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Executive Summary

Biomass-derived jet (biojet) fuel has become a key element in the aviation industry’s strategy to
reduce operating costs and environmental impacts. Researchers from the oil-refining industry,
the aviation industry, government, biofuel companies, agricultural organizations, and academia
are working toward developing commercially viable and sustainable processes that produce
long-lasting renewable jet fuels with low production costs and low greenhouse gas emissions.
Additionally, jet fuels must meet ASTM International specifications and potentially be a 100%
drop-in replacement for the current petroleum jet fuel. The combustion characteristics and engine
tests demonstrate the benefits of running the aviation gas turbine with biojet fuels.

In this study, the current technologies for producing renewable jet fuels, categorized by alcohols-
to-jet, oil-to-jet, syngas-to-jet, and sugar-to-jet pathways, are reviewed. The main challenges for
each technology pathway, including feedstock availability, conceptual process design, process
economics, life-cycle assessment of greenhouse gas emissions, and commercial readiness, are
discussed. Although the feedstock price and availability and energy intensity of the process are
significant barriers, biomass-derived jet fuel has the potential to replace a significant portion of
conventional jet fuel required to meet commercial and military demand.
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1 Introduction
1.1 Background

Aviation fuel, a petroleum-based fuel used to power aircraft, has stricter quality requirements
than fuels used in road transport. Jet fuel is a type of aviation fuel designed specifically to power
gas-turbine engines and is the primary subject of this review. According to a report from the U.S.
Energy Information Administration (EIA) (U.S. Energy Information Administration 2013), 4
gallons out of every 42-gallon barrel of crude oil are used to produce jet fuel. The worldwide
aviation industry consumes approximately 1.5—1.7 billion barrels of conventional jet fuel per
year (Stratton, Wong, et al. 2010; Air Transportation Action Group 2011). Fuel is the largest
operating cost in the aviation industry, and the unstable prices of crude oil hamper long-term
planning and expense budgeting. Renewable feedstock-derived jet fuels can reduce the
dependency of the aviation industry on one single energy source, avoiding the volatility of
petroleum prices, and potentially reducing greenhouse gas (GHG) emissions (Air Transportation
Action Group 2011).

For the U.S. Department of Defense (DOD) alternative fuel initiatives, the U.S. Air Force has set
goals to test and certify all aircrafts and systems on a 50:50 alternative fuel blend by 2012, and to
ensure that 50% of the domestic aviation fuel of the Air Force comes from an alternative fuel
blend by 2025 (Blakeley 2012; Lane 2014a). The U.S. Navy’s goal is to run ships and aircraft
entirely on alternative fuel blends by 2016 and to achieve 50% of the Navy’s total energy use
from alternative sources by 2020 (Blakeley 2012).

A diversified, homegrown, and renewable feedstock-based fuel system is crucial in the strategy
to achieve energy security and to increase environmental stewardship. In 2010, the U.S.
Department of Agriculture (USDA) and the Navy inaugurated a joint venture called "Farm-to-
Fleet" to develop domestic, competitively priced "drop-in" diesel and jet fuel replacements
(USDA News Release 2013). The Farm-to-Fleet program announced in 2013 that it incorporates
the acquisition of biofuel blends into regular DOD domestic solicitations for jet engine and
marine diesel fuels (USDA News Release 2013). The Navy will seek to purchase JP-5 and F-76
advanced drop-in biofuels blended with 10%—-50% conventional fuels, with funding assistance
from USDA's Commodity Credit Corporation (CCC) (USDA News Release 2013). The CCC
funds aim to "buy down" the cost of the biofuels component of any fuel procurement that is
above the current price of fuel paid by the Navy, which can use appropriated domestic U.S.
feedstocks to fill in any gaps in fuel quantities. This provides a consistent market and allows the
industry to scale up gradually until these homegrown biomass-based biofuels match conventional
fuel prices without reliance on USDA support.

In 2011, the USDA, the U.S. Department of Energy (DOE), and the Navy executed a
memorandum of understanding (MOU) to invest up to $510 million (MM) in partnerships with
the private sector to produce advanced drop-in aviation and marine biofuels to power military
and commercial transportation (USDA-NAVY-DOE 2011). DOE and the Navy’s funding
portions came through the Defense Production Act (DPA) Title III office to build biorefineries,
in order to assure that capital would be available to build production capacity and offset
feedstock costs for drop-in biofuels that would meet the Navy’s needs, timelines, and cost goals.
The USDA’s portion was included with CCC funds to address feedstock development through a
$161 MM innovative program. In 2013, DOD awarded $20.1 MM in contracts to Emerald
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Biofuels, Natures BioReserve, Fulcrum Biofuels, and Red Rock Biofuels for planning,
preliminary designing, environmental assessment, front-end engineering and permitting, and
development of detailed business cases. These projects are part of Phase 1 of the DPA Title 111
Advanced Drop-in Biofuels Production Project (ADBPP), which aims to establish domestic
chains to produce drop-in replacement biofuels to the U.S. military. In 2014, DOD awarded $210
MM to Emerald Biofuels, Fulcrum BioEnergy, and Red Rock Biofuels as Phase 2 of the ADBPP
project. These grants target the construction of biorefineries with a combined capacity of 100
MM gallons of military-specified jet fuels and marine diesel, at a cost-competitive rate (less than
$4 per gallon) and with 50% reduction of emissions compared to conventional fuels (Lane
2014a).

"Farm-to-Fly" is another established initiative that comprises USDA, Airlines for America, and
Boeing to promote the production of renewable jet fuels that do not require jet engine
modifications and to target the production of 1 billion gallons of drop-in aviation biofuels a year
by 2018 (USDA 2012). The program has been extended until 2019 with the addition of DOE, the
Department of Transportation (DOT) Federal Aviation Administration (FAA), and major private
partners such as the Commercial Aviation Alternative Fuels Initiative (CAAFI) (Green Air 2014;
U.S. Department of Energy 2014). In 2014, advanced drop-in biofuel blends were incorporated
into the standard procurement practices of DOD, which increases business opportunities of
biofuel suppliers.

There are a few regional and national working groups for jet fuel developments. CAAFI was the
first organization to establish a structure inclusive of all stakeholders from industry and
government involved in sustainable aviation fuel deployment, and it has completed pioneering
work in many areas (e.g., in the certification of biojet fuel pathways and establishing
commercialization models) (IATA 2015).

The Midwest Aviation Sustainable Biofuels Initiative (MASBI) is a collaboration of 40-plus
public and private organizations that came together in 2012, led by United Airlines, Boeing,
Honeywell’s UOP, the Chicago Department of Aviation, and the Clean Energy Trust (Midwest
Aviation Sustainable Biofuels Initiative 2013). MASBI works across the biofuels value chain to
address ways to best leverage regional assets through collaboration across public-private entities
for sustainable aviation biofuels (www.masbi.org). The Midwest is a hub of vibrant financial,
academic, and agricultural communities, enabling the region to lead in clean energy development
(www.masbi.org).

Boeing Company, Alaska Airlines, Portland International Airport, Seattle-Tacoma International
Airport, Spokane International Airport, Washington State University, and Climate Solutions also
created a regional working group, Sustainable Aviation Fuels Northwest (SAFN), to develop
sustainable and economically viable aviation biofuels in the Northwest
(http://climatesolutions.org/programs/saf/resources/safn) (SAFN 2011).

Led by Washington State University, the Northwest Advanced Renewables Alliance (NARA)
works on building a supply chain of the Pacific Northwest (Washington, Oregon, Idaho, and

Montana) region for aviation biofuel with the goal of increasing efficiency in everything from
forestry operations to conversion processes, funded through a 5-year grant provided by USDA
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National Institute of Food and Agriculture (https://nararenewables.org) (Northwest Advanced
Renewables Alliance 2015).

The European Commission, in partnership and cooperation with leading European airlines,
launched the European Advanced Biofuels Flightpath (http://ec.europa.eu/energy/en). The EU
Biofuels Flightpath set a target of two MM tonnes per year of aviation biofuels by 2020, which is
approximately 3%-4% of total jet fuel use in Europe (International Air Transport Association
2013). Twenty-five EU countries were expected to meet their 2013/2014 interim renewable
energy targets, and the projected share of renewable energy in the gross final energy
consumption was 15.3% in 2014 (European Commission 2015).

Several public reports addressed a variety of the jet fuel volumetric goals as well as the blending
ratio of biofuels with conventional jet fuels. Analysis suggests that a viable market for biofuels
can be maintained when as little as 1% of world jet fuel supply is substituted by a biofuel (Air
Transportation Action Group 2011), with aggregation of higher blending ratio for future years,
such as 25% by 2020, 30% by 2030, and 50% by 2040 (Air Transportation Action Group 2009).
The farm-to-fly effort targets at a 5% replacement in 2018 (USDA 2012). For instance, based on
the upper estimate of jet fuel demand, it is generically estimated that between 35%—-100% of
global jet fuel demand could be provided by biofuel by 2050 (Bauen, Howes, et al. 2009). EU is
projecting low-carbon sustainable fuels in aviation to reach 40 % by 2050 (European
Commission 2011). The volumetric targets in the most recent publications or reports are more
conservative and are moved from volumetric targets to a GHG emission reduction target of a
50% reduction in carbon emissions by 2050 relative to a 2005 baseline (IATA 2015).

Feedstock costs contribute a large portion to the overall biofuel production cost. Rising prices for
food, surface transportation, and power generation are sources of increasing demand on energy
crops (a plant used to produce biofuels or to generate electricity or heat) and one of the reasons
for increasing feedstock prices (Hileman, Ortiz, et al. 2009). Appropriate plantation, cultivation,
and harvesting are required before the feedstocks are processed into fuel (Air Transportation
Action Group 2009). Estimates show that 8% of U.S. energy crop and residue resources would
be required to fully supply the biojet fuel demand in 2050 (Bauen, Howes, et al. 2009). Potential
feedstocks for producing biojet fuel are classified as (a) oil-based feedstocks, such as vegetable
oils, waste oils, algal oils, and pyrolysis oils; (b) solid-based feedstocks, such as lignocellulosic
biomass (including wood products, forestry waste, and agricultural residue) and municipal waste
(the organic portion) (Leuphana 2011); or (c) gas-based feedstocks, such as biogas and syngas.
The key to the successful implementation of biojet fuel is the availability of feedstock at a large
and sustainable scale and low price. Improved yields and reduced plantation or transportation
costs would promote commercialization of biojet fuel conversion processes and, therefore, would
allow the industry and government to assess and address the feedstocks’ potential and impacts.

1.2 Bio-Derived Jet Fuel Conversion Pathways

Biomass-derived jet fuel can provide a near-term and even a long-term solution to the airline
industry and the military with a lower environmental impact than petroleum fuels. Many biojet
fuel conversion technologies, whether in the research and development, demonstration, or
commercial stages, are described in the literature.
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In this review, the upgrading pathways are classified as one of four types, based on the
feedstocks and conversion processes: (1) alcohol-to-jet (ATJ), (2) oil-to-jet (OTJ), (3) gas-to-jet
(GTJ), and (4) sugar-to-jet (STJ) (shown in Table 1). Some of the technologies that convert bio-
based feedstocks to jet fuel have been reviewed in the literature in areas including feedstock
availability, upgrading technology, process economics, lifecycle GHG analysis, and commercial
progress (Bauen, Howes, et al. 2009; Hileman, Ortiz, et al. 2009; International Air Transport
Association 2010; Rye, Blakey, et al. 2010; Agusdinata, Zhao, et al. 2011; Leuphana 2011;
Whitman, Yanni, et al. 2011; European Biofuels Technology Platform 2012; Rosillo-Calle,
Thrién, et al. 2012). Most literature has focused on approved technologies such as Fischer-
Tropsch (FT) synthesis and hydroprocessed renewable jet (HRJ) processes; few literature
references are available for either ATJ or STJ processes because they are still in the development
stage.
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Table 1. Summary of Jet Fuel Production Pathways Reviewed in this Work

Category

Pathways

Companies

U.S. or International
Agencies

Airline Companies/Manufacturers

Alcohol-to-Jet
(ATJ)

Ethanol-to-Jet

Terrabon/MixAlco; Lanza
Tech/Swedish Biofuels ;
Coskata

Defense Advanced
Research Projects
Agency, FAA

Boeing, Virgin Atlantic

Butanol-to-Jet Gevo; Byogy; U.S. Navy/NAWCWD, | Continental Airlines ; United Airlines
Albemarle/Cobalt; AFRL, DLA, USAF
Solazyme

Oil-to-Jet (OTJ)

Hydroprocessed
Renewable Jet (HRJ)

UOP; SG Biofuels; AltAir
Fuels; Agrisoma
Biosciences; Neste Oil;
PetroChina; Sapphire
Energy, Syntroleum/Tyson
Food; PEMEX ; ASA

U.S. Navy, USAF,
Netherland Air Force,
NASA, Dutch Military,
EADs

Boeing, Lufthansa, Virgin Atlantic, Virgin
Blue, GE Aviation, Air New Zealand, Rolls-
Royce, Continental, CFM, JAL, Airbus, KLM,
Pratt & Whitney, Air China, TAM Airlines, Jet
Blue Airways, IAE, United Airlines, Air
France, Finnair, Air Mexico, Thomson
Airways, Porter Airlines, Alaska Airlines,
Horizon Air, Etihad Airways, Romanian Air,
Bombardier

Catalytic
Hydrothermolysis
(CH)

Applied Research Assoc.,
Aemetis/Chevron Lummus
Global

FAA CLEEN, NRC
Canada, AFRL

Rolls-Royce, Pratt & Whitney

Hydrotreated Kior/Hunt FAA N/A
Depolymerized Refining/Petrotech,
Cellulosic Jet Envergent, GTI,
(Pyrolysis or HDCJ) Dynamotive
Gas to Jet (GTJ) FT Synthesis Syntroleum; SynFuels; U.S. DOE, U.S. DOD, | Qatar Airways, United Airlines, Airbus,
Rentech; Shell; Solena USAF, Ontario British Airways
government
Gas Fermentation Coskata; INEOS Bio/Lanza | N/A Virgin Atlantic
Tech; Swedish Biofuels
Sugar to Jet (STJ) | Catalytic Upgrading of | Virent/Shell, Virdia AFRL, U.S. DOE N/A
Sugar to Jet
Direct Sugar Amyris/Total, Solazyme, U.S. Navy, FAA Boeing; Embraer; Azul Airlines; GE; Trip

Biological to
Hydrocarbons

LS9

Airlines
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Many process technologies that convert biomass-based materials into jet fuel substitutes are
available. Some are available at commercial or pre-commercial scale, and others are still in the
research and development stage. These technologies are varied and depend strongly on the type
of feedstock. Oil-based feedstocks are converted into biojet fuels through hydroprocessing
technologies, including hydrotreating, deoxygenation, and isomerization and hydrocracking.
Processes such as catalytic hydrothermolysis (CH) have also been developed to treat triglyceride-
based oils. Solid-based feedstocks are converted into biomass-derived intermediate through
gasification, into alcohols through biochemical or thermochemical processes, into sugars through
biochemical processes, and into bio-oils through pyrolysis processes. Syngas, alcohols, sugars,
and bio-oils can be further upgraded to biojet fuel via a variety of synthesis, either fermentative
or catalytic processes. So far, biojet fuels from Fischer-Tropsch biomass-to-liquid (FT BTL)
synthesis and hydroprocessed esters and fatty acids (HEFA) have been approved by ASTM
International (ASTM) Method D7566 for blending into jet at levels up to 50% (IEA 2012).
Hydroprocessing technologies using vegetable and waste oils represent the only conversion
pathways that are ready for large-scale deployment (Leuphana 2011). Industries are currently
working on developing optimal processes that utilize sustainable feedstocks and can be produced
economically.

Production cost is a key parameter of the commercial feasibility of a biojet fuel. U.S. passenger
and cargo airlines consume more than 20 billion gallons of jet fuel annually. Therefore, every
penny increase in the price of jet fuel results in an additional $200 MM in annual fuel costs for
U.S. airlines (Airlines for America 2013). In 2012, the annual fuel cost for all airlines was
around $47 billion (Research and Innovative Technology Administration and Bureau of
Transportation Statustics 2013). It is predicted that by 2030, the biojet fuel production cost may
drop to as low as $2.5/gal due to improved conversion technology (Caldecott and Tooze 2009),
and 30% of annual airline fuel consumption can be replaced by biojet fuel (Air Transportation
Action Group 2009). Following the same pattern for bioethanol production (Gnansounou and
Dauriat 2010), the variation in the biojet production cost would be highly dependent on the
following parameters: (a) composition and cost of feedstock; (b) process design; (¢) conversion
efficiency or product yield; (d) valorization of co-products; and (e) energy conservation.
Therefore, decreasing the production cost of biojet fuel depends on synergistic efforts in all
areas, including improvements in the areas of feedstock productivity, extraction yield of oil or
sugar yield from the crops, process energy conservation, and balance between jet fuel product
and value-added co-products.

