e.g., Jet A/A-1). Therefore, the industry has focused on the qualification and approval of synthesized (e.g., non-petroleum-based) aviation fuel components with maximum blend limit percentages to avoid the blended fuel having properties outside the accepted ranges for Jet A/A-1. The synthesized components approved for blending are not necessarily interchangeable with Jet A/A-1. They may lack certain required chemical components, such as aromatics, or may have other characteristics outside the allowable ranges. To ensure safety, these synthesized aviation fuel components are only qualified to be used in commercial aviation when blended up to approved limits. The sector seeks to move toward the capability of using 100% synthesized aviation fuels that also meet sustainability criteria, known as sustainable aviation fuels, or SAF. However, these fuels must be developed, assessed, and deployed appropriately. This paper explores key questions relating to the introduction of 100% SAF, concluding that:
• Near-term unblended synthesized aviation fuels must be “drop-in,” meaning they are compatible with existing aircraft and infrastructure.
• Stand-alone complete fuels could be qualified within 1–2 years, with blends of blending components to reach 100% synthesized fuels to follow.
• Sustainability criteria, while critical to sector acceptance, will continue to be assessed separately from technical performance.
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INTRODUCTION
The aviation industry seeks cost-competitive synthesized aviation fuels with a carbon benefit and sustainability performance to counter the effects of price spikes, competition for finite oil supplies, and aviation’s high profile as a greenhouse gas (GHG) and particulate emitter. This decarbonization is additionally needed to meet long-term net-zero emissions goals (ATAG, 2021). Current and near-term (10–20 years) aircraft will remain in operation for decades and are designed around aviation kerosene (e.g., Jet A/A-1). Technologies to increase the efficiency of new aircraft by a fleet average of 1–2% each year are offset by a 4–5% compound average annual travel growth rate (Fleming and de Lepinay, 2019) leading to projected emissions increases (IATA, 2019). Proposed “zero emissions” options, such as batteries (Hepperle, 2012; Schäfer, et al., 2019) or cryogenic fuels, are of low technology readiness, have restricted range, and require new energy supply networks (McKinsey and Co., 2020). However, reducing the carbon footprint of jet fuel reduces aviation’s impact on the environment now and in the long-term.
Since 2006, the Commercial Aviation Alternative Fuels Initiative (CAAFI®), a public-private partnership including United States government, aviation sector stakeholders, and aviation fuel supply chain participants, has worked to enhance energy security and environmental sustainability for aviation with alternative jet fuels by facilitating their deployment in the marketplace (CAAFI, 2021). Initially, due to safety and compatibility concerns, CAAFI and the industry focused on qualification of synthesized fuel blending components that come from sources other than petroleum to be added to conventional aviation fuel sourced from petroleum, which are qualified by ASTM D4054 for use in ASTM D7566 (ASTM International, 2021) (see Figure 1). These blending components are limited to a maximum blend percentage to ensure that all blended fuels properties are within accepted ranges for Jet A/A-1 (particularly aromatic content) (Zschocke et al., 2012). Thus, the resultant blended fuels are interchangeable with unblended Jet A/A-1 regarding handling, operability, and safety and referred to as “drop-in” aviation fuels (Colket., et al., 2016). The blended fuel is re-identified as Jet A/A-1 for transport, storage, purchase, and use under the ASTM D1655 petroleum-based jet fuel specification (ASTM International, 2020).
[image: Figure 1]FIGURE 1 | Types of synthesized fuel blendstocks and their ability to be used as drop-in fuels as blendstocks or as stand-alone fuel. The red apples indicate fuels that can be drop-in, green apples are similar to drop-ins and may be usable in some existing aircraft but would require modification of the existing specifications and possibly infrastructure, and bananas indicate fuels that are completely different from petroleum-based kerosene and could not be used as stand-alone jet fuel in current infrastructure or equipment.