In addition, there is a growing awareness of important environmental issues, including improving
air quality in and around airports and determining the aviation industry’s contribution to GHG
emissions globally. Aircraft emissions strongly impact the GHG emissions that lead to climate
change. It has been estimated that commercial aviation has contributed approximately 2%—6% to
total global carbon emissions (Rosillo-Calle, Thrén, et al. 2012). Atmospheric emissions from
aircraft are (a) direct emissions such as carbon dioxide (CO,) and water vapor; (b) emission of
oxidizing chemical species, such as oxides of nitrogen (NOy); and (c) emission of substances
that trigger the generation of aerosol particles or lead to changes in natural clouds, such as
contrails (Rosillo-Calle, Thrin, et al. 2012). Jet fuels derived from renewable resources may
offer the potential to reduce the GHG emissions from aviation industry.
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A life cycle assessment (LCA) that considers emissions from the field where the feedstock is
harvested to the wake behind the aircraft can identify the change in GHG emissions due to the
use of alternative fuels (Stratton, Wong, et al. 2010), usually known as well-to-wake (WTW)
analysis. The WTW analysis can be split into two parts: well-to-tank and tank-to-wake (Bauen,
Howes et al. 2009). To compare the GHG emissions from biojet fuels with those of conventional
jet fuels, it is necessary to consider emissions from the whole production supply chain. In the
well-to-tank portion, feedstock production, land use change, and conversion processes contribute
significantly to GHG emissions. In the tank-to-wake portion, emissions from burning jet fuels
are considered (Bauen, Howes, et al. 2009). The WTW GHG emissions from conventional jet
fuel are reported to be 14.3 grams carbon dioxide equivalent/megajoule (gCO,e/MJ) for well-to-
tank GHG emissions and 73.2 gCO,e/MJ for tank-to-well GHG emissions (Skone and Gerdes
2008), summing up to a total of 87.5 grams CO, equivalent per megajoule (gCO,e/MJ) (Skone
and Gerdes 2008; Hileman 2009). When biojet fuel is used for aviation, the GHG emissions can
be reduced to 8.5 gCO,e/MJ (produced from sugar cane), a 90% reduction relative to
conventional jet fuel (Moreira, Gurgel, et al. 2014). Different conversion technologies may result
in different amounts and types of GHG emissions due to the variety of feedstocks and reaction
processes. Reviewing the GHG emissions data from the conversion pathways will help
determine the optimal platforms for producing biojet fuel.

Groups such as aircraft manufacturers, airline companies, academic institutions, fuel refining
companies, agricultural companies, farmers groups, and local/regional/national departments of
agriculture, defense, transport, economic development, and enterprise are working together to
develop commercially feasible biojet fuel (Air Transportation Action Group 2012). The level of
biojet fuel commercialization depends on feedstock availability, conversion technology
development, reduction of GHG emissions, and policy. Conversion technologies for
transportation biofuels such as ethanol and biodiesel have been reviewed and compared
extensively (Bender 1999; Department of Energy 2011). For future development and deployment
of biojet fuel, it is important to review and understand the maturity and uncertainty of all
pathways to assess impacts on commercialization.

1.3 Jet Fuel Specifications, Combustion, and Engine Tests

In addition to defined target compositions, jet fuel specifications and requirements are mostly
defined in terms of required performance properties. The specifications required for jet fuels are
(1) acceptable minimum energy density by mass, (2) maximum allowable freeze point
temperature, (3) maximum allowable deposits in standard heating tests, (4) maximum allowable
viscosity, (5) maximum allowable sulfur and aromatics content, (6) maximum allowable amount
of wear in standardized test, (7) maximum acidity and mercaptan concentration, (8) minimum
aromatics content, (9) minimum fuel electrical conductivity, and (10) minimum allowable flash
point (U.S. Department of Defense 2011). There are three standards for certifying aviation fuel:
ASTM D1655, International Air Transport Association Guidance Material (Kerosene Type), and
the United Kingdom Ministry of Defence, Defence Standard (Def Stan) 91-91 (ONGC and
Quality Control Laboratory 2008; Agusdinata, Zhao, et al. 2011; American Society for Testing
and Materials 2013). ASTM Specification D7566 (Standard Specification for Aviation Turbine
Fuel Containing Synthesized Hydrocarbons), which targets alternative jet fuel, lists the fuel
properties and criteria required to control the production and quality of a renewable fuel for
aviation safety (American Society for Testing and Materials 2013).
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Table 2 shows the jet specifications for two typical jet fuels for commercial (Jet A) and military
aircraft (JP-8). Jet A-1 is a civilian grade nearly identical to JP-8. Jet fuel requires a high flash
point for the fire-hazard consideration (ExxonMobil Aviation 2005). Detailed specifications can
be found in the documentations from ASTM. Major fuel properties are similar across different
standards, but there are some differences. For instance, D7566 is an expansion of D1655 to
include fuel specifications required of the synthetic paraffinic kerosene (SPK) blendstocks.
ASTM D1655 (Table 2) is for conventional jet fuel from petroleum and ASTM D7566 is for jet
fuel with SPK blending. IATA is the International Air Transport Association Guidance Material,
Def Stan 91-91 is the United Kingdom Ministry of Defense, and Defense Standard. MIL-DTL-
83133E is military turbine fuels, for JP-8.

The jet fuel cannot be mixed with diesel; it is kerosene-based with specified carbon chain length,
and has a relatively higher flash point due to fire-hazard consideration and relatively lower freeze
point to ensure good cold flow properties at high altitude. In addition, jet fuel needs to meet cold
flow properties, such as a lower freezing point, to ensure the fuel can flow at high altitude
(ASTM International 2013).
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Table 2. Jet Fuel Specifications

(ExxonMobil Aviation 2005; ONGC and Quality Control Laboratory 2008; U.S. Department of Defense 2011; American Society for Testing
and Materials 2013; UK Ministry of Defence 2013)

Jet A-1 JP-8
ASTM D1655-04a IATA Def Stan 91-91 ASTM D7566 MIL-DTL-83133E specification
Acidity, Total (mg 0.1, max 0.015, max 0.012, max 0.1, max 0.015, max
KOH/g)
Aromatics (vol%) 25, max 25, max 25, max 25, max (8, min) 25, max
Sulphur, Total (wt%) 0.3, max 0.3, max 0.3, max 0.3, max 0.3, max
Distillation Temperature:
10% Recovery (°C) 205, max 205, max 205, max 205, max 205, max
20% Recovery (°C) — — — — —
50% Recovery (°C) — — — — (15, min) —
90% Recovery (°C) — - — — (40, min) —
Final BP (°C) 300, max 300, max 300, max 300, max 300, max
Flash Point (°C) 38, min 38, min 38, min 38, min 38, min
Freezing Point (°C), max 47 47 47 A0 Jet A s a7 Jet -47
Viscosity @ -20°C (cSt) 8, max 8, max 8, max 8, max 8, max
Net Heat of Comb. 42.8, min 42.8, min 42.8, min 42.8, min 42.8, min
(MJ/kg)
Density @ 15°C (kg/m3) 775-840 775-840 775-840 775-840 775-840

(Note: MIL-DTL-83133E is the standard specifically for JP-8 fuel.)
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Combustion characteristics of alternative and conventional jet fuels have been investigated in
many literatures (Kahandawala, DeWitt, et al. 2008; Kumar and Sung 2010; Allen, Toulson, et
al. 2012; Hui, Kumar, et al. 2012; Wang and Oechlschlaeger 2012; Allen, Valco, et al. 2013).
Derived cetane numbers (DCNs), autoignition characteristics, laminar flame speeds, and
extinction stretch rates of conventional jet fuel and alternative jet fuels derived from FT and
hydroprocessing of oil are experimentally determined (Hui, Kumar, et al. 2012). The DCNs of
alternative jet fuels are higher than conventional jet fuel because conventional jet fuel contains
more than 20% of aromatics. The alternative fuels with higher n-paraffin content will be more
reactive, resulting in higher DCNs. The ignition behavior, which depends strongly on the fuel
composition and structure, shows that alternative fuels have shorter ignition delay than
conventional jet fuel (Kumar and Sung 2010; Allen, Toulson, et al. 2012; Hui, Kumar, et al.
2012; Wang and Oehlschlaeger 2012; Allen, Valco, et al. 2013), and the pressure increase due to
ignition in the combustion chamber is higher than that of convention jet fuel (Hui, Kumar, et al.
2012). The amount of n-paraffins contained in the fuels determines the order of ignition delay
(Hui, Kumar, et al. 2012). On the other hand, Allen et al. (Allen, Valco, et al. 2013) suggested
that the ignition properties depend on the cycloparaffin content and the fraction of higher
hydrocarbons. For the laminar flame speed, which is controlled by the heat of combustion, there
is no difference between conventional and alternative jet fuels (Hui, Kumar, et al. 2012). For the
extinction stretch rates, camelina-derived jet fuel is 8% higher in resistance to extinction than
conventional Jet A. The amount of aromatics is the cause of lower resistance because aromatics,
which have slow decomposition of aromatic rings and therefore lower reactivity, are less
resistant to extinction than paraffins (Kumar and Sung 2010; Won, Dooley, et al. 2011; Hui,
Kumar, et al. 2012).

The impacts of biojet fuel on engine performance, operability, hardware, and emissions are also
studied (Rahmes, Kinder, et al. 2009; Quintero, Ricklick, et al. 2012). For the engine
performance tests, the Bio-SPK derived from jatropha and algae shows an improvement in the
specific fuel consumption and fuel flow compared to the Jet A (Rahmes, Kinder, et al. 2009).The
25% and 50% Bio-SPK blends demonstrate the reduction in fuel flow by 0.7% and 1.2%,
respectively (Rahmes, Kinder, et al. 2009). There are no significant differences in engine
acceleration response time with these blends. For the emission tests, there is a slight reduction in
NOx by 1%—-5% due to the differences in ambient conditions and flame characteristics. The
emissions of carbon monoxide (CO) and unburned hydrocarbons are increased by 5%—9% and
20%—45%, respectively, because of the reduction of flame temperature, the influence of spray
quality and flame location (Rahmes, Kinder, et al. 2009). The smoke emission is reduced by
13%—-30% due to the lower aromatic content and higher H/C ratio (Rahmes, Kinder, et al. 2009).
In addition, there is no engine degeneration or unusual odors found when testing the biojet fuel
in engines. However, the lack of aromatic components could lead to damage to the elastomer
materials in the fuel system (Rahmes, Kinder, et al. 2009). Blending the biojet with conventional
jet fuels would ensure elastomer swelling.

1.4 Renewable Fuel Standard, Biofuel Production Tax Credits, and
Jet Fuel Certification

In 2007, the U.S. Congress passed the Energy Independence and Security Act (EISA) of 2007
(U.S. Congress 2007), which was intended to increase U.S. energy independence and reduce
GHG emissions. In 2011, the Environmental Protection Agency (EPA) implemented the
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Renewable Fuel Standard 2 (RFS2)' program in order to meet EISA 2007 requirements (EPA
2010). The RFS2 program consists of a system of annual volumetric requirements for biofuel use
by petroleum fuel (i.e., gasoline and diesel)? producers and importers. The four biofuel
categories required are (EPA 2010):

e Renewable fuel: Biomass-based fuel with lifecycle GHG emissions that are at least 20%
less than the petroleum fuel replaced

e Advanced biofuel: Biomass-based fuel, other than corn starch ethanol, that has lifecycle
GHG emissions that are at least 50% less than the petroleum fuel replaced

e Biomass-based diesel: Biomass-based renewable diesel or biodiesel fuel that has lifecycle
GHG emissions that are at least 50% less than the petroleum fuel replaced

e (Cellulosic biofuel: Biomass-based fuel from cellulosic biomass that has lifecycle GHG
emissions that are at least 60 percent less than the petroleum fuel replaced.

The RFS2 program also consists of a credit trading system. In 2007, EISA required EPA to
create a credit program that allows for the generation of credits that may be used to demonstrate
compliance with volumetric requirements or to be traded on a credit market (EISA 2007).
Renewable identification numbers (RINs) are the basis of the RFS2 program’s credit trading
systems. Each RIN is classified as one of the four biofuel categories listed above. Table 3 shows
jet fuel pathways and the RIN biofuel category produced.

" The Energy Independence and Security Act of 2007 modified the Energy Policy Act of 2005 passed by congress
(U.S. Congress 2005), which led to the establishment of the Renewable Fuel Standard (RFS1) program.
* The RFS2 program does directly regulate petroleum jet fuel production or import.
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Table 3. Existing Approved and Pending Bio-Based Jet Fuel Pathways

Feedstock Production Process Régtig’::‘;l Pg::t‘ﬁ :y
Cellulosic Crops: Energy cane, Napier grass,
switchgrass, miscanthus, energy cane, Arundo donax,
and Pennisetum purpureum
Cellulosic Wastes and Residues: Crop residue, Cellulosic
slash, pre-commercial thinnings and tree residue, Any Biofuel
separated yard waste, biogenic components of
separated municipal solid waste (MSW), cellulosic
components of separated food waste, and cellulosic Approved
components of annual cover crops by EPA
oil C Sovb tood arad | | No renewable biomass and petroleum co- Biomass-
il Crops: Soybeans, non-food grade corn oil, annua ina: ificati >
Y y! d graac _ processing; Transestgrlflcatlon and Based Diesel
cover crops, algal, and Camelina Sativa oil Hydrotreating
Oil Wastes and Residues: Biogenic waste .
oils/fats/greases and non-cellulosic portions of Renewable biomass and petroleum co- |, .
separated food waste and annual cover crops processing; Transesterification and Biofuel
Hydrotreating
No renewable biomass and petroleum co- Biomass-
processing; Transesterification and Based Diesel
Hydrotreating
Oil Crops: Brassica carinata, Jatropha, and algae APenrc:)l\r;gl
carbohydrate bF;/pEP A

Renewable biomass and petroleum co-
processing; Transesterification and
Hydrotreating

Advanced
Biofuel
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The market prices of each RIN biofuel category are interdependent because of the "nesting" of
RIN biofuel categories. Nesting refers to the fact that biomass-based diesel and cellulosic biofuel
RINs can be used to demonstrate compliance for the required volumes of advanced biofuel and
renewable biofuel. Advanced biofuel RINs can be used to demonstrate compliance for the
required volumes of renewable fuel. Therefore, the RIN market price of renewable fuel will not
be higher than other biofuel categories, and an advanced biofuel RIN will not be priced higher
than a biomass-based diesel and cellulosic biofuel RIN.

The market price for a RIN indirectly impacts revenue for the generator of the RIN (i.e., the
biofuel producer or importer). Usually, the generator of the RIN does not trade the RIN they
generate on the RIN market. The RIN remains attached to the biofuel until the fuel is used as a
"transportation fuel, heating oil, or jet fuel" blended with petroleum fuel, or obtained by a
petroleum fuel producer or importer (EPA 2010). RIN market prices increase the willingness to
pay for the biofuel.

Roughly 1.7 billion RINs® would be generated if the FAA goal (Elgowainy, Han, et al. 2012) of
replacing 1 billion gallons of petroleum jet fuel with alternative jet fuel in 2018 are met. In 2014,
RIN prices for all biofuel categories ranged between about $0.5 and $1.0 per RIN. The 1.7
billion RINs could generate between $0.8 billion to $1.6 billion in revenue when using 2014
prices, depending on the feedstocks and production processes used to produce the bio-based jet
fuel. Three federal biofuel production tax credits potentially apply to biomass-derived jet fuel
(Department of Energy 2015):

e The "Biodiesel Income Tax Credit" is $1.0/gal of pure biodiesel or renewable diesel fuel
consumed

e The "Biodiesel Mixture Excise Tax Credit" is the same tax credit (i.e., $1.0/gal of fuel)
except for blended biodiesel or renewable diesel fuel

e The "Second Generation Producer Tax Credit" is $1.0/gal of non-alcohol cellulosic-based
biofuel produced.

All biofuel tax credits lapsed at the beginning of 2015. However, these lapsed biofuel taxes
credits and tariffs have historically been retroactively reinstated (Department of Energy 2015).

Technical certification of alternative fuels is primarily led by ASTM with support from CAAFI
and the U.S. Air Force. In 2009, ASTM approved fuels produced by the Fischer-Tropsch process
as the first biojet fuel for use in commercial flights, up to a blend percentage of 50% (Bauen,
Howes, et al. 2009; Zheng, Li, et al. 2009; de Klerk 2010; Viljoen and Ajam 2012; IATA 2015).
Biojet fuels from hydroprocessing technologies such as HEFA or HRJ and also for up to a 50%
blending ratio were approved in 2011. In June 2014, the third production pathway for biojet fuel
was approved by ASTM, namely "Synthetic Iso-paraffin from Fermented Hydroprocessed Sugar
(SIP)," (also known as Direct Sugar to Hydrocarbon [DSHC] fuel) (IATA 2015). All these
certifications are under the ASTM D7566 specification, which are recognized automatically as

? One RIN is equivalent to a gallon of ethanol-equivalent fuel, and one gallon of bio-based jet is about 1.7 gallons of
ethanol-equivalent fuel.
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meeting the ASTM D1655 specification for conventional jet fuel (IATA 2015). There are three
pathways approved by ASTM by year 2015, and many others are currently being tested for the
certification process. The next section discusses previous and current commercial and military
flight tests using biojet fuels.

1.5 Bio-Derived Jet Fuel Flight Tests

Biojet fuels from OTJ (HRJ or HEFA), ATJ, and GTJ (either via FT synthesis or gas
fermentation) have been used for commercial (shown in Table 4a) and military flights (shown in
Table 4b). The first commercial-scale biofuel plant in the United States, Dynamic Fuels, a 50/50
joint venture between Syntroleum and Tyson Food, achieved production of 5.4 MM gallons per
month of renewable fuels, which equals to 65 MM gallons per year (Syntroleum 2012).

Conversion of ATJ has also been developed at commercial scale and was flight-tested by the
U.S. Air Force in July 2012 (Wright, Harvey, et al. 2008; Byogy Renewables 2011; Gevo 2011;
EcoSeed 2012; Synfuels International Inc. 2013). The ATJ process is expected to be approved by
2013-2014 (Byogy Renewables 2011). Fuel produced by two recently proposed sugar-to-jet
(STJ) fuel processes—fermentation of sugars to hydrocarbons (Department of Energy 2012) and
catalytic conversion of sugars to fuels (Department of Energy 2012)—have been developed in
joint ventures by biofuel and oil companies (Blommel, Keenan, et al. 2008; Newsmax 2011;
Bauldreay 2012; Knovel 2012; Nassar, Granco, et al. 2012; Timmer 2012; Total and Amyris
2012; Virent 2012). Two recently proposed processes, catalytic hydrothermolysis (CH) and
hydrotreated depolymerized cellulosic jet (HDCJ), also called pyrolysis, have not yet been
approved by ASTM, but several companies and research institutes are working on this
technology (Applied Research Associates Inc. 2011; Applied Research Associates Inc. 2012;
Biodiesel Magazine 2012; Elgowainy, Han, et al. 2012).
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Table 4a. Flight Tests with Biojet Fuels through Different Conversion Pathways by Commercial Airlines

Biojet Fuel

Conversion

Commercial Airline Aircraft Partners Year Feedstocks References
Content Pathway
Virgin Atlantic B747-400 Boeing, GE Aviation 2008 Coconut & Babassu 20% oTJ (Atlantic 2008)
Air New Zealand B747-400 Boeing Rolls-Royce, UOP 2008 Jatropha 50% oTJ (Green Air 2009b)
. - Boeing, GE Aviation, 2.5% Algae & 47.5% o .
Continental Airlines B737-800 CFM, Honeywell UOP 2009 Jatropha 50% oTJ (Green Air 2009b)
Boeing , Pratt & Whitney, 42% Camelina, 8%
JAL B747-400 Honeywell UOP, Nikki 2009 Jatropha, 50% oTJ (Green Air 2009b)
Universal <0.5%Algae
KLM B747-400 GE, Honeywell UOP 2009 Camelina 50% oTJ (Green Air 2009b)
KLM B737-800 SkyNRG, Dynamic Fuels 2011 Waste cooking oil 50% oTJ (Green Air 2011a)
TAM Airlines A-320 Airbus, CFM 2010 Jatropha 50% oTJ (Green Air 2010a)
Boeing B747-8F 2011 Camelina 15% oTJ (Green Air 2011c)
Air France A-321 SkyNRG 2011 Waste cooking oil 50% oTJ (Green Air 2011c)
Gulfstream Gulfstream . o
Aerospace G450 Honeywell, NBAA 2012 Camelina 50% OoTJ (Honeywell 2012)
AeroMexico B737-200 2011 Jatropha 30% oTJ (Green Air 2011c)
Air China B747-400 Boeing, PetroChina 2012 Jatropha 50% oTJ (Green Air 2011c)
- 8737’. Dynamic Fuels, Horizon Algae & waste o .
Alaska Airlines Bombardier . 2011 - . 20% oTJ (Green Air 2011c)
Q400 Air cooking oil
Etihad Airways | B777-300ER SkyNRG 2012 Rec);‘iiﬁixggoﬁltab'e n.a. oTJ (Green Air 2012a)
Parang:lIJSbFlylng Cessna 182 SkyNRG 2013 Waste cooking oil 50% oTJ (Kessler 2010)
LAN A-320 Honeywell 2013 Camelina 30% oTJ (Green Air 2013)
Thai Airways Boeing-777 SkyNRG 2012 Waste cooking oil 50% oTJ (Green Air 2012b)
Aemetis, AFRL, Rolls-
Falcon 20 Royce, FAA-CLEEN,
NRC Canada T-33 ’ Agrisoma Biosciences, 2012 Carinata 100% OTJ (CH) (Green Air 2012b)
Applied Research Assoc.,
Chevron Lummus Global
Azul Airlines E195 Jet Amyris, Embraer, GE 2012 Sugarcane STJ (Amyris Inc. 2012)
Continental Airlines B737-800 Solazyme, United Airlines 2011 Sugarcane/Algae ATJ (Green Air 2011d)
Virgin Atlantic Lanza T_ech, Swedish 2011 Industrial waste gas GTJ . (Green Air 2011d)
Biofuels (fermentation)
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Table 4b. Flight Tests with Biojet Fuels through Different Conversion Pathways (International Civil Aviation Organization 2012) by
Military Aircraft

M_|I|tary Aircraft Partners Year Feedstocks Biojet Fuel | Conversion References
Aircraft Content Pathway
U.S. Navy F/IA-18 Hoﬂg’e’,"e" 2010 Camelina 50% oTJ (World 2010)
Honevwell Camelina,
U.S. Air Force A-10C UOyP 2010 | waste cooking 50% OoTJ (Kessler 2010)
oil
U.S. Air Force F-22 Hoﬂg’e’,"e" 2011 Camelina 50% oTJ (Honeywell 2011)
Honeywell
US.Navy | MHGOS Seahawk UOP, 2010 |  Camelina 50% oTJ (Tegler 2011)
Helicopter B
ozeman
MH60S Seahawk o
U.S. Navy Helicopter Solazyme 2011 Algae 50% OoTJ (Tegler 2011)
U.S. Navy T-45 2011 Camelina 50% OoTJ (Wire 2006)
U.S. Navy EA-8B 2011 Camelina 30-40% OoTJ (Navy 2011)
Netherland Air AH-64D Apache Honeywell Waste cooking o
Force Helicopter uoP 2010 oil and algae 50% ot (Honeywell 2010)
Sikorsky UH-60 Cellulose-
US. A Black Hawk Gevo 2013 derived alcohol 50% ATJ (Gevo 2013)
-9 Army helicopter
U.S. Air Force A-10C Gevo 2012 | , Cellulose- AT/ (Gevo 2012)
derived alcohol
U.S. Air Force B-52 Syntroleum 2006 Natural gas 50% GTJ (FT) (Wire 2006)
NASA DC-8 2011 | Chicken and oTJ (NASA 2011)
beef tallow
Dutch Military | Ah-64 Apache 2010 | VVaste cooking oTJ (Green Air 2010b)
helicopter oil
EADs Diamond D42 2010 Algae oTJ (Green Air 2010b)
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In summary, to fully understand the current biomass-to-jet fuel development, it is necessary to
have an overview of the state of technology for all the biojet pathway technologies, either the
three approved pathways or those for which approval is pending. For the categories defined in
previous section, analysis and reviews are performed for ATJ, OTJ, GTJ, and STJ in each
individual section. Please note that some pathway technologies may belong to two categories
defined here, but will be discussed in only one section to avoid redundancy. For instance, alcohol
is derived from cellulosic sugar, but alcohol upgrading to jet pathways are discussed in the ATJ
section, not in the STJ section. Detailed information and literature data, such as potential
feedstocks, process technologies, cost analysis comparisons, life-cycle assessment studies, and
pre-commercial or commercial demonstrations for each pathway, are described and analyzed in
the following sections.
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2 Conversion Pathways to Biojet Fuel
2.1 Alcohol-to-Jet (ATJ) Fuel

AT] fuel, also called alcohol oligomerization, is fuel converted from alcohols such as methanol,
ethanol, butanol, and long-chain fatty alcohols. The maximum use of ethanol is 10%-15% for the
majority of gasoline-powered vehicles on the road today, which creates a blend wall that makes
it difficult to achieve further market penetration of ethanol as a blend stock for gasoline.
Therefore, upgrading ethanol to jet fuel blend stock presents a potential pathway for developing
drop-in or fungible fuels for the jet fuel market. In this review, ethanol and butanol are the two
primary alcohols discussed for jet fuel conversion.

2.1.1 Feedstocks

Alcohols can be produced through many conversion pathways, but each pathways starts with a
biomass feedstock. Feedstock choice can impact many factors such as pretreatment methods,
microorganism choice, alcohol yield, and process economics. Feedstocks used for alcohol
production include fermentable sugars such as sugar cane and sugar beet, hydrolyzed grain starch
from wheat or corn, hydrolyzed polysaccharides from lignocellulosic biomass, or wood sent
through thermochemical conversion (Cardona and Sanchez 2007; Dutta, Talmadge, et al. 2011;
Phillips, Tarud, et al. 2011). The majority of fuel-alcohol in the United States is produced from
fermented corn grain (Cardona and Sanchez 2007). Once produced, alcohols can then be further
processed into aviation fuel.

Ethanol is the main fuel-alcohol produced commercially in the United States, with 14.3 billion
gallons produced in 2014 (Renewable Fuels Association 2015). In addition to corn grain,
lignocellulosic biomass is a widely available feedstock that can be converted into ethanol.
Several commercial production facilities that use lignocellulosic biomass as the main feedstock
to produce ethanol are in operation or under construction today including Abengoa Bioenergy
Corp. in Hugoton, Kansas; DuPont in Nevada, lowa; INEOS Bio — Indian River Bioenergy in
Vero Beach, Florida; and Project Liberty in Emmetsburg, lowa (Renewable Fuels Association
2015). Ethanol can be produced both biochemically (using chemicals, enzymes, and fermentative
microorganisms) and through thermochemical conversion (using heat and chemicals) (Dutta,
Talmadge, et al. 2011; Humbird, Davis, et al. 2011). In the biochemical process, the cellulose
and hemicellulose are enzymatically hydrolyzed into soluble sugars and then fermented by yeast
or bacteria to produce ethanol (Wyman 1996; Lloyd and Wyman 2005; Dutta, Dowe, et al. 2010;
Kazi, Fortman, et al. 2010; Humbird, Davis, et al. 2011). Conversely, the thermochemical
process produces ethanol via gasification and mixed alcohol synthesis (Phillips 2007; Dutta,
Talmadge, et al. 2011). One drawback to ethanol is its low compatibility as a blendstock for
aviation fuel because of its high volatility, high water absorption, low flash point, corrosion, and
elastomeric decomposition (Hileman, Ortiz, et al. 2009). In addition, ethanol’s energy density is
40% lower than conventional jet fuel, and if an aircraft shifted to using ethanol instead of Jet A
the operational capabilities of the aircraft would be reduced by 5%—-55% (depending on aircraft
type). To be considered an aviation fuel blendstock or replacement, ethanol needs to be upgraded
to high-grade, long-chain kerosene. Nevertheless, ethanol should still be considered as an
intermediate to jet fuel because of the maturity of the ethanol industry and availability of ethanol.

Other interest in alcohols to fuels is via butanol, a four carbon alcohol. Butanol as a blendstock
can lower the vapor pressure of gasoline, is less miscible with water and is simple to store
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(EthanolToday 2007). However, butanol’s higher volatility, lower flash point, and lower energy
density make it a poor candidate for blending with jet fuel without upgrading (Ezeji, Qureshi, et
al. 2007; BP 2012), although it’s freeze point of -90°C might not cause blending issues. There
are two forms of butanol that can be produced and converted into jet fuels: isobutanol and
normal-butanol. Both can be fermented from sugar and other lignocellulosic biomass feedstocks
(Tao, Tan, et al. 2014). Gevo Inc., in partnership with United Airlines, the U.S. Air Force, and
South Hampton Resources, is conducting technology research to produce biojet fuel from
isobutanol (Stone and Medvedeff 2012). The jet fuel produced in this process contains a blend of
50% isobutanol-derived ATJ hydrocarbons with conventional JP-8*, and was tested by the U.S.
Air Force in an A-10 Thunderbolt jet aircraft (Gevo 2012). Comparatively, an n-butanol-derived
ATIJ process is being developed by Cobalt and the Naval Air Warfare Center Weapons Division
(NAWCWD) (Cobalt 2012). The fuel properties for gasoline, diesel, and jet fuel are shown in
Table 5 along with the fuel properties of ethanol, isobutanol, and n-butanol. Although butanol
properties are closer to jet fuel than ethanol, the ATJ pathways instead produce jet fuel from
these alcohol feedstocks.

Table 5. Fuel Properties (Rakopoulos, Rakopoulos et al. 2010; BP 2012; Department of Energy,
Energy Efficiency & Renewable Energy, et al. 2013)

Fuel Properties Diesel fuel Jet A Gasoline n-Butanol Iso-butanol Ethanol
Density at 20°C (kg/m°) 837 775 - 840" 770 810 802 788
Energy Density (MJ/kg) 43 42 47 33 36 27
1-8
Kinematic Viscosity (mm?s) (@%4-8°C) @ 322 ) 4.0E-04 (@igoc) (@%SOC) (@ 14'300)
(@ 20°C)
Boiling Point (°C) 180-360 140 - 280 38-204 118 108 78
:‘Ifjﬁ('g)'"eat of Evaporation 250 360 325.79 585 579 840
Flash Point (°C) 52-96 40 -43 26-29 28 16.6
Autoignition Temperature(°C) 210 210 257 343 415 363
*at15°C

Butanol feeds leading to ATJ conversion can be produced during fermentation. Isobutanol
fermentation has been demonstrated in engineered Escherichia coli (E. coli) where the last two
reactions of the Ehrlich pathway are introduced and a titer of 18 g/L has been reached (Atsumi,
Hanai, et al. 2008; Baez, Cho, et al. 2011). Isobutanol can also be produced in aerobic conditions
with acetate or ethanol as a co-product (Trinh, Li, et al. 2011). Isobutanol has also been produced
in Bacillus subtilis and Cornebacterium glutamicum (Tao, Tan, et al. 2014). Isobutanol can also
be produced anaerobically at 100% of the theoretical yield (Bastian, Liu, et al. 2011). N-butanol
can be produced via acetone-butanol-ethanol (ABE) fermentation, a process that produces
acetone, n-butanol, and ethanol from biomass in a typical molar ratio of 3:6:1 (Tao, Tan, et al.
2014). Clostridia strains such as Clostridium beijerinckii and Clostridium acetobutylicum have

* JP-8 refers to Jet Propellant 8, a kerosene-based jet fuel specified and widely used by the U.S. military. It is
specified by MIL-DTL- 83133 and British Defense Standard 91-87.

19

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



been shown to produce ABE solvents at a max yield of 9-27 g/L (Tao, Tan, et al. 2014). One of
clostridium advantages is its ability to use a wide range of substrates, such as glucose, fructose,
mannose, sucrose, lactose, and starch (Tao, Tan, et al. 2014). However, continuous fermentation
of ABE at industrial scale has yet to be realized commercially. One technique currently being
explored to increase solvent titer in isobutanol and n-butanol fermentation is using simultaneous
fermentation and vacuum stripping to maintain a lower titer of butanols in the fermentation broth
(Tao, Tan, et al. 2014).

Bio-butene can also be produced catalytically instead of by fermentation. Researchers at the
University of Wisconsin—Madison have produced y-valerolactone, which can be converted to 1-
butene (Bond, Alonso, et al. 2010). The y-valerolactone produced from biomass-derived
carbohydrates is converted into 96% butene and CO, through the decarboxylation process over a
silica/alumina catalyst at a pressure of 36 bar and temperature of 375°C (Bond, Alonso, et al.
2010).

Other potential feedstocks for ATJ include methanol, isopropanol, and long-chain fatty alcohols.
For instance, a process that turns syngas into gasoline via methanol has been developed by
ExxonMobil (MTO process) (ExxonMobil 2012) and Sasol (Tait 2006). Light olefins such as
ethylene and propylene can be catalytically converted to gasoline blendstock through catalytic
polymerization in the presence of solid phosphoric acid catalyst (Ipatieff, Corson, et al. 1935;
Ipatieff and Corson 1936).

2.1.2 Process Description

To make drop-in alternative jet fuel from alcohols, the differences in the physical and chemical
properties between alcohols and conventional jet fuel have to be minimized. In the United States,
anhydrous ethanol, at 99.5%-99.9% purity, is required to blend with gasoline to avoid separation
(Rutz and Janssen 2007). However, for upgrading to jet fuel products, the necessity of high-
purity ethanol is still uncertain. A typical three-step ATJ process that converts alcohols to jet fuel
has been demonstrated (Byogy Renewables 2011). The process includes alcohol dehydration,
oligomerization, and hydrogenation. Figure 1a shows the overall process diagram for ethanol,
isobutanol, and n-butanol conversion to fuels. One advantage with dehydration, oligomerization,
and hydrotreating process steps is that they have been demonstrated on a commercially relevant
scale and the risk of scale-up is expected to be reduced. However, the development and
demonstration of the integrated process on biomass-derived intermediates is necessary (Byogy
Renewables 2011).

Research on ethanol dehydration catalysis started with alumina and transition metal oxides and
moved to silicoaluminophosphates (SAPO), H-ZSM-5 zeolite catalyst, and heteropolyacid
catalysts. In one case, 100% of the ethanol was dehydrated to ethylene with a 99.9% selectivity
at 250°C and 2 h™" weight hourly space velocity using a 0.5% La-2%PH-ZSM-5 catalyst (Zhan,
Hu, et al. 2010). The resulting ethylene can then undergo a catalytic oligomerization process to
linear a-olefins (Weissermel and Arpe 2008; Byogy Renewables 2011). Commercial
oligomerization processes have used both homogeneous and heterogeneous catalysts
(Weissermel and Arpe 2008; Byogy Renewables 2011). The Chevron Phillips Ziegler one-step
process uses the homogenous Ziegler-Natta catalyst. In 2002, the process was used to produced
680,000 tonnes of ethylene oligomers with a Schulz-Flory distribution (Weissermel and Arpe
2008; Forestiere, Olivier-Bourbigou, et al. 2009). In the Ziegler one-step process, the catalyst is
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at such low concentrations that it is not regenerated and recycled, but converted to sodium
aluminate and disposed of (van Os 1997). The reaction occurs at 200°C, 250 bar, and at 1x10™
catalyst per mole of ethylene (Fernald, Gall, et al. 1972; Weissermel and Arpe 2008).