The existing synthesized blending components are not necessarily sustainable, as environmental, social, and economic performance requirements are not part of ASTM qualification. To address sustainability goals, aviation stakeholders and International Civil Aviation Organization (ICAO) member States put a process in place to evaluate production, feedstock, land-use, social impact, and life-cycle carbon footprint of various possible paths, and consider relevant environmental, social, and economic risks, formalized via the ICAO Carbon Off-setting and Reduction Scheme for International Aviation (CORSIA) (ICAO, 2021a). Fuels certified as sustainable under this, and similar approaches, are called sustainable aviation fuels (SAF). The synthesized blending components complying with ASTM D7566 can be made according to sustainability criteria to become SAF.
The current production of SAF globally is much less than 1% (Csonka, 2020). However, the United States has set a target of producing 3 billion gallons of SAF per year by 2030, totaling about 10% of anticipated annual jet fuel consumption, and targets complete replacement of petroleum-based jet fuel by 2050 (U.S. White House, 2021), and SAF mandates are in place or are under consideration globally (Malicier, 2021). While overall SAF availability is currently low, 100% SAF may be available at particular locations very soon. Airfields could provide limited amounts of 100% SAF to those willing to pay for that distinction, such as private jet owners. Or a particular airport or nation could set goals to fuel a certain number of flights with 100% SAF, possibly within the decade. Aircraft manufacturers have made commitments to compatibility with 100% SAF by 2030 even in the absence of an agreed upon definition for 100% SAF (Boeing, 2021). Furthermore, the qualification of 100% SAF would eliminate the need for controlled blending of that SAF into the fuel pool, reducing supply chain complexity. Thus, the 100% synthesized fuel definition and qualification process should happen now to prepare for these future needs.
The ability to use neat SAF (without blending with conventional fuel), or “100% SAF” could further reduce aviation’s global GHG generation and human health impacts. Additionally, 100% SAFs containing reduced or no aromatics reduce non-volatile particulate matter (nvPM) emissions, which are linked to contrail formation (Voigt, et al., 2021), and contrails are suggested to contribute more to aviation radiative forcing than CO2 emissions (Lee, et al., 2021). Finally, 100% SAF has very low levels of sulfur, which leads to low levels of sulfur oxide (SOx) emissions (Moore, et al., 2015). Thus 100% SAF would reduce aviation’s GHG production, contrails, and SOx emissions, all significant environmental benefits.
However, the synthesized blending components approved to date are not by themselves necessarily drop-in or interchangeable with Jet A/A-1, and so cannot be used as 100% synthesized fuels alone (Figure 1). They may lack aromatics required in legacy aircraft and aircraft engines for seal compatibility (Anuar et al., 2021). Properties such as freeze point or mass density may be near the limits for the accepted Jet A/A-1 range (Edwards, 2017; Colket and Heyne, 2021). They may contain a restricted number of chemical species or have limited carbon number range and not meet the Jet A/A-1 distillation curve requirements (Bell et al., 2018; Won et al., 2019). These differences may impact the performance, operability, and/or safety of some aircraft models and engines currently flying (Bell et al., 2018; Won et al., 2019).
The challenge is to achieve 100% SAF that meets all the safety and operability requirements of the ASTM qualification process, as well as the affordability and sustainability goals of the industry. In this paper, we explain the importance of the “drop-in” requirement, highlight potential approaches to achieve fully synthesized aviation fuels and provide perspectives on the viability of those approaches, and discuss how sustainability criteria can be layered onto fully synthesized jet fuels to create complete sustainable aviation fuels.
IMPORTANCE OF “DROP-IN” AS A REQUIREMENT
Jet A/A-1s are unique mixtures of hydrocarbons that cannot be simply defined by a certain chemical composition. The characteristics of Jet A/A-1 are derived from petroleum going through modern refinery processes, e.g., distillation, hydrotreatment, catalytic reforming, etc. Specifications and tests have been developed to measure performance properties such as net heat of combustion, thermal stability, viscosity, distillation curve, freezing point, flash point, smoke point, density, lubricity, aromatic content, sulfur content, etc. (Hemighaus, et al., 2007). Over time, the property specifications have been reviewed and updated, testing improved, and new specifications added. The intent has been to make Jet A/A-1 the safest and most suitable possible fuel for aviation.
Aviation gas turbines are designed to operate on and utilize the properties of Jet A/A-1 (Heyne et al., 2021). Jet A/A-1 properties are tightly linked to the reliability and safety of aviation. For example, the flash point of Jet A/A-1 is such that a match will not ignite the fuel at room temperature (ASTM International, 2020). Yet gas turbines can ignite the fuel at conditions as cold as Fairbanks, Alaska, or as hot as Saudi Arabia, and can be re-lit in mid-flight at 30,000 feet.
The ASTM qualification process (ASTM D4054) has been adapted to enable synthesized fuel approvals (Rumizen, 2021). Thus far, all synthesized blended fuel has been required to be drop-in and meet every specification for petroleum-based Jet A/A-1 (ICAO, 2018), because it was not known what specific properties of the fuel were critical for operability and safety and which properties could be relaxed. An 8% minimum aromatics content was set to ensure compatibility for nitrile seals. Combustor performance includes factors such as cold weather ignition, altitude relight, lean blow-out characteristics, interactions with combustor acoustics and dynamics, flame stability, flame luminosity, heat release patterns, and so on. Safety and reliability in external components must consider such factors as cold fuel viscosity system performance, vapor pressure characteristics and impact on pump performance, cavitation potential, low lubricity, seal compatibility, thermal stability and tendency to varnish, icing characteristics, entrained water, biocide compatibility, flammability, and other criteria (Colket et al., 2016; Colket and Heyne, 2021).
Although jet fuel combustion has been studied for decades, unknowns remain. For example, critical factors for altitude relight are not well characterized: atomization is a complex interplay of fuel surface tension, viscosity, density, and air temperature and pressure; fuel vapor pressure, and molecular composition are also important (Peiffer et al., 2019; Boehm et al., 2021). Research, such as the National Jet Fuels Combustion Program (Colket et al., 2016; CAAFI R&D Team, 2019), has added to the understanding of the interaction of fuel chemical composition and physical properties with combustion. However, that understanding is not complete, and any uncertainty may impact safety.
Jet fuel is not only used for combustion in the aircraft. Fuel is used to exchange heat with the oil, to power fueldraulic actuators, and to lubricate (or at least not excessively wear) pumps (Heyne et al., 2021). Additionally, in legacy aircraft, the nitrile seals are sensitive to fuel composition and their performance might be impacted (Graham, et al., 2013). To be drop-in, the fuel must satisfy these functionalities as well.
The industry position is that safety for all past, present and future aircraft must be addressed in the specification of any fuel. For 100% synthesized fuels, new requirements may need to be added to the specification. For example, the NJFCP suggested several characteristics as potentially critical to the safety and operability of jet fuels, such as derived cetane number (Colket et al., 2016; Stachler et al., 2020; Boehm et al., 2021). These new requirements need to be considered, researched and verified. Similarly, to better enable synthesized fuel cost-effectiveness, it may be desired to redefine or add other specifications and properties, which would require additional research and verification to insure 100% drop-in compatibility.
Without knowing the impact of a fuel not meeting all Jet A/A-1 characteristics, a proposed non-drop-in fuel must be limited to validated applications. A non-drop-in fuel requires separate handling, storage, and logistics, and must be compatible with that separate infrastructure (e.g., fueling trucks, hydrant system, tanks, etc.). It requires safety measures to eliminate any possible mistakes in fuel identity. It may require separate fittings, separate fuel tanks, unique identification procedures, and testing similar to procedures used for gasoline and diesel fuels at gas stations, with the potential for much more severe safety consequences if mistakes are made.
Thus, 100% synthesized fuels should be drop-in for all aviation applications, at least in the short- to mid-term. However, the specifications for Jet A/A-1 may be refined and expanded as additional learning is acquired.
APPROACHES TO ACHIEVE 100% SYNTHESIZED JET FUEL
Here are approaches to achieve 100% synthesized jet fuel that should be considered.