Another commercial process, the Ziegler two-step process (used by INEOS) has a capacity of
470,000 tonnes per year of ethylene oligomers with a Poisson product distribution (Weissermel
and Arpe 2008; Forestiere, Olivier-Bourbigou, et al. 2009). Unlike the one-step Ziegler process,
the two-step process uses a stoichiometric amount of catalyst to ethylene and is regenerated and
recycled after use (Stache 1995; Weissermel and Arpe 2008). The reaction occurs at 90 °~120°C
and 100 bar (Stache 1995; Weissermel and Arpe 2008). A third commercial ethylene
oligomerization process is the Shell Higher Olefins Process developed by Shell (Foresticre,
Olivier-Bourbigou, et al. 2009). The process has a capacity of 320,000 tons per year, and
produces oligomers with a Schulz-Flory distribution using a homogeneous nickel/phosphorous
ligand catalyst (Weissermel and Arpe 2008; Forestiere, Olivier-Bourbigou, et al. 2009). Jet fuel
can be made from these oligomers after hydrotreating and isomerization to branched alkanes.
(van Os 1997)

Isobutanol can be dehydrated to a mixture of isobutene, n-butene (1-butene), and 2-butene (cis-2-
butene and trans-2-butene) (Taylor, Jenni, et al. 2010). Acidic catalysts such as alumina-based,
ZSM-5 zeolites, v -type zeolites, and Amberlyst acidic resins can be used to catalyze a
dehydration reaction (Armstrong, Bhatt, et al. 1993; Pearlson 2007; Taylor, Jenni, et al. 2010).
The selectivity of isobutene over liner butenes can be dictated by catalyst choice (Armstrong,
Bhatt, et al. 1993; Pearlson 2007; Taylor, Jenni, et al. 2010). Additionally, strong acidic catalysts
such as ZSM-5 and Amberlyst 35 can initiate butene oligomerization, as well (Taylor, Jenni, et
al. 2010; Peters and Taylor 2013). However, if only one reaction step is used for dehydration and
oligomerization, the resulting isomers have inferior fuel/chemical properties compared to ones
obtained when the two reactions occur in series (Taylor, Jenni, et al. 2010). In one case,
isobutanol is dehydrated with a yield of 99.1%°, and a selectivity of 95.1% to isobutene, 1.6% to
1-butene, 0.5% to trans-2-butene, and 1.9% to cis-2-butene at 325°C, 60 psig and using a y-
alumina catalyst at 2 h”" WHSV (Taylor, Jenni, et al. 2010). In addition, isobutanol can be
converted into isobutylene through the dehydration process operated at 310°C over y-alumina
catalyst, resulting in 98% isobutanol conversion and 92 mole% isobutylene selectivity
(Armstrong, Bhatt, et al. 1993). After dehydration, the butenes can undergo oligomerization to
jet range alkenes. In one instance, isobutene can be converted to dimers, trimers, and tetramers at
100°C using an Amberlyst-35 catalyst at a WHSV of 2 h'l, producing Cg, C,, and C¢ olefins at
20%, 70%, and 10%, respectively (Gruber, Peters, et al. 2012). The conversion of 1-butene into
to Cg, C12, Ci6, and Cyg olefins results in an overall 1-butene conversion of 96%, with 4%
unreacted (Wright, Harvey, et al. 2008). To increase the jet and diesel yields, the Cg olefins can
be distilled and sent to a separate dimerization process or recycled back to the oligomerization
reactor. The dimerization process operates at 116°C over a Nafion catalyst (Harvey and Quintana

2010). After oligomerization, the resulting products are hydrotreated to saturate carbon double
bonds.

> Unless specified, all selectivities are mass percentage.
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Unlike ethanol and isobutanol, n-butanol production during ABE fermentation also produces
acetone and ethanol. There are three ways to upgrade the products to jet fuel. In one method, all
three fermentation products are upgraded together catalytically. Or, acetone is separated from the
products and sold as a co-product, while butanol and ethanol are upgraded to fuels either
separately or together. N-butanol can be dehydrated to 1-butene over silane-modified y-alumina
catalyst, where the highest achieved yield of biobutenes is 98%, with 95% selectivity of 1-
butene, 2% cis-2-butene, and 3% trans-2-butene. The dehydration reaction occurs at 380°C, 30
psig, and 0.01-1 h” WHSV (Wright 2012). After dehydration, the butene stream is subjected to
the oligomerization process with a Ziegler-Natta catalyst to produce a-olefins ranging from Cs to
C,o with the conversion greater than 95% (Wright 2012). Some experiments obtained the
product distributions of the mixed olefins of 27% Cg, 26% C 2, 18% Cj¢, 12% Cyo, 8% Ca4, 5%
Cas, and 4% C3, (Wright, Harvey, et al. 2008). The reaction is highly selective and produces
highly branched products with chiral carbon centers that have dimers (Wright, Harvey, et al.
2008). The 2-butene, containing cis- and trans-2-butenes, are the most common unreacted olefins
and can be separated by temperature-controlled distillation to isomerization and oligomerization
with bimetallic catalyst (Harvey and Wright 2011). Additionally, 1-butene can be oligomerized
over an Amberlyst-70 catalyst at 170°C and 17 bar, resulting in 99% conversion of butene and
71% yield of Cs—C 6 alkenes, which can be targeted for jet fuel application (Bond, Alonso, et al.
2010). The oligomerization of 1-butene produces unsaturated oligomers that, with further
hydrogenation processing, can achieve a complex mixture of C,Hs4 hydrocarbons, suitable for
jet fuel, with yield greater than 90% (Harvey and Quintana 2010). In addition, n-butanol from
ABE fermentation can be dehydrogenated over a Pd/C-K3;POy4 catalyst, producing 38% of carbon
yield of C;—C;s ketones and 20% of carbon yield of C4-Cg products. These ketones can be
deoxygenated to produce normal paraffins, similar to the components of jet, gasoline, and diesel
fuels (Anbarasan, Baer, et al. 2012).

In addition to the extensive discussion regarding ethanol and butanol upgrading to fuels, other
alcohols to hydrocarbons conversion technologies have been studied intensively. Methanol can
undergo either a methanol-to-gasoline process or a methanol-to-olefins process (Phillips, Tarud,
et al. 2011; Baliban, Elia, et al. 2013). In one report, methanol from syngas is turned into
gasoline in a fluidize bed reactor running at 330°C and 14.5 bar over ZSM-5 catalyst, yielding at
82 wt% of gasoline (Phillips, Tarud, et al. 2011). The methanol-to-olefin pathway is designed to
operate at 482°C in a fluidized bed reactor, producing 1.4 wt% methane, 6.5 wt% C,—C4
paraffins, 56.4 wt% C,—C4 olefins, and 35.7 wt% Cs—C;; gasoline (Baliban, Elia, et al. 2013).
After fractionation, the olefins are sent to a fixed bed reactor and converted into 82% distillate,
15% gasoline, and 3% light gases over a ZSM-5 catalyst. Jet-fuel-range product is recovered
from the gasoline and light gases (Baliban, Elia, et al. 2013). Figure 1b depicts the general
process flow of the methanol-to-olefins process.
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Figure 1. Alcohol to jet processes: (1a) ethanol, isobutanol, and n-butanol to jet;
(1b) methanol-to-olefins process
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2.1.3 Economic Analysis

To evaluate the production cost for the biojet fuel derived from alcohols, the cost of making
alcohols, such as ethanol, butanol (n-butanol and iso-butanol), and methanol, needs to be
determined. The techno-economic analysis (TEA) of both biochemical and thermochemical
processes for ethanol production (from starch or cellulosic feedstocks) has been studied
extensively (Renewable Fuels Association 2015; Phillips 2007; Zhu and Jones 2009; Anex,
Aden, et al. 2010; Dutta, Bain, et al. 2010; Dutta, Dowe, et al. 2010; Gnansounou and Dauriat
2010; Kazi, Fortman, et al. 2010; Dutta, Talmadge, et al. 2011; Humbird, Davis, et al. 2011; Oak
Ridge National Laboratory 2011; Valdes 2011; Vicari, Tallam, et al. 2012; Crawford 2013;
Atsonios, Kougioumtzis, et al. 2015; de Jong, Hoetnagels, et al. 2015). Most reports calculate a
minimum selling price of the fuel based on a number of economic assumptions. The minimum
ethanol selling price for the biochemical conversion of lignocellulosic biomass was recently
reported to be $2.8/gal or $4.2/gallon of gasoline equivalent (GGE) (in 2011 U.S. dollars)
(Humbird, Davis, et al. 2011). The minimum ethanol selling price for the thermochemical route
was reported to be $2.5/gal or $3.9/GGE (in 2011 U.S. dollars) (Dutta, Talmadge, et al. 2011).

The selling price of butanol from ABE fermentation using corn grain with an ABE molar ratio of
3:6:1 is $2.9/gal butanol ($3.5/GGE); using cellulosic biomass with an ABE molar ratio of 3:6:1
results in a price of $4.1/gal butanol ($5.0/GGE); and using cellulosic biomass with an ABE
molar ratio of 0.5:9:0.5 has a price of $3.8/gal butanol ($4.6/GGE), respectively, in 2011 dollars
(Tao, He, et al. 2012). Comparatively, the selling price of isobutanol from cellulosic biomass is
estimated at $3.7 per gallon of butanol or $4.5/ GGE (2011 U.S. dollars) (Tao, Tan, et al. 2014).
The alcohol selling price for butanols are subject to conversion yields, feedstock costs, credits for
co-products, solvent recovery, and product molar ratio (Tao, Tan, et al. 2014). According to the
current market demand and the fluctuation of agricultural prices, cheaper feedstocks such as
agricultural waste (Lenz and Morelra 1980) or algal biomass (Kumar and Gayen 2011) are
desired due to their renewability and non-competition with food. Other butanol economic models
consider the revenues produced if the butanol selling price is set, and then determine the internal
rate of return at around 14% (Pereira, Dias, et al. 2015).

To evaluate the overall ATJ conversion pathway and estimate its commercial feasibility, the
economics of the fuel upgrading processes such as dehydration, oligomerization, dimerization,
and hydrogenation also have to be considered. Because these processes are still under
development, more research efforts are required to complete this target goal.

2.1.4 Life-Cycle Assessment

LCA studies for the ATJ process are primarily focused on production of ethanol (Borrion,
McManus et al. 2012), n-butanol (Pereira, Chagas, et al. 2015), and isobutanol (Tao, Aden, et al.
2012), via conventional biochemical conversion pathways (i.e., sugar fermentation). The LCA
for fuel alcohol production can be categorized into four areas: (1) feedstock (land-use-change),
(2) on-site enzyme production, (3) biorefinery process, and (4) biorefinery co-product credits
(Tao, Aden, et al. 2012). Alcohols can also be produced via thermochemical conversion
pathways, and if this is considered, obviously the biochemical process will have different
performance from the thermochemical process with respect to GHG emissions, fossil fuel
consumption, and water consumption (Mu, Seager, et al. 2010).
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For n-butanol and iso-butanol conversion, studies have focused on emissions, consumptive water
use, global warming potential, and fossil energy consumption. When using similar assumptions
and comparing the n-butanol and isobutanol processes, n-butanol (produced at a molar ratio of
0.5:9:0.5 ABE) releases more direct emissions, such as CO,, nitrogen dioxide, and sulfur
dioxide, than the iso-butanol production process does (Tao, Aden, et al. 2012). Ethanol releases
the smallest emissions when all three are compared (Tao, Aden, et al. 2012). CO; is produced
during the cellulase (or enzyme) production and cellulase seed fermentation, but is largely from
combustion. Nitrogen dioxide is formed through high temperature oxidation of the diatomic
nitrogen in the combustion air. Sulfur dioxide emissions strongly depend on the amount of
sulfuric acid used in the pretreatment process. The biomass feedstock is responsible for most of
supply chain carbon footprint and fossil energy consumption. The LCA of the ATJ fuel
upgrading processes is still unknown and requires more attention in future studies.

2.1.5 Commercialization Readiness

In July 2011, Terrabon, Inc. was awarded a $9.6 MM grant to design a more economical and
renewable jet-fuel production solution for the Defense Advanced Research Projects Agency
(DARPA) (Terrabon 2011). However, in 2012 Terrabon filed for Chapter 7 bankruptcy (Voegele
2012). Before its bankruptcy, Terrabon’s goal was to produce 6,000 liters of $2.0/gal jet fuel
using its MixAlco process (Terrabon 2011). In 2011, LanzaTech, a company that produces
sustainable alcohols and chemicals from waste gas resources, received a $3 MM contract from
the FAA through the U.S. Department of Transportation to accelerate commercialization of ATJ
technology (LanzaTech 2011). In 2015, AcelorMittal, in partnership with LanzaTech and
Primetals Technologies, invested €87 MM in an ethanol fermentation pilot plant in Ghent,
Belgium (ArcelorMittal 2015). This project will utilize gasses from AcelorMittal’s steel plant
and convert it into 47,000 tons ethanol/year by 2018 (ArcelorMittal 2015). LanzaTech also
partnered with Virgin Atlantic to provide low carbon jet fuels (LanzaTech 2013). The ethanol
could be further processed into jet fuel (ArcelorMittal 2015).

Another company working on ATJ technology is Gevo, Inc. In 2011, Gevo was awarded a
contract by the Defense Logistics Agency to supply jet fuel to the U.S. Air Force (Gevo 2011).
The Gevo process uses isobutanol-to-jet and has demonstrated it at its biorefinery plant in
Silsbee, Texas (Gevo 2015). Its plant in Luverne, Minnesota, will be scaled in 2016 to produce
750,000-1,000,000 gallons of biofuel (Gevo 2015). The ATJ fuel is planned to be produced from
iso-butanol at Gevo’s hydrocarbon processing demonstration plant in Silsbee, Texas. In March
2012, the NAWCWD announced a contract award to Albemarle Corporation to complete its first
biojet fuel production run from bio n-butanol provided by Cobalt Technologies. The team from
Cobalt and NAWCWD focused on scaling and optimizing dehydration chemistry for the
conversion of bio n-butanol to 1-butene, followed by oligomerization of the biobutene into jet
fuel, based on a process developed by NAWCWD (Cobalt 2012). Alaska Airlines partnered with
Gevo to use biojet fuel after Gevo received ASTM certification at the end of 2015 (Gevo 2015).

In June 2012, the U.S. Air Force conducted successfully the first test flight of a new ATJ fuel-
powered A-10C Thunderbolt II aircraft, shown in Table 4b. ATJ fuel is the third alternative fuel
tested by the Air Force for use as a replacement for petroleum-derived JP-8 aviation fuel, after
HRIJ/HEFA and FT technologies (EcoSeed 2012). Although the ATJ process is not yet certified
for blending with conventional Jet A/A-1, there are task forces in ASTM for straight alkane
mixture to be certified up to a 50% as well as task force for aromatics to be used as a 100% blend
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with Jet A/A-1. ASTM's International Committee passed a concurrent ballot in March 2016,
approving the revision of ASTM D7566 (Standard Specification for Aviation Turbine Fuel
Containing Synthesized Hydrocarbons) to include ATJ synthetic paraffinic kerosene derived
from renewable isobutanol (Gevo 2016).

2.2 Oil-to-Jet (OTJ) Fuel

In this review paper, three processes are classified into the OTJ conversion pathway:
hydroprocessed renewable jet (HRJ, also known as hydroprocessed esters and fatty acids or
HEFA); catalytic hydrothermolysis (CH, also termed hydrothermal liquefaction); and pyrolysis
(also known as hydrotreated depolymerized cellulosic jet [HDCJ]). Currently, only products
from the HRJ pathway have been approved for blending and have a defined ASTM specification
(International Air Transport Association 2010).

2.2.1 Feedstocks

Generally speaking, oil-derived jet fuels must compete with biodiesel and hydroprocessed
renewable diesel for feedstock availability. In this review paper, the feedstocks considered for
OTJ conversion pathways include plant oils, waste oils, algal oils, and pyrolysis oils.

Plant oil. Various feedstocks are becoming a promising alternative to diesel fuels production
such as canola, soybean, rapeseed, palm oils, and corn oil (Westbrook, Naik, et al. 2011; Yusuf,
Kamarudin, et al. 2011). Soybean oil has been used extensively in the United States for biodiesel
production, using 27% (in 2013) and 23% (in 2014) of total soybean oil production (U.S.
Department of Agriculture 2015; U.S. Energy Information Administration 2015). Rapeseed oil is
the main feedstock used for biodiesel production in Europe, with approximately 850,000 metric
tonnes used in 2014 (Krautgartner, Lefebvre, et al. 2015). Palm oil consumed in Europe is
imported, mainly from Indonesia, and its consumption for biodiesel production is estimated as
1,450 metric tonnes in 2014 (Krautgartner, Lefebvre, et al. 2015). Biodiesel production has
expanded based on the abundant palm oil resource in Southeast of Asia. However, the use of
soybean, palm, and rapeseed oils as bio-jet fuel feedstocks could lead to a large uncertainty in the
amount of GHG emissions due to direct or indirect land use change (Bauen, Howes, et al. 2009).
Palm oil use for biodiesel production is expected to be cut in the European Union and United
States, according to EPA definition, as it is not suitable for addition to the renewable fuel
program due to high GHG emissions (Bloomberg 2012; Krautgartner, Lefebvre, et al. 2015).

Recently, bio-jet fuels derived from plant oils such as camelina and jatropha, algae oils, and
waste cooking oils have been tested in commercial (Table 4a) and military (Table 4b) flights.
Camelina is a short-season crop cultivated in the temperate climate zone. Interest in camelina has
recently been raised mainly due to the need for easy-to-grow oilseed crops for potential non-food
agricultural systems. In a study by Shonnard et al., HRJ fuel derived from camelina through
Honeywell Green Jet Fuel technology has been shown to not only meet stringent engine fuel and
performance specifications but also reduce environmental emissions. (Shonnard, Williams, et al.
2010). From the estimation of future gains in yield per acre, hydroprocessing of camelina oil is
capable of providing 800 MM gallons per year of high quality, climate friendly renewable fuels
in the United States (Shonnard, Williams, et al. 2010).

Jatropha curcas has higher oil yield (gallon per acre) than many other oil-yielding crops. In
humid regions or under irrigated conditions, the Jatropha plant can be grown year round (Kasim
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and Harvey 2011). Jatropha is a promising raw material for biodiesel production because the
seed oil content is potentially high, at 35%—-55% of the seed dry weight (Kasim and Harvey
2011). Additionally, seed shells of Jatropha curcas have a high energy value (18—19 MJ kg_l)
(Becker and Makkar 2008). The husk and seed shells can be converted to value-added co-
products compared to algae and palm after oil extraction. Jatropha oil has been a subject of
interest, particularly in the biodiesel production area, although there is minimal evidence to show
that it will become an energy resource on a global scale (Achten, Verchot, et al. 2008; Lawrence
and Adamson 2014).

Algal oil. Algal biofuel has attracted the interest of researchers and entrepreneurs for several
reasons: (1) algae has high productivity per acre and year-round production; (2) algal cultivation
requires less freshwater than terrestrial crops and can use a variety of water sources including
fresh, brackish, saline, and wastewater; (3) algae can be cultivated on non-arable land; (4) algae
have rapid growth potential and high oil content (20%—-50% dry cell weight); (5) nutrients such
as nitrogen and phosphorus for growth can be obtained from wastewater; (6) various valuable co-
products, such as proteins and residual biomass left after oil extraction potentially can be used as
feed or fertilizer; (7) hydrogen can be produced photobiologically from microalgae; and (8) the
potential GHG reduction relative to other plant oils (Ghirardi 2000; Schenk, Thomas-Hall, et al.
2008; Pienkos and Darzins 2009; Brennan and Owende 2010; Fortier, Roberts, et al. 2014).

Three algae production technologies—photoautotrophic, heterotrophic, and mixotrophic—have
been developed (Brennan and Owende 2010). Photoautotrophic production can occur in either
open ponds or closed photobioreactor systems. Open pond systems have the advantages of
cheaper algae production cost ($10.6/gal in 2011 U.S. dollars) and low energy input, but they
have poor productivity and require large areas of land (Davis, Aden, et al. 2011). There are still
inconsistencies in the production rates reported in literature, ranging from 1069 g/m?*/day for an
open pond system (Brennan and Owende 2010). Closed photobioreactor systems have a higher
algae production cost of $22.4/gal in 2011 U.S. dollars, high energy input, and relatively higher
productivity of 1.25 kg/m*/day on a volume basis (Davis, Aden, et al. 2011). The algal biomass
is harvested through bulk harvesting and concentrating. The harvesting process includes
flocculation, filtration, flotation, and centrifugal sedimentation steps, which are crucial to the
economic production of micro-algal biomass. The dehydration or drying step is commonly used
after the harvesting process for thickening. Various drying technologies used for this purpose are
sun drying, low-pressure shelf drying, spray drying , drum drying, fluidized bed drying, freeze
drying, and Reactance Window technology drying (Brennan and Owende 2010). Freeze drying is
expensive, but it makes oil extraction easier than other technologies (Grima, Medina, et al.
1994).

Pyrolysis oil. Pyrolysis, a process that heats biomass without oxygen either in a fast or slow
process, produces pyrolysis gas, biochar, and pyrolysis oil (also called bio-oil). Bio-oil is a
mixture of oxygenated organic species containing carbons ranging from C; to C,;+. Some
examples of the carbon chain length of pyrolysis oil are shown in literature (Wright, Satrio, et al.
2010; Silva, Romeiro, et al. 2012). Although pyrolysis oil is very different from either vegetable
oil or algal oil, it can be refined similarly into renewable gasoline, diesel, or jet fuels (Jones,
Holladay, et al. 2009; Wright, Satrio, et al. 2010; Rogers and Brammer 2012; Jones, Meyer, et al.
2013). Based on UOP’s study, the aqueous phase of bio-oil can be up to 70 wt%, which leaves
only 30% for oil upgrading (Marker 2005). In a literature survey, the production cost of bio-oil
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was shown to range from $0.5/gal to $2.0/gal in 2011 dollars (Wright, Satrio, et al. 2010;
Badger, Badger, et al. 2011). The sale of co-product biochar potentially reduces the production
cost of bio-oil by up to 18% depending on the biochar market, with an assumed feedstock (wood
chips) cost of $25/wet ton (or $50/dry ton) (Badger, Badger, et al. 2011).

When processing oils, the fatty acid profile is an important issue. For instance, a greater
hydrogen supply is needed if more unsaturated fatty acids are present in the oil. Table 6
summarizes the fatty acid profiles for the oil feedstocks. Vegetable oils, waste cooking oil, and
algal oil are in the diesel fuel range C1c—Cy,. Oleic acid is a predominant proportion of vegetable
oils. Oils from algae, especially, contain a significant amount of eicosapentaenoic acid. High-
chain-length oils can be broken down to small molecules to produce jet fuels, but the overall
yield will be reduced with increasing production of co-products. If starting from small
molecules, the target jet product yield will be high with fewer co-products produced. There is a
tradeoff between main product (jet fuel) and value-added co-product production ratios.
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Table 6. Fatty Acid Profiles and Carbon Chain Length in Oil Feedstocks (Grima, Medina, et al.
1994; Chhetri, Watts, et al. 2008; Oregon State University 2008; Sigma-Aldrich 2008; O'Brien 2009;
Wright, Satrio, et al. 2010; Chempro 2012; D'oca, Morén-Villarreyes, et al. 2012; Silva, Romeiro, et

al. 2012).
Fatty acid profile Palm Rapeseed Soybean | Jatropha | Camelina Algal Salicornia comlzeoil

oil (%) oil (%) oil (%) oil (%) oil (%) oil (%) oil (%) (%)
C8:0 0 0 0 0 0 0 0 0
C10:0 0 0 0 0 0 0 0 0
C12:0 0 0 0 0 0 0 0 0
C14.0 0.5-2 0-1 0 0.5-1 0 10 0 1
C14:1 0 0 0 0 0 0 0 0
C16:0 32-45 1.5-4 7-11 12-17 8 20 20 20
C16:1 0 0 0 0 0 21 0 5
C17:0 0 0 0 0 0 0 0 0
C18:0 2-7 0.4-3 2-6 5-10 3 0 9 9
Cc18:1 38-52 22-60 22-34 37-63 17 5 19 53
C18:2 0 12-14 43-56 19-41 23 0 43 14
C18:3 5-11 5-7 5-11 0 31 0 4 1
C18.4 0 0 0 0 0 6 0 0
C20:0 0 3-5 0 0.3 0 0 0 0.1
C20:1 0 0-1 0 0 12 0 0 1
C20.5 0 0 0 0 0 23 0 0
C22:0 0 0-3 0 0 0 0 0 0.03
C22:1 0 0-5 0 0 3 0 0 0.07
C22:5 0 0 0 0 0 0 0 0
C22:6 0 0 0 0 0 8 0 0
C24:0 0 0-3 0 0 0 0 0 0.04

2.2.2 Process Description

Both HRJ and CH processes employ triglyceride-based feedstocks, but the free fatty acids
(FFAs) are produced through different pathways. FFAs in the HRJ process are made by propane
cleavage of glycerides, whereas in the CH process, FFAs are produced by thermal hydrolysis. In
the pyrolysis process, the bio-oil is produced via biomass feedstock pyrolysis Hydrotreating for
HRJ, CH, and pyrolysis are very similar. The HRJ, CH, and pyrolysis processes are discussed

separately below.

2.2.2.1 Hydroprocessed renewable jet (HRJ)

HRJ conversion technology is at a relatively high maturity level and is commercially available. It
was recently used to produce jet fuel for military flights (Rye, Blakey, et al. 2010). HRJ fuel is
equivalent to conventional petroleum in properties, but has the advantages of higher cetane
number, lower aromatic content, lower sulfur content, and potentially lower GHG emissions

(Pearlson 2007).

Over the past 60 years, a large variety of catalytic hydrogenation, deoxygenation,

hydroisomerization, and hydrocracking processes have been successfully developed and

commercialized. A representative process flow diagram is shown in Figure 2. Renewable fats
and oils that have different degrees of unsaturation require a hydrogenation process to saturate
the double bonds completely (Kalnes, McCall, et al. 2010).

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

29




First, catalytic hydrogenation could be used to convert liquid-phase unsaturated fatty acids or
glycerides into saturated ones with the addition of hydrogen (Kalnes, McCall, et al. 2010). The
next step is to cleave the propane and produce three moles of FFAs (Pearlson 2007). The
glycerol portion of the triglyceride molecule is converted into propane by adding hydrogen (H»).
An alternative route to convert the glycerides to FFAs is thermal hydrolysis, as shown in
Equations (1) — (3) (Wang, Turner, et al. 2012). Oils and fats that contain mostly triglycerides are
converted into three moles of FFAs and one mole of glycerol by processing the feedstocks with
three moles of water. The hydrogen ion from the water is attached on the glycerol backbone and
forms one mole of glycerol, where the hydroxyl ion from the water is added to the ester group
and produces three moles of FFAs. High temperature (250°C-260°C) is required for water to
dissolve in the oil phase. High pressure is also necessary to maintain the reactants in liquid
phase. The co-product glycerol has many pharmaceutical, technical, and personal care product
applications. The glycerol purification process is energy intensive, adding cost to overall process,
but might be offset by glycerol selling value (Yang, Hanna, et al. 2012).

Triglyceride + H,O :(_—1>¢ Diglyceride + FFA

(1)
Diglyceride + H20i<_—]>_M0noglyceride + FFA (2)
Monoglyceride + H,O #l Glycerol + FFA (3)

Residue | Residue Post| BY Products
—
Treatment

l l ‘COZ
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Figure 2. Hydroprocessed renewable jet (HRJ) process
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To meet the jet fuel specification, the produced bio-jet fuel has to have not only a high flash
point, but also good cold flow properties. Therefore, it is required to hydrocrack and
hydroisomerize the normal paraffins produced from deoxygenation to a SPK product with carbon
chains ranging from Cg to C;5 (Kalnes, McCall, et al. 2010). The cracking and isomerization
reactions are either concurrent or sequential (Kalnes, McCall et al. 2010). Studies have shown
that isomerization of straight-chain alkanes occurs first and cracking is a sequential reaction. The
isomerization process takes the straight-chain hydrocarbons and turns them into the branched
structures to reduce the freeze point to meet the jet fuel standard (Gary, Handwerk, et al. 2007).
It is accompanied by a hydrocracking reaction, which results in more or less yield from the
isomerized species.

The hydrocracking reactions are exothermic and result in the production of lighter liquids and
gas products. They are relatively slow reactions; thus, most of the hydrocracking takes place in
the last section of the reactor. The hydrocracking reactions primarily involve cracking and
saturation of paraffins. Overcracking will result in low yields of jet-fuel-range alkanes and high
yields of light species ranging from C, to C4, and naphtha ranging from Cs to Cg. Both of these
are out of jet fuel range and also have lower economic value than diesel or jet fuel.

Bifunctional catalysts containing metallic sites for hydrogenation/dehydrogenation and acid sites
for selective isomerization via carbenium ions could be used in isomerization (Giannetto, Perot,
et al. 1986). In a typical isomerization reaction, normal paraffins are dehydrogenated on the
metal sites of the catalyst and reacting on the acid sites to produce olefins protonate with
formation of the alkylcarbenium ion. The alkylcarbenium ion is rearranged to monobranched,
dibranched, and tribranched alkylcarbenium ions on the acid site. The branched alkylcarbenium
ions are deprotonated and hydrogenated to produce the corresponding paraffins (Park and Thm
2000). The choice of catalyst will result in variation of cracking at the end of the paraffin
molecule and, therefore, adjust the yield of jet—fuel-range product (Kalnes, McCall, et al. 2010).
The hydroisomerization and hydrocracking processes are followed by a fractionation process to
separate the mixtures to paraffinic kerosene (HRJ SPK), paraffinic diesel, naphtha, and light
gases.

2.2.2.2 Catalytic hydrothermolysis (CH)

Catalytic hydrothermolysis (CH), also named hydrothermal liquefaction, is a novel process that
has been developed and patented by Applied Research Associates, Inc., for producing
"renewable, aromatic, and drop-in" fuels from plant or algal oils (Applied Research Associate
Inc 2012). The hydrothermal process (Figure 3) contains a series of reactions, including
cracking, hydrolysis, decarboxylation, isomerization, and cyclization, that turns triglycerides into
a mixture of straight chain, branched, and cyclic hydrocarbons (Li, Coppola, et al. 2010).
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Figure 3. Catalytic hydrothermolysis to jet fuel (Li, Coppola et al. 2010, U.S. Department of Energy
and Office of Energy Efficiency & Renewable Energy 2012).

The CH reaction is conducted at temperatures from 450°C-475°C and pressures of 210 bar in the
presence of water and with or without a catalyst (Li, Coppola, et al. 2010). The resulting
products—including carboxylic acids, oxygenated species, and unsaturated molecules—are sent
to decarboxylation and hydrotreating processes for saturation and oxygen removal. The treated
products, ranging from 628 carbon numbers, contain n-alkanes, iso-alkanes, cyclo-alkanes, and
aromatics, which require a fractionation step for separation to naphtha, jet fuel, and diesel fuel.
The jet fuel made from the CH process meets ASTM and military (MIL) specifications and has
excellent combustion quality, cold flow properties, and stability (Li, Coppola, et al. 2010;
Applied Research Associates Inc 2011). Research has shown that through the CH process, biojet
fuels can be produced from a variety of triglyceride-based feedstocks such as soybean oil,
jatropha oil, camelina oil, carinata oil, and tung oil (shown in Table 7) (Li, Coppola, et al. 2010;
McAfee 2012).
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Table 7. Biojet Fuels from the CH Process (Li, Coppola, et al. 2010; U.S. Department of Energy and Office of Energy Efficiency &
Renewable Energy 2012)

From From From From MIL-DTL-
JP-8 Soybean Jatropha From Tung Camelina Carinata 8R3133.H Spec
equirement
Aromatics 18.8 (vol%) | 2.6 (wt%) | 10.8 (Wt%) | 61.7 (wt%) | 24.2 (vol%) | 16.8 (vol%) <250
Paraffins (normal + iso) N/A 40.0 (vol%) | 32.8 (Wwt%) | 16.2 (wt%) N/A N/A N/A
Olefins 0.8 (vol%) N/A N/A N/A 1.3 (vol%) 1.8 (vol%) < 5.0 (vol%)
Cycloparaffins N/A 52.0 (vol%) | 39.2 (Wwt%) | 16.7 (wt%) N/A N/A N/A
Dicycloparaffins, vol% N/A 5.9 (vol%) N/A N/A N/A N/A N/A
Heat of Combustion, MJ/kg 43.3 43.4 43.4 42.3 42.9 43.2 =428
Smoke Point, mm 22 > 30 28 N/A 22 26 219
Freeze Point, C -51 <-47 -39 <-66 -54 -57 <-47
Flash Point, C 51 > 38 45 39 48 46 > 38
Distillation (D2887, D86) N/A pass 195-229 187-252 N/A N/A N/A
Density, kg/L 0.804 0.793 0.804 0.839 0.818 0.802 0.775-0.840
Acid Number, mg of KOH/g 0.003 <0.010 <0.010 N/A 0.011 0.012 <0.015
Hydrogen, wt% 13.8 N/A 14 11.9 13.8 13.8 =134
Viscosity at -40C, cSt 9.9 N/A N/A N/A 7.4 6.5 <12.0
Cetane Index N/A N/A 43.9 34.2 N/A N/A N/A
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2.2.2.3 Pyrolysis to jet

Pyrolysis is a recent technology developed by Kior to convert cellulosic biomass into renewable
gasoline, diesel, and jet fuels (SkyNRG 2015). Pyrolysis jet fuel has not yet been approved by
ASTM. Bio-oils from the pyrolysis process undergo a series of hydrotreating processes to
produce jet-fuel-range products. If no further catalytic upgrading is applied, pyrolysis oils
undergo hydrotreating and fractionation to form jet blend stocks, as shown in Figure 4. In
addition, UOP LLC, Pacific Northwest National Laboratory (PNNL), Ensyn, and Tesoro have
been working on upgrading pyrolysis oil to hydrocarbon fuels, including jet fuel, through
integrated pyrolysis and hydroconversion (Zacher and Elliott 2011; Lupton 2013; Valkenburg
2013). Utilizing feedstocks, including corn stover, cane bagasse, switchgrass, guinea grass, algae
biomass, and forest residue, this integrated biorefinery system combines commercial Rapid
Thermal Processing (RTP) pyrolysis technology with catalytic hydroconversion. Approximately
42.4-44.2 wt% jet fuel was separated by batch vacuum distillation (Zacher and Elliott 2011;
Lupton 2013; Valkenburg 2013).