1. Replicate All Jet A/A-1 Properties in a Single Fuel. In 1999, Sasol developed Fischer-Tropsch (FT) fuels from coal, first as no more than a 50% blending component, then, with a process change to include aromatics to replicate all Jet A/A-1 properties, as a 100% fully synthesized jet fuel. Extensive testing, including long duration engine tests, ensured that all the required Jet A/A-1 performance characteristics were met. Similarly, there are current biomass-based pathways, some of which are FT processes, that replicate all Jet A/A-1 performance properties (MODUK, 2020).
2. Replicate All Jet A/A-1 Properties in a Blended Fuel. Current synthesized blending components must be combined with conventional Jet A/A-1 to meet all necessary performance properties including aromatic content. In the future, a synthesized blendstock with no aromatics could be combined with a synthesized blendstock with aromatic content to achieve a 100% synthesized that meets all required Jet A/A-1 properties. Conceivably, as many blending components as needed could be used to replicate the properties of Jet A/A-1.
3. Substitute for Aromatics or Reduce Aromatics Requirement. The requirement for aromatics is linked to the performance of nitrile seals in older engines: without the aromatics, the seals shrink and fuel leaks occur. Other molecules, such as cycloparaffins, can act like aromatics from seal performance perspective (Graham, et al., 2013). This potential is currently under evaluation. Additionally, the 8% lower limit for aromatics is known to be safe with margin (Heminghaus, et al., 2006). If 100% SAF with low or no aromatics is sought to reduce nvPM, the specification for aromatics could be reduced or removed, while retaining all other Jet A/A-1 performance properties. Research could identify substitute molecules and the true lower limit of aromatic content.
4. Remove the Requirement for Seal-Swelling Components (non-drop-in). Modern engines have replaced nitrile seals with better performing fluorocarbons and fluorosilicone seals. Engine and flight tests have been performed on “neat” SAFs (Applied Research Associates, 2016; Airbus, 2021; Palmer, 2021; Rolls-Royce, 2021). Thus, a fuel without aromatics, e.g. 100% paraffinic, that matches all other specifications for Jet A/A-1 could be considered for use in compatible aircraft. However, this fuel would not be “drop-in” for legacy aircraft and would face the reliability and safety concerns outlined previously.
5. Redefine Jet Fuel Requirements. It is possible that not all the current specifications for Jet A/A-1 are necessary for engine and aircraft performance. Changing, removing, or adding alternative requirements may make it easier to produce improved synthesized fuels from biological sources. Bacteria and yeast tend to produce very specific chemicals rather than a broad range of chemical components like petroleum-based Jet A/A-1. For example, the “Hydroprocessed Fermented Sugars to Synthetic Isoparaffins” process (ASTM D7566 A3, HFS-SIP) produces solely farnesene, a 15-carbon molecule (ASTM International, 2021), Extensive research and testing are needed to define specification modifications and assure the reliability and safety of fuels produced to the redefined specifications.
Currently, the first two options (100% synthesized fuels from a single or blended fuels) could be near term paths, while Options 3 and 5 (redefining jet fuel requirements based on further research) have future potential with sufficient research and learning. Option 4 (non-drop-in fuels) is not desirable since it would require significant, expensive changes to aircraft equipment and infrastructure.
Thus far, the ASTM D4054 specification process has been viewed from the perspective of comparison to a conventional fuel (Rumizen, 2021). A key question is whether and how this process could be changed to better enable 100% synthesized fuels. Does the ASTM specification process need to become more stringent to capture unknowns that have been ignored because they have been unknown for petroleum-based fuels? Or can it be simplified due to more physics and chemistry-based understanding? Recently an optional prescreening approach has been formalized that uses only a small quantity of fuel to perform analyses that help identify the suitability and potential gaps for a particular proposed fuel (CAAFI R&D Team, 2019). It may be possible to make other changes to make the process more effective and efficient while continuing to ensure the safety of aviation fuels.
The ASTM qualification process should be continuously reviewed and improved as additional learning with respect to 100% synthesized fuels and their properties is acquired, which in the longer term would enable modifications to jet fuel specifications needed for Options 3 and 5 above.