External H,
TBio-Gas H, [
Cellulosic =
Biomass Bio-Oil Bio-0il Bio-Oil Hydrocarbons
Pyrolysis > » Hydrotreating » Fractionation —» Jet Fuel
Recovery
Bio-Char Steaml
Fuel Gas
_ | Fuel Gas/NG
—————————» Reforming
External NG

Figure 4. Pyrolysis-to-jet process (Elgowainy, Han et al. 2012)

2.2.3 Economic Analysis

An economic analysis of HRJ fuel is described in the literature (Pearlson, Wollersheim, et al.
2013). The HEFA fuel price was found to be $4.4/gal ($4.1/GGE) (2011 U.S. dollars) for the
plant capacity of 99.9 MM gal/yr and $5.1/gal ($4.7/GGE) (2011 U.S. dollars) for the plant
capacity of 30.6 MM gal/yr (estimation based on adding additional cost for further fractionation
to high yield jet blendstocks). In this literature, if maximum jet blends are not desired then the
costs can be reduced by $0.29/gal—$0.33/gal to produce maximum total fuel because of the
decreased hydrogen use and increased yields of jet and diesel fuels. The total high yield diesel
fuel case cost is $4.1/gal ($3.8/GGE) for the 99.9 MM gal/yr plant capacity, and $4.7/gal
($4.4/GGE) for the 30.6 MM gal/yr plant scale (2011 U.S. dollars). The economic analysis of
bio-jet fuels from microalgae, pongamia oils, and sugarcane feedstocks are also studied (Klein-
Marcuschamer, Turner, et al. 2013). In this study, the minimum selling prices for jet fuels
derived from microalgae and pongamia oils are estimated to be $34.7/gal or $32.0/GGE and
$9.6/gal or $8.9/GGE (2011 U.S. dollars), respectively. Sensitivity analysis of the development
of technology and the market projects the prices to decrease to $9.9/gal or $9.2/GGE and
$6.6/gal or $6.1/GGE (2011 U.S. dollars), respectively.

Unlike biodiesel production through transesterification, HRJ biofuel production requires
hydrogen to hydrotreat the biomass. It is suggested that the capital cost for HRJ is 20% higher
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than that of biodiesel production due to the hydrotreating process (International Air Transport
Association 2010). However, the co-products from HRJ—naphtha, liquefied petroleum gas
(LPQ), propane, and diesel—have more credits than glycerol from the transesterification process
(International Air Transport Association 2010). Feedstock costs contribute a significant part of
the production cost. For example, 76%—88% of the total production cost for biodiesel production
is contributed by the cost of feedstocks (Zhang, Dube, et al. 2003; Haas, McAloon, et al. 2006;
Marchetti, Miguel, et al. 2008; Apostolakou, Kookos, et al. 2009). Edible and non-edible oils are
becoming promising alternatives to biofuel because they are renewable in nature and can be
produced locally and in environmentally friendly ways. Table 8 shows the unit oil prices for
plant oils, algae oil, waste cooking oil, and pyrolysis oil. Obviously, higher oil yield leads to
lower operating cost.

Table 8. Oil Selling Price (Czernik and Bridgwater 2004; Apostolakou, Kookos, et al. 2009; Jones
and Zhu 2009; Richardson, Outlaw, et al. 2010; Commerce 2012; Ash 2013; Johari, Nyakuma, et al.
2015; Lestari, Zvinavashe, et al. 2015; Natelson, Wang, et al. 2015; Services 2015)

. Waste Pyrolysis
Jatropha | Palm | Camelina | Algae Cooking Oil Soybean Rapeseed oil
Ozgﬁ(g‘)’e 0.40 0.77 0.31 355 | 0.25~093 0.79 050~150 | 0.43

Co-products from the HRJ process can be upgraded to increase overall yield or sold as a high-
value-added co-product. Depending on the conversion technology, the co-products include:

1. Propane, which is either created by breaking the carbon backbone of the triglyceride or
formed in the fractionation step. Propane accounts for 4.2% in weight of the products
(Pearlson, Wollersheim et al. 2013). The current wholesale propane price is ranging from
$0.4-0.8/gal in 2015 (U.S. Energy Information Administration 2015).

2. LPG, which is produced in the product separation step. LPG will increase to 6% if the
diesel fuel is cracked down to the jet fuel range (Pearlson, Wollersheim, et al. 2013).

3. Naphtha, which is also formed in the distillation step and can reach up to 7% when diesel
fuel is cracked down to the jet fuel range (Pearlson, Wollersheim, et al. 2013). The price
of naphtha is $2.0/gal in 2010 U.S. dollars for a 5-year average (Pearlson, Wollersheim,
et al. 2013).

4. Diesel, which is separated in the fractionation step. The current national average price of
biodiesel (B20) is around $2.9/gal and $3.6/gal for biodiesel (B99/B100) (U.S.
Department of Energy 2015).

Conversion by CH also has economic data. According to Zhu et al., algae can undergo CH (or
HTL) and can range in a jet fuel selling price of $3.3-$4.4/GGE depending on the type of algae
(Zhu, Jones, et al. 2015). Dairy waste was calculated at $4.8/gal for the CH product (Summers,
Ledbetter, et al. 2015).

PNNL and National Renewable Energy Laboratory (NREL) have investigated the production of
bio-oil through fast pyrolysis of biomass and the upgrading of the bio-oil to gasoline and diesel
fuel, including feed handling, fast pyrolysis, hydrodeoxygenation/ decarboxylation,
hydrocracking, distillation, and hydrogen production processes (Jones, Holladay, et al. 2009).
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Based on 2000 dry metric tons per day of hybrid poplar wood chips ($62.8/dry metric ton), the
minimum fuels (gasoline + diesel) selling price is $2.0/gal in 2007 U.S. dollars ($2.5/gal in 2011
U.S. dollars) (Jones, Holladay, et al. 2009). Similar study has been done in a 2010 NREL report
(Wright, Satrio, et al. 2010). Based on corn stover feedstock ($80/dry metric ton), the product
value was estimated to be $3.1/GGE in 2012 dollars ($3.0/GGE on 2011 U.S. dollars) with
onsite hydrogen production and $2.1/GGE in 2012 dollars ($2.0/GGE on 2011 U.S. dollars) with
hydrogen purchase (Wright, Satrio, et al. 2010).

Due to the variability of process designs, product and co-product balances, and the uncertainty of
process performances, it is necessary to use a biorefinery analysis concept, such as TEA, to
understand these conversion technologies. Research needs to be continued to determine the
production costs for both the CH (hydrothermal liquefaction) and the hydrotreated
depolymerized cellulosic jet (fast pyrolysis) processes to fully understand the trade-offs and
near-term commercial readiness.

2.2.4 Life-Cycle Assessment

Several research groups have quantified life cycle GHG emissions for jet fuel production from
oils (Hileman, Ortiz, et al. 2009; Bailis and Baka 2010; Stratton, Wong, et al. 2010). The GHG
emissions for soybean oil are about 31%—68% of those of conventional jet fuel (89 gCO,e/MJ
WTW GHG emissions for conventional crude pathway), resulting from the soybean yield, N,O
emissions from fertilizer, liming emissions, and H, requirements in the hydrotreating process
(Hileman, Ortiz, et al. 2009; Bailis and Baka 2010; Stratton, Wong, et al. 2010). Land use
change (LUC) has impacts on the global carbon cycle and thus can be a factor in CO,
atmospheric concentration. Depending on the type of feedstocks, LUC impact can be positive or
negative. The GHG emissions, therefore, vary when land-use change is considered. Low soybean
yield from tropical rainforests results in 800% more emissions than conventional jet fuel
(Hileman, Ortiz, et al. 2009). The emissions of the palm OTJ fuel process are calculated between
22.5-38.1 gCO,e/MJ, which is about 26%—-44% of those of conventional jet fuel production
processes, resulting from palm fresh-fruit-bunch yield per acre, farming energy, methane
emissions from palm oil-mill effluent treatment, H, requirements in the hydrotreating process,
and hydroprocessing fuel yield (Hileman, Ortiz, et al. 2009; Bailis and Baka 2010; Stratton,
Wong, et al. 2010). GHG emissions can increase to the range of 45%—800% of those of
conventional jet fuel when accounting for different scenarios of land use change (Stratton,
Wong, et al. 2010).

For rapeseed oil, the emissions are around 45%—-87% of those of conventional jet fuels and
increase to 87%— 147% when considering land use change (Hileman, Ortiz, et al. 2009; Bailis
and Baka 2010; Stratton, Wong, et al. 2010). For jatropha oil, the emissions are 36%—52% of
those from conventional jet fuel, and N,O emissions represent more than 20% of the total
emissions (Hileman, Ortiz, et al. 2009; Bailis and Baka 2010; Stratton, Wong, et al. 2010). Zero
emissions from land use change are assumed for jatropha feedstock, based on the use of marginal
land (Stratton, Wong, et al. 2010). Other research shows the emissions from jatropha OTJ
conversion were 40 gCO,e/M]J of fuel produced, approximately 55% of the conventional jet fuel,
and land use change can modify GHG emissions from 18%—194% (Bailis and Baka 2010). For
algae oil, the emissions from jet fuel production from algae oil exaction range from 16%—221%
of those from conventional jet fuel; the wide GHG emission range of microalgae-based jet fuel is
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attributed to the uncertainty of emissions from CO; injection and dewatering and drying
processes (Stratton, Wong, et al. 2010).

Another LCA was performed for a functional unit of 1 gigajoule (GJ) of biojet fuel produced
through thermochemical conversion (hydrothermal liquefaction (HTL)) of microalgae cultivated
in wastewater effluent (Fortier, Roberts, et al. 2014). It is found that the GHG emissions of algal
biojet fuel can be reduced by 76% compared to conventional jet fuel, with feasible improvements
in those sensitive parameters and siting HTL at a wastewater treatment plant (WWTP). For
salicornia oil, the emissions range from 35%—76% of those from conventional jet fuel (Stratton,
Wong, et al. 2010). The GHG emissions of liquid fuel production via fast pyrolysis of cellulosic
biomass have been studied by researchers at Argonne National Laboratory (ANL) (Elgowainy,
Han, et al. 2012). ANL analyzed life cycle GHG emissions with a variety of hydrogen sources.
When hydrogen is generated from natural gas and bio-char is used to support the process energy,
the GHG emissions are reduced by 45% relative to conventional fuels. When hydrogen is
produced from reforming of pyrolysis oil and bio-char is applied as the fertilizer, the GHG
emissions are reduced by 103% relative to conventional fuels (Elgowainy, Han, et al. 2012).

2.2.5 Commercialization Readiness

The HRIJ process, as the first approved biomass-derived jet fuel conversion technology, has had
increased attention from commercial entities and federal agencies in recent years, as shown in
Table 1. Starting in 2008, several companies and government agencies began conducting
laboratory analysis of biojet fuels derived from oil, specifically HRJ fuel, with many test flights
using fuel from biomass-derived sources (ExxonMobil Aviation 2005, ONGC and Quality
Control Laboratory 2008, U.S. Department of Defense 2011, American Society for Testing and
Materials 2013, U.K. Ministry of Defence 2013). As stated in previous section, Dynamic Fuels
has been awarded a contract to supply the U.S. Navy with 100,000 gallons of hydro-treated
renewable JP-5 and 350,000 gallons of hydrotreated renewable F-76 (Syntroleum Corporation
2011).

The biojet fuel produced by Neste Oil, based on NExBTL technology, was from a range of
triglyceride-based oils such as vegetable oils, jatropha oil, camelina oil, and waste animal fats
(Neste Oil 2011). This aviation fuel meets the ASTM quality standards for the aviation industry,
with high energy content and good performance levels in very cold conditions. NExBTL
renewable aviation fuel can reduce the aircraft’s environmental impact significantly, such as a
smaller carbon footprint and lower NOy emissions (BiofuelsDigest 2015). Starting in July 2011,
Lufthansa AG, a German airline, began scheduled commercial flights using Neste Oil’s NExBTL
renewable aviation fuel. Lufthansa was the world’s first commercial airline to use biofuel in
daily flights, and Neste Oil was the first company to provide aviation biofuel for regularly
scheduled flights (Lufthansa Group 2010; European Biofuels Technology Platform 2012).

Honeywell's UOP, a leading licenser of the HRJ technology, has been turning different
feedstocks into HRJ fuel through the UOP Renewable Jet Process (International Air Transport
Association 2010). Starting from a variety of feedstocks, such as jatropha, algae, and camelina,
Honeywell Green Jet Fuel meets or exceeds all critical specifications for flight (UOP LLC 2010).
At a 50% blend it can be used as a drop-in replacement, requiring no changes to fleet technology
or the fuel storage and delivery infrastructure(UOP LLC 2010) .UOP was selected as one of
Boeing’s 2009 "suppliers of the year" and has been supporting Boeing’s biofuel flight test
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program and research projects (Honeywell). UOP has produced up to 190,000 gallons of HRJ-5
fuel for the U.S. Navy and 400,000 gallons of HRJ-8 fuel for the U.S. Air Force from
sustainable, non-food feedstocks including animal fats, algae, and camelina (U.S. Department of
Defense 2011).

In October 2012, Aemetis Inc. signed a license agreement with Chevron Lummus Global for
production of renewable jet and diesel fuels using the CH process (Biodiesel Magazine 2012).
An existing Aemetis oil refinery in Great Falls, Montana, has been converted to a renewable jet
fuel and diesel production facility with a capacity of 50 MM gallons per year (Aemetis 2012).
The jet fuel produced by Aemetis was tested by the National Research Council (NRC) Canada,
U.S. Air Force Research Laboratory (AFRL), Rolls-Royce/FAA Continuous Lower Energy,
Emissions and Noise (CLEEN) program, and Pratt & Whitney/FAA CLEEN program (Federal
Aviation Administration 2012; Rolls-Royce; Edwards 2008; Biomass Magazine 2013; Pratt &
Whitney 2014). The flight test by NRC Canada took place in October 2012 using jet fuels
derived from 100% carinata oil (U.S. Department of Energy and Office of Energy Efficiency &
Renewable Energy 2012). This was the first time that an aircraft was fueled by unblended biojet
fuel.

Renewable jet fuel companies are seeking sustainable production scenarios that not only
minimize the impact on land use change and food and water resources, but also provide an
energy alternative that is economically competitive with current conventional jet fuels.

2.3 Gas-to-Jet (GTJ) Fuel

The GTJ pathway presented here describes the conversion processes that turn biogas, natural gas,
or syngas into biojet fuel. The FT and gas fermentation processes are classified in this pathway
and are reviewed here.

2.3.1 Feedstocks

For the production of gas-derived fuels, the essential requirement for the feedstock is the carbon
content (ASTM International 2013). It is additionally desired that hydrogen be contained in the
feedstock to increase the efficiency of the process. The feedstocks for the GTJ process can be
composed of any carbon materials. Currently, the most common feedstocks used to produce gas
(then to jet fuel) are coal, natural gas, and biomass. Coal and natural gas are both of geologic
origin and are not sustainable or renewable. The process using natural gas, often referred to as
the gas-to-liquid (GTL) process, makes fuel products free of sulfur and aromatics (Rahmim
2003). There are currently five GTL plants operating globally, with capacities ranging from
2,700 barrels per day (bbl/d) to 140,000 bbl/d (U.S. Energy Information Administration 2014).
Therefore, it is critical to provide a large volume of low-priced natural gas or syngas feedstocks
for the FT-GTL process. Coal is an alternative feedstock to the FT process, referred to as coal-to-
liquid (FT-CTL) technology, providing a range of important products that are produced by
liquetying coal (Bowen, Irwin, et al. 2007). It is reported that in 2013 coal production in the
United States reached 985 MM short tons (U.S. Energy Information Administration 2013).

Although biomass is renewable, different types of biomass have different carbon contents that
can affect jet fuel yield. For example, woody biomass has a carbon content that varies from
46%—-53% and agricultural residues have larger variation of carbon contents, that is from 38%—
58% (Antal, Allen, et al. 2000). The biomass-to-liquid process (BTL process) is a

38

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



thermochemical route that produces synthetic fuels from biomass. The choice of feedstock and
pretreatment steps are closely related to the economic results. A wide variety of woody biomass
and agriculture waste feedstocks, which contain abundant carbon and hydrogen, can be used for
this thermochemical routine (NNFCC 2009). Production of renewable fuels using the BTL
process has received attention recently due to the capability of producing carbon-neutral and
environmentally friendly clean fuels. Another renewable feedstock is biogas produced from
anaerobic digestion of organic matter, such as animal manure, landfills and wastewater, or from
co-digestion of mixing liquid and solid biomass (Hessami, Christensen, et al. 1996; Lastella,
Testa, et al. 2002; Jingura and Matengaifa 2009). After purification by means of CO, adsorption,
the methane product can serve as the gas feedstock for the GTJ process (Lastella, Testa, et al.
2002).

2.3.2 Process Description
2.3.2.1 Fischer-Tropsch biomass to liquid (FT-BTL) process

The FT process is capable of producing liquid hydrocarbon fuels from syngas. FT fuels are
typically free of sulfur and contain very few aromatics compared to gasoline and diesel, which
leads to lower emissions when used in jet engines (Bauen, Howes, et al. 2009). Some recent
studies point out that the use of the FT technology to convert biomass to synthetic fuels may
provide a promising carbon-neutral alternative to conventional diesel, kerosene, and gasoline
(Dry 1996; Kreutz, Larson, et al. 2008; Hu 2012). The process reviewed here is the FT-BTL
process.

In the BTL process (Figure 5), biomass feedstocks are first dried and milled to reduce moisture
content and the particle sizes during pretreatment (You and Wang 2011). Multiple gasification
technologies exist to convert the biomass to syngas. In a high- temperature (slagging)
gasification process, the dried biomass is pressurized and converted into raw synthesis gas during
gasification at temperatures around 1,300°C in the presence of high-purity oxygen and steam
(You and Wang 2011). A combustor is included to provide heat to dry the biomass. The direct-
quench syngas cooling system next to the gasifier removes ash and tars, and a water-gas-shift
system after quench is applied to adjust the H,:CO ratio to 2.1:1 (You and Wang 2011).

There are two primary classes of gasifiers—partial oxidation or direct gasifiers, and indirect
steam-blown gasifiers (Dutta, Talmadge, et al. 2011). Directly heated gasifiers use heat from the
reaction between oxygen and organic compounds to provide the necessary energy to devolatilize
biomass and to react with carbon-rich chars to break their complex molecules into gases.
Directly heated gasifiers require high-purity oxygen provided by air separation units, which
involves significant capital investment and subjected to utmost stringent safety standard. The
capital intensity of these systems makes direct gasification processes more cost-prohibitive for
smaller scale biomass conversion plants (Wyman, Bain, et al. 1993; Dutta, Talmadge, et al.
2011). At the other end, indirect steam gasifiers are heated via heat transfer from a hot solid or
through a heat transfer surface. Co-product char and portions of the product gas can be
combusted with air (external to the gasifier itself) to provide the energy for gasification. NREL
has conducted an investigation on indirect gasification and tar reforming (Dutta, Talmadge, et al.
2011; Tan, Talmadge, et al. Mar. 2015). In this design, the endothermic gasification process is
indirectly heated by the circulation of heated synthetic olivine sand and the biomass in the
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gasifier is fluidized by the injected steam. Gasification occurs at 869°C and deconstructs the
biomass into a mixture of syngas components (CO, H,, CO,, CHy4, etc.), tars, and solid char.

The syngas is further conditioned such that the residual tars, methane, and light hydrocarbons are
reformed to syngas in a fluid catalytic cracker. Water gas shift also occurs in the reformer. The
char is burned, resulting in olivine temperatures higher than 982°C. The heat of flue gas from
char combustors is further recovered and reused for heating and feedstock drying. Compared to
the high-temperature gasification, this design has the benefits of being energy self-sufficient,
improving capital cost associated with the smaller process scale, and using neutral electrical
energy (Phillips 2007; Dutta, Talmadge, et al. 2011). The primary reaction in indirect
gasification is the devolatilization of biomass to gases, condensable vapors, and char as reaction
products (Bain, Magrini-Bair, et al. 2014). Feedstock composition, gasifier type, residence time,
operating parameters (e.g., temperature, pressure), and the relative importance of gas-phase
reactions such as water gas shift (Bain, Magrini-Bair, et al. 2014; Rauch, Hrbek, et al. 2014)
would affect the final gas composition of the gasifier. The choice of the gasification reactor
influences the composition of syngas considerably, as shown in Table 9.

Table 9. Typical Gas Composition of Biomass Gasification (Rauch, Hrbek, et al. 2014)

Compound Oxygen Gasification Oxygen Gasification Steam Gasification
(Entrained Flow) (Fluidized Bed) (Indirect)

CO (vol. %) 40-60 20-30 20-25

CO3 (vol. %) 10-15 25-40 20-25

H2 (vol. %) 15-20 20-30 30-45

CH4 (vol. %) 0-1 5-10 6-12

N2 (vol. %) 0-1 0-1 0-1
(L,\j‘j‘;enzs';'eat'”g Value 10-12 10-12 10-14

Tar Content (g/Nm°) <01 1-20 1-10

The syngas derived from biomass indirect gasification contains tars that are conditioned by
catalytic conditioning and wet gas scrubbing (Figure 5) to avoid downstream process issues
associated with the FT process (catalyst coking, corrosion and fouling) (Bain, Magrini-Bair, et
al. 2014). After syngas is produced, it is polished with a zinc oxide sulfur guard bed and an
activated carbon sorbent and compressed to 25 bar, the FT operating pressure. H, used in
hydroprocessing stage can be purified through a pressure swing adsorption. The hot catalyst is
separated from the combustion flue gas in the regenerator cyclone and flows back to the tar
reformer reactor to provide the energy necessary for the reforming reactions. Before sending to
FT synthesis, the hot reformed syngas is cooled through heat exchange with other process
streams and scrubbed with water to remove any residual impurities like particulates, ammonia,
halides, and recalcitrant tars. Scrubber water is purged and treated continuously in an on-site
wastewater treatment facility. After heat recovery, the remaining low-quality heat in the flue gas
from the catalyst regenerator is utilized for feedstock drying. Syngas is then compressed before
sending to the FT process. After this process, the syngas is then processed by FT synthesis to
produce liquid fuel, as illustrated in Figure 5.
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Figure 5. FT-BTL process

FT synthesis is a set of catalytic processes for converting syngas into liquid hydrocarbons. There
are two well-known FT operating modes: high temperature and low temperature (Dry 2004). The
high-temperature process runs at 340°C with iron-based catalysts. Gasoline and olefins are
produced in this process. The low-temperature process operates at 230°C with either iron or
cobalt catalysts. Diesel and linear waxes are produced in the low-temperature process. In the FT
process, the products range from methane to long-chain hydrocarbons. In addition to alkanes and
alkenes, oxygenated compounds such as alcohols, aldehydes, and carboxylic acids are also
formed. The FT process is a highly exothermic process; therefore, the heat of reaction has to be
removed quickly to avoid overheating and deactivating the catalyst and also to prevent
production of undesired methane (Sie and Krishna 1999). Traditional FT catalysts, such as iron-,
cobalt-, silica-, nickel-, and ruthenium-based catalysts, have been extensively studied in the
literature (Dry 1996; Dry 2002; Dry 2004; Morales and Wechuysen 2006; Davis 2009; den
Breejen, Radstake, et al. 2009; Khodakov 2009; den Breejen, Sietsma, et al. 2010; Lualdi,
Logdberg, et al. 2011; Yan, Bukur, et al. 2011). Product selectivity and product distribution
depend strongly on the operating temperature and the partial pressure of the gases that contact
the catalyst. Supported cobalt catalysts are preferred for the FT synthesis (FTS) step in the GtL
process due to its high activity and selectivity to linear paraffins (Saib, Moodley, et al. 2010). For
instance, supported cobalt-based catalysts were employed in Shell’s Middle Distillate Synthesis
process at Bintulu, Malaysia, a GTL plant with a 14,700-barrel-per-day capacity using fixed bed
reactors, and was used in Shell’s Pearl project in (Saib, Moodley, et al. 2010; Shell News 2012)
An alumina-supported cobalt catalyst is currently used in the commercial Sasol Slurry Phase
Distillate process at Oryx in Qatar, which is a joint Qatar Petroleum-Sasol GTL plant with a
nominal capacity of 34,000 barrels per day and a capital investment of about $1 billion (SASOL
2011).

Iron-based catalysts are normally the preferred catalyst for CTL, due to the perceived risk that
the synthesis gas quality (i.e., possible presence of catalyst poisons) is not suitable for cobalt
catalysts. However, based on commercially available gas cleanup systems and experience at
Sasol on the demonstration scale using coal-derived synthesis gas for cobalt-based FTS runs, it is
believed that in specific instances cobalt catalysts are very well suited for CTL ventures (Saib,
Moodley, et al. 2010; SASOL 2011; Hook, Fantazzini, et al. 2014). In general, iron-based low
temperature Fischer-Tropsch (LTFT) technology would offer a higher concentration of olefins in
the product than cobalt-based LTFT, but it would be more costly to achieve high reactant
conversions and would require production of CO, (Steynberg, Nel, et al. 2004). Iron-based high
temperature Fischer-Tropsch (HTFT) has been applied for the maximum production of gasoline,

41

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



but more and more use is being made of the highly olefinic products to produce higher-value
chemicals containing more branched hydrocarbons than the highly linear products produced by
LTFT synthesis (Steynberg, Nel, et al. 2004). Table 10 provides the engineering considerations
associated with the determination of single reactor capacity (Botes, et al. 2013).

Table 10. Engineering Considerations Associated with the Determination of
Single Reactor Capacity

Parameter

Effect

Role of catalyst

Inlet Superficial
Gas Velocity(u,)

An increase in gas velocity results
in the increase of gas holdup;
which eventually results in a flow
regime transition leading to the
slurry being transported out.

Independent of catalyst type (mostly
governed by hydrodynamics)

Reactor Diameter

(d)

An increase in reactor diameter
can be utilized to increase
volumetric feed rate. The gas
velocity poses a limit.

Independent of catalyst type (mostly
governed by feasibility of factory
construction, transportation, and erection)

Syngas partial
pressure at
reactor inlet

(Psyngas)

Concentration of syngas in total
reactor feed governed by gas loop
design

If the pressure of the system is increased,
then it results in an escalation of cost due to
a higher pressure reactor. In addition to
costs, a higher operating pressure results in
increased exit water partial pressures, which
is detrimental to the catalyst.

Xpass (Per Pass
Conversion)

The outlet water partial pressure
increases with increasing per-pass
conversion, as water is a product of
FT Synthesis.

The toleration of cobalt catalysts for water
partial pressures is much higher than iron
catalysts, so it is expected that cobalt would
allow for much higher single-slurry-FT
reactor capacities than iron.

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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Sasol has reported the development of an internally cooled slurry reactor with ~2500 bbl/day
capacity (5 m diameter and 22 mm height in 1993) (Krishna and Sie 2000) to 24,000 bbl/day as
of 2013 (Botes, et al. 2013). Botes et al. (2013) (Botes, et al. 2013) have mentioned the
engineering aspects associated with the design of a slurry bubble column reactor, which can be
represented by the equation (4). Figure 6 shows various viable FT reactor configurations.

SRC = ug (3d?) (22222) (Ypass) 4)

where SRC = Single Reactor Capacity
ugy = Inlet Superficial Gas Velocity
d = Reactor Diameter
Piyngas = Syngas partial pressure at reactor inlet
Xpass = Per Pass Conversion

An important aspect of this process is the adjustment of the H, to CO ratio, which is usually
determined by the upstream gasification and reforming technologies employed (de Klerk 2011).
As described by de Klerk (de Klerk 2013), the FT reaction involves catalytic CO polymerization
and hydrogenation, where the chain growth and termination of the reaction products can be
described by a carbon number distribution.
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Table 11 provides a list of the metals (and their characteristics) that are employed as catalysts in
the FT synthesis. Furthermore, the generic stoichiometry for the FT reactions could be described
by the following chemical reactions:

n CO +2(n +¢) Hy — C Hypi gy T n H20,e=00r1 (5)
n CO + 2(1’1—8) H2 — CnHZ(n+1_ €) O+ (H-l) H20, e=0orl (6)
n CO +2(n-1) Hy — CpH2,0,+ (n-1) H,0 (7)
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Figure 6. FT reactors with commercial relevance (Botes, et al. 2013)

The H,/CO ratio plays an essential role in the FT process. Cobalt-based catalysts have a low
water gas shift activity, which implies that syngas should have a H,/CO ratio of 2.15 to ensure
high conversion as suggested by Dry (Dry 2002). Furthermore, for iron-based catalysts
possessing a higher water gas shift reaction, operating temperature plays a major role. At 446°F
(230°C LTFT), a H,/CO ratio of 1.7 has been recommended to ensure high conversion. Another
possibility exists to conduct the reaction at 446°F (340°C) HTFT where the water gas shift
reaction proceeds rapidly to equilibrium and CO; can also be converted into reaction products
(Dry 2002). Because the FT reaction is significantly exothermic, an essential requirement is to
remove heat rapidly so as to avoid temperature rise resulting in the formation of CH4 and leading
to catalyst deactivation (sintering and coking) and disintegration (due to Boudouard carbon
deposition) (Dry 2002). In terms of reactor design, Table 12 summarizes the reactor types that
have been primarily employed.
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Table 11. Typical Metals Used in Catalysts and Their Expected Lifetimes

Characteristics Comments on Catalyst Lifetime (de
Klerk 2013)

Cobalt (Co) Has a good selectivity to long-chain Supported Co-LTFT catalysts = 9-12
paraffins, low selectivity to oxygenates and months (cycle time) and 5 years lifetime
olefins, and is resistant to deactivation.

Performs better with NG feedstocks.

Iron (Fe) Is a good choice for producing chemicals Precipitated Fe-LTFT catalysts = 70—
and olefins, with a high water gas shift 100 days
reactivity and suitable for H,-deficient Fused Fe-HTFT catalysts = 40-45 days
feedstocks like those obtained from coal and
biomass.

Ruthenium Is the most active catalyst. Too expensive and poorly available

(Ru)

Nickel (Ni) Possesses high hydrogenation activity, and Main challenges to its industrial
selectivity to methane is too high for FT application are formation of volatile
synthesis. carbonyls resulting in deactivation, loss

of active phase, and formation of lighter
products than Co and Fe
Table 12. Types of FT Reactors (Dry 2002)

Reactor Characteristics

Type

Multi- Long narrow tubes containing catalysts are surrounded by water; offers the advantage of

Tubular lesser operational issues with wax-catalyst separation, as the wax produced trickles down

Fixed the bed.

Bed

Fluidized | Typically circulating fluidized bed and fixed fluidized bed configurations are employed.

Catalyst | These reactors operate with iron-based catalysts at 608°F-662°F (320°C-350°C), geared

Bed for producing linear 1-alkenes, gasoline, jet fuel, and diesel fuel. These reactors cannot be

used for wax production as their use results in agglomeration and defluidization of the
catalyst.

Slurry Finely divided catalyst is suspended in liquid wax with gas being bubbled through; requires

Reactors | special devices for wax-catalyst separation.

After FT synthesis, a portion of the unconverted syngas is returned to the FT reactor, and part of
it is sent to the acid gas removal system. The remaining portion flows into the power generation
area, providing power for the air separation unit (Kreutz, Larson, et al. 2008). Conventional
refinery processes, such as hydrocracking, isomerization, hydrogenation, and fractionation, can
be applied to upgrade the FT synthesis product to high-quality, low-aromatic, and almost zero-
sulfur-content fuels (National Advanced Biofuels Consortium 2011).

Hydrocracking/isomerization is used to convert the wax into lighter products with shorter chain
length and lower boiling points. Products from the hydrocracking/isomerization reactor are
heated and distilled to produce jet fuel, diesel fuel, and lubricants. Hydrogenation is applied to
produce naphtha from the FT liquid. The FT tail gas, which contains H,, water, methane, CO,
CO,, nitrogen, argon, and heavier hydrocarbons, is recycled back to the syngas generation
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system. H, in the tail gas can be purified through the pressure swing absorber and can be further
used in the hydrocracking/isomerization process.

2.3.2.2 Gas fermentation process

Instead of catalytically upgrading FT syngas to biojet fuel, it is also possible to ferment syngas to
liquid biofuels (Figure 7). If lignocellulosic biomass is used as the feedstock, it is first converted
into syngas via gasification. The cooled syngas can be fermented to ethanol or butanol by
acetogenic bacteria (Daniell, Kopke, et al. 2012). The acetogenic bacteria Clostridium consumes
CO and H; to produce acetate, ethanol, butyrate, butanol, and 2,3-butanediol (Daniell, Kopke, et
al. 2012). Other products such as acetate, acetone, and isopropanol can be produced by other
biosynthetic pathways with different microbial strains (Daniell, Kopke, et al. 2012; Griffin and
Schultz 2012). The mixed alcohols, ethanol, or 2,3-butanediol can be upgraded into jet fuel via
the ATJ technology described in Section 2.1.2, which includes dehydration, oligomerization,
distillation, and hydrogenation processes. Gas fermentation presents several potential
advantages. It is able to produce more variety of products than the traditional biochemical or
thermochemical pathways, achieve higher yields, and lower operating costs, and it has higher
tolerance to impurities and higher flexibility on feedstocks (Advanced Biofuels USA 2011). Gas
fermentation has an overall energy efficiency of 57%, while the FT process has a relative overall
energy efficiency of 45% (Daniell, Kopke, et al. 2012). Gas fermentation can process all of the
organic material, as well as lignin, increasing primary product yields. The process requires lower
temperature and pressure, and further advantages in heat recovery, as well as less expensive
enzymes, both contributing in lowering operating costs (Daniell, Kopke, et al. 2012). The use of
living organisms as catalysts increase the tolerance to impurities and a wider range of H,:CO
ratios, helps avoid potential costs to replace catalysts due to poisoning. Gas fermentation can
convert not only energy crops and typical agricultural wastes, but also municipal and industrial
organic waste (Advanced Biofuels USA 2011; Griffin and Schultz 2012).

Due to the development of shale gas technology, the low-cost and abundant natural gas has
gained increasing attention. Beside the natural gas, the available biogas derived from the
anaerobic digestion process is also a promising lignocellulosic feedstock. Methane (CHy), as the
major component in both natural gas and biogas, has been considered as an alternative substrate
for fermentation bioprocesses. Therefore, applications for conversion of this feedstock to value-
added products are drawing great interest from researchers. The core of the bioconversion of
CH, into bioproducts is the biocatalyst- methanotroph, which is able to consume CHy as its
source of carbon and energy obligatorily. There are three groups of methanotrophs:
Alphaproteobacteria, Gammaproteobacteria, and Verrucomicrobia (Op den Camp, Islam, et al.
2009). Most of the methanotrophs are aerobic bacteria that require both O, and CH4 to
efficiently grow and produce desired products (Murrell and Jetten 2009).
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Figure 7. Gas fermentation to biojet fuel

The first concept of biological use of CH4 was for the production of single cell proteins (SCPs).
The work was pursued by several companies including ICI, Hoechst, and Phillips Petroleum in
the 1950s and 1960s. The SCPs from methanotrophic fermentation were mainly used as animal
supplement for pigs, chickens, mink, fox, dog, and fish. A Denmark-based biotech company—
UniBio A/S—had a brief run at commercial production of SCP using natural gas as a nutritional
food protein feed for animals (UNIBIO 2011). The company Calysta Nutrition (Mountain View,
California, USA) is developing an 80,000 ton/year plant targeting a sustainable, cost competitive,
alternative fish meal via natural fermentation of methanotrophs (Calysta Nutrition 2015).