SUSTAINABILITY OF 100% SYNTHESIZED JET FUEL
To further refine the definition of a 100% synthesized aviation fuel to 100% Sustainable Aviation Fuel, any SAF needs to be produced in a way that demonstrably meets sustainability criteria to ensure environmental, social, and economic performance. Sustainability requirements are applied to synthesized aviation fuels separately from the technical, safety, and performance characteristics that qualify a fuel to be used in aviation under the ASTM specifications; therefore, a 100% synthesized fuel is not necessarily a 100% sustainable aviation fuel, even if it comes from a renewable feedstock. Nevertheless, the sustainability performance is critical to the value proposition of these fuels and must be ensured.
There are existing approaches to evaluate the environmental performance of SAF, including regulatory scheme compliance, such as qualification for the United States Renewable Fuel Standard (US Environmental Protection Agency, 2010) or California’s Low Carbon Fuel Standard (State of California, 2020). The full sustainability (environmental, social, and economic) performance of SAF can be evaluated and assured through the use of voluntary sustainability certification schemes, such as those used for CORSIA qualification (ICAO, 2021b) or the European Union’s Renewable Energy Directive (European Union, 2021). The certification approach assures sustainable production of SAF to the extent possible.
Currently, there is no consistent definition for the use of the term SAF. The aviation sector must continue to decide how to evaluate the sustainability of SAF, which sustainability factors to address, and whether the existing approaches for regulatory compliance and voluntary certification are sufficient to qualify fuels as sustainable. At a minimum, it is reasonable to expect that the aviation sector will call fuels SAF that meet the sustainability criteria agreed upon by ICAO for CORSIA (ICAO, 2021c), as these are clearly defined and can be used to meet existing emissions obligations. Some nations and some airlines or aviation groups may commit to greater sustainability requirements or specific requirements in isolation (e.g., the United States Grand Challenge defines SAF as having a 50% reduction in carbon intensity for SAF, whereas CORSIA requires a 10% reduction). A minimum standard for labeling fuels as SAF will reduce confusion and ensure that SAF achieve the sustainability performance on which their value proposition depends.
It should be noted that sustainability certification as currently implemented does not fully address important societal choices and tradeoffs that are beyond the scope of aviation, such as interactions among economies, competition/balance with other renewable energy approaches, how wastes should be credited as feedstocks, and how these considerations should be valued both locally and internationally. Previous studies have concluded that biofuels in particular may have issues of overall scalability and environmental impact if deployed at a global level as a primary fossil energy replacement solution (de Castro et al., 2014; Gomiero, 2015). These factors are not addressed by certification at the fuel/feedstock producer level. The choice of which sectors of the economy use bio-based fuels and the scale of their use are societal decisions to which the aviation sector can contribute.
DISCUSSION
While the ongoing ICAO Long Term Aspirational Goals (LTAG) exercise is considering technology horizons in aviation of 2050 and 2070 (ICAO, 2021d), action must be taken now, as the actions with the greatest impacts will take time to penetrate the global aviation market.
Considering the options presented herein, the definition and qualification process for Option 1—Replicate All Jet A/A-1 Properties in a Single Fuel—could be achievable within 2 years. This approach has already been pioneered by SASOL, and other fuels are following that pathway (DefStan 91-091). Option 2—Replicate All Jet A/A-1 Properties in a Blended Fuel—could follow closely, a year or two behind, since in essence, it is the pathway being followed for current blended SAFs. The ASTM Task Force AC598 (Standardization of Jet Fuel Fully Comprised of Synthesized Hydrocarbons) has begun work to consider the definition and qualification process for Options 1 and 2 (Polek, 2021); that process will need to take into account the challenges laid out in this paper.
Options 3 and 5 that would modify Jet A/A-1 properties require significant research and testing before the safety of either replacing or lowering the aromatics is assured, and any redefinition of, or addition to, current specifications or standards is made. Future research must include investigation of how fuel compositions interact with the operability, reliability and safety of aircraft and flight. Finally, since Option 4—Remove the Requirement for Seal-Swelling Components—leads to a non-drop-in fuel, it is not likely to be supported by industry.
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