Another interesting field of the bioconversion of CHy is the production of bio-based chemicals.
The metabolites produced by methanotrophic bacteria are all potential products from CH4, with
multiple industrial uses and high global demand. A synthetic biology company—Intrexon
(California, USA)—filed a patent targeting the potential production of isobutanol, fatty alcohols,
fatty acid esters, 2,3-butanediol, and farnesene by metabolically engineered methanotrophs
(Coleman, Vidanes, et al. 2014). Mango Materials (California, USA) recently announced its new
process of creating bioplastics using waste biogas instead of using the conventional petroleum-
based methods (Whitworth 2014).

Recently, Calysta Energy, collaborating with NatureWorks, has successfully demonstrated a lab-
scale production of lactic acid from natural gas (Calysta 2014). Bioenergy is another potential
product from methanotrophs and has a tremendous demand. A green diesel production process
from natural gas has been recently proposed and discussed, as shown in Figure 8 (Fei, Guarnieri,
et al. 2014). In this report, microbial lipids accumulated by methanotrophs are catalytically
upgraded to diesel blend stocks for biofuel to replace fossil-based diesel fuel. A preliminary cost
analysis of this process, based solely on raw material costs and yields, projected a CH4-derived
diesel cost range from $0.7-$10.8 per GGE (Fei, Guarnieri, et al. 2014).
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Although the biological conversion of CHy4 offers a large advantage in terms of product variety,
production cost, low GHG emission, and flexibility of scaling-up, there are still a lot of technical
challenges to be solved. One of the key limitations on productivity during the fermentation is the
gas-liquid mass transfer rate, which is associated with the partial pressures differential between
gas and liquid phase and volumetric mass transfer coefficient Kia (Fei, Guarnieri, et al. 2014).
The application of high pressure in the bioreactor can effectively and easily increase the
solubility of CH4 and O, in order to improve the gas transfer rate. However, special
requirements of the bioreactor material and process safety concerns limit the development of
using high-pressure gas fermentation. Therefore, the bioreactor design of gas fermentation is one
of the most important approaches with regard to the utilization of CHy4 in the bioprocess
development.

Several reactor designs have been explored in order to enhance the mass transfer rate.
Continuous stirred tank reactors (CSTRs) are the most widely used bioreactors for the cultivation
of methanotrophs. However, high power demand for high agitation speed reduces the economic
viability of CSTRs in large-scale application, and high shear rates from excessive agitation could
damage cells and inhibit growth rate. This has led to the design of more novel bioreactors.
Bubble column bioreactors, which are widely used for industrial applications with large working
volumes, are able to provide a higher conversion rate of methane than CSTRs do, resulting in a
three-fold greater propylene oxide titer (Hill, Kelley, et al. 1990). Similar to the mechanical
agitation of bubble column bioreactors, loop and airlift bioreactors are characterized with a high
gas transfer rate and less power input (UNIBIO 2011). The trickle-bed bioreactor that mainly is
used as a chemical reactor packing with chemical catalyst, has been modified for gas
fermentation by using methanotrophic bacteria as catalysts.

Besides the challenges from fermentation processes, more limitation may occur with natural gas
sourcing and delivery, development of robust strains, optimization of culture conditions,
integration of the bioprocess development for bioproduct purification and upgrading, etc. All of
these aspects or factors could impact economical large-scale production of the desired product
fuel from CHj.
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2.3.3 Economic Analysis

The production cost of BTL jet fuel from BTL diesel production has been reported due to the
similarity of the processes. The feedstock price, as shown elsewhere in the report, has a
significant effect on the cost of the BTL fuel. High-cost energy crops contribute 70% or more to
the cost of the fuel than does low-cost forestry residues and wastes. In addition, production costs
are lowered with the reduction of the conversion cost and improvement of the energy crop yield.
It is estimated that the conversion cost will be reduced by 2.6% between 2012-2026, and energy
crop cost will be reduced by 40%—48% from 2009 to 2050 (Bauen, Howes, et al. 2009). The unit
production cost of BTL is expected to be higher than that of CTL due to the lower energy
efficiencies of smaller plants and the higher capital cost of gasification. The jet fuel production
cost of CTL is estimated as $2.2-$2.6/gal in 2011 U.S. dollars, whereas CBTL it estimated at
$2.7-$3.2/gal in 2011 U.S. dollars (Hileman, Ortiz, et al. 2009).

The temperature of gasification also has a high impact on the cost analysis of the BTL FT
process (Anex, Aden, et al. 2010; Dutta, Bain, et al. 2010). A low-temperature gasifier has
several constraints, such as the limitation of reaction kinetics and the formation/flow of slag, but
it also offers lower conversion costs due to lower capital investment costs (Dutta, Bain, et al.
2010). Based on processing 2,000 metric tons per day of corn stover, the total capital investment
for the high-temperature (1,300°C), slagging, entrained flow gasification process, including
feedstock handling, solids feeding, gasification, amine scrubbing, sour water-gas-shift, pressure
swing adsorption, FT synthesis, hydrocracking, and air separation/power generation, is $500
MM (2007 basis) (Anex, Aden, et al. 2010).The total capital investment for the low-temperature
(870°C), non-slagging, direct fluidized bed gasification process is $610 MM (2007 basis) (Anex,
Aden, et al. 2010). With the same capacity, high-temperature (1,300°C) indirect gasification has
total capital investment of $516 MM (2007 basis) (Dutta, Talmadge, et al. 2011).

Compared to the pyrolysis and biochemical processes, gasification has the highest capital cost.
Followed by catalytic FT synthesis and hydroprocessing to naphtha-range and distillate-range
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liquid fractions, the product values for the high-temperature and low-temperature direct gasifiers
are $4.5/GGE and $5.0/GGE in 2007 dollars ($5.6/GGE and $6.2/GGE in 2011 U.S. dollars),
respectively (Anex, Aden, et al. 2010). Tijmensen et al., pointed out that the pretreatment,
gasification with oxygen, and gas cleaning sections account for approximately 75% of total
capital cost (Tijmensen, Faaij, et al. 2002). The production cost of FT liquids in this study ranged
from $9.0/GJ to $16.0/GJ in 1999 dollars ($1.9/GGE to $3.1/GGE in 2011 U.S. dollars)
(Tijmensen, Faaij, et al. 2002).

The economics of gas fermentation has also been examined in the literature. Daniell et al.
considered wood gasification and then syngas fermentation to ethanol. The yield of ethanol from
a pilot plant using yard and household waste is 100 gallons per dry ton biomass. The predicted
minimum ethanol selling price is $1.5/gal (Daniell, Kopke, et al. 2012) for ethanol made from a
softwood demonstration plant.

2.3.4 Life-Cycle Assessment

In the syngas production and fuel synthesis processes, the GHG emissions considered are: (1)
CO;, emissions from gasification, FT synthesis, fossil fuel combustion, and venting from natural
gas production; (2) methane emissions from fugitive plant and pipeline emissions, incomplete
combustion, and coal bed methane releases; and (3) N,O emissions from fuel combustion and
the cultivation of biomass (Marano and Ciferno 2001). The FT-CTL and FT-GTL diesel have
higher life-cycle GHG emissions than those from conventional petroleum-derived diesel
(Marano 2001; Xie, Wang, et al. 2011). Similarly, the FT-CTL process has GHG emissions
significantly higher than those of conventional jet fuel (Marano 2001). In contrast, GHG
emissions from the FT-BTL process are 92%—-95% less than those of conventional jet fuel
because the feedstock for FT-BTL, either woody biomass or forestry residues, has a very low
contribution to GHG emissions (Bauen, Howes, et al. 2009). This is also because 48% of the
energy consumed for the conversion processes, either gasification or FT synthesis, comes from
the biomass energy content (Bauen, Howes, et al. 2009). The life-cycle GHG emissions for the
FT-BTL baseline from the use of corn stover, forest residue, and switchgrass are 9.0, 12.2, and -
2.0 gCOye/M], respectively (with a soil carbon-change credit, the CO, sequestration arising
from land-use change dominates the GHG emissions), which are about 10%, 14%, and -2% of
those from conventional jet fuel, respectively (Stratton, Wong, et al. 2010). It is also suggested
that identifying strategies and technologies, such as carbon sequestration, co-production of fuels
and power, co-processing of coal and biomass, and improved vehicle technology, will help
reduce GHG and other emissions from the FT process (Taylor, Baltrus, et al. 2011). When
switchgrass is used as the feedstock for FT-BTL, the WTW GHG emissions range from 11.9
gCO,e/MJ to 26 gCO,e/MJ without soil carbon sequestration and from -1.7 gCO, to -4.4
gC0O,e/MJ with soil carbon sequestration, considering the low emission and high emission cases
(Stratton, Wong, et al. 2010). HRJ fuel has higher GHG emissions than FT-BTL due to fertilizer
and chemical use (Agusdinata, Zhao, et al. 2011). The inclusion of carbon capture and storage
(CCS) in FT fuel production can affect climate impact in 6% to 150%, depending on the
feedstock used (Holmgren and Hagberg 2009).

2.3.5 Commercialization Readiness

Commercial-scale FT reactors were built and operated before and during World War Il in a
number of plants, mostly in Germany (Taylor, Baltrus, et al. 2011). Currently, many oil
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companies such as Shell Oil, Chevron, ConocoPhillips, BP, ExxonMobil, and Sasol are
conducting research and building pilot-scale or smaller plants (Shell 2013; Taylor, Baltrus, et al.
2011).

NETL has worked with several private organizations to build and operate a pilot plant in
LaPorte, Texas, to develop a slurry-phase reactor for the FT technology (Taylor, Baltrus, et al.
2011). In 2010, the Solena Group signed a letter of intent with Rentech to initiate the first
commercial-scale renewable jet fuel facility in Europe (Green Air 2010c). This biorefinery
facility is intended to convert more than 500,000 metric tonnes of waste biomass feedstock into
synthetic gas (BioSyngas) using Solena’s plasma gasification technology. The BioSynGas will
then be treated by Rentech’s FT technology into 16 MM gallons of sustainable synthetic jet fuel.
The plant started in 2012 and operational in 2014 (Green Air 2010c).

The syngas production technology in Syntroleum used nitrogen in air to remove heat from the
autothermal reformer, and the Bio-Synfining process developed by Syntroleum employed a
fixed-bed or fluidized-bed FT reactor with cobalt-based catalyst and used hydrocracking for
upgrading (Syntroleum 2012). The first commercial plant for Bio-Synfining is Syntroleum’s
Dynamic Fuels Plant, located in Geismar, Louisiana, a 50/50 joint venture created with Tyson
Foods. Using fat and oil feedstocks from Tyson, coupled with Syntroleum’s Bio-Synfining
technology, the Dynamic Fuels Plant is designed to produce 75,000,000 gallons per year of
renewable synthetic fuels. The first commercial operation facility in the United States was started
in November 2010. DOD and DOE have worked with Syntroleum to produce raw liquid FT fuels
from natural gas. These FT fuels are further refined to jet and diesel fuels. These highly
isomerized fuels have branched and straight-chain alkanes and a few alkenes, but no aromatics or
oxygenates. The jet fuel from Syntroleum, mixed 50:50 with conventional petroleum-derived
fuel, has recently been tested by the Air Force in a flight of a B-52 jet (Syntroleum 2012).

2.4 Sugar-to-Jet (STJ) Fuel

There are two pathways to produce jet fuel from sugar intermediate feedstocks. First is via
catalytic upgrading of sugars and sugar intermediates to hydrocarbons (Davis, Tao, et al. 2015;
Virent 2015). Second is the biological conversion of sugars and sugar intermediates to
hydrocarbons (Davis, Tao, et al. 2013; Davis, Tao, et al. 2015). One catalytic process, used by
the company Virent, separates sugars from biomass (e.g., milled corn stover) through a series of
chemical and biochemical processes and upgrades the sugars into hydrocarbon fuels through a
process that uses aqueous phase reforming (APR) (Virent 2015). Research into the fermentation
of hydrocarbon fuel and fuel intermediates are wide and varied. Several companies working on
the commercialization of jet fuel from fermentation of biomass including LS9 (acquired by
Renewable Energy Group in 2014 (Renewable Energy Group Inc. 2015)). LS9 fuel has been
used in an Embraer E195 jet operated by Azul Brazilian Airline (Amyris Inc. 2012).
Additionally, a partnership between Amyris and Total plans to commercialize a jet fuel that is
blended with 10% bio-farnasane (Amyris Inc. 2014c).

2.4.1 Feedstocks

The feedstocks for catalytic upgrading of sugars to hydrocarbons can be a wide variety of sugars
and sugar-derived intermediates, including sucrose from sugar cane or sugar beets, corn sugar
from corn starch, lignocellulosic sugars from hydrolysis of hemicellulose and cellulose, such as
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polysaccharides, organic acids, furfural byproducts, and water-soluble oxygenated compounds
such as diols, glycerol, and sugar alcohols (Blommel, Keenan, et al. 2008; Cortright 2009).
Additionally, lignin can be used as a feedstock for catalytic conversion into fuels (Blommel
2011).

One catalytic process for upgrading sugars to fuels is the Virent’s BioForming process
(Blommel, Keenan, et al. 2008). Although there are many feedstocks that can be used in this
catalytic process, some feedstocks such as hydrolysates from lignocellulosic biomass can cause
problems for the catalytic process without additional process steps (Biddy and Jones 2013;
NABC 2013). For example, insoluble solids can create a high pressure drop across the fixed bed
system, and proteins and inorganics can poison catalysts, accumulate in the system, and degrade
construction materials (NABC 2013). If feedstocks are processed into hydrolysate they can
undergo an additional conditioning step to improve efficiency and fuel quality seen in the Virent
BioForming process (NABC 2013). The process implications are important to keep in mind
when choosing a feedstock.

Additionally, there is a variety of feedstocks that can be used for biological conversion of sugars
to fuels, including sugar cane and beets, corn grain, and pretreated lignocellulosic biomass
(Staples, Malina, et al. 2014). Amyris uses its Biofen process, which uses yeast-based
fermentation of traditional or lignocellulosic-derived sugar feedstocks, to develop the feasibility
of converting crops such as sweet sorghum into hydrocarbons to produce renewable diesel and
jet, industrial lubricants, and polymers (Department of Energy and Energy 2012). Derived sugar
feedstocks can also be used for aerobic biological conversion to hydrocarbons and hydrocarbon
intermediates (Davis, Tao, et al. 2013).

Similar to the sugar-to-jet fuel catalytic process, the biological process has additional
considerations around the feedstock choice. If whole hydrolysate is used from lignocellulosic
feedstocks, it can reduce aerobic biological conversion by reducing oxygen mixing in the bio-
reactor (Davis, Tao, et al. 2013). In order to increase conversion, the hydrolysate is processed
through conditioning and processing steps prior to conversion (Davis, Tao, et al. 2013).

2.4.2 Process Description

Two main sugar-to-jet pathways are described here. The first is catalytic conversion of sugar to
hydrocarbons. The second is biological conversion of sugars to hydrocarbons or hydrocarbon
intermediates that are then upgraded to jet fuels.

2.4.2.1 Catalytic upgrading of sugars to hydrocarbons

Virent’s BioForming platform is one example of a process that catalytically transforms plant
sugars into high-energy hydrocarbon mixtures (Figure 9) (Blommel, Keenan, et al. 2008;
National Advanced Biofuels Consortium 2011; Virent 2012; Davis, Tao, et al. 2015). In the
process, biomass feedstock is first converted into solubilized sugars. This conversion process is
typically done via biomass pretreatment and enzymatic hydrolysis of lignocellulosic biomass
feedstocks to create Cs and C¢ sugars (Davis, Tao, et al. 2015). Another method for converting
biomass to sugars is via the Virdia (acquired by Sorte Enso [Lane 2014]) The CASE (Cold Acid
Solvent Extraction) process uses pine wood as the feedstock (Lane 2012). The solubilized sugars
then undergo a purification and concentration step where unconverted solids and impurities are
removed to improve the efficiency of the sugar-to-jet step (NABC 2013). Unconverted solids,
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including lignin, are sent to a combustor for process heat (Davis, Tao, et al. 2015). The
remaining hydrolysate is concentrated and purified using a micro vapor recompression
evaporator, microfiltration, and ion exchange filtration (Davis, Tao, et al. 2015). Closed loop
processes that recover and recycle the unreacted species are significant to improve the process
economics, but separation of the product mixtures can be technically challenging (Blommel
2008; Cortright 2009).
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Figure 9. Catalytic upgrading of sugars to jet fuel (Virent BioForming Process)
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The second stage of the process begins with sending the purified hydrolysate to reforming
reactors where the carbohydrates are converted in the presence of hydrogen into polyhydric
alcohols via hydrogenation or short-chain oxygenates via hydrogenolysis (Vasilakos and
Barreiros 1984; Gallezot, Nicolaus, et al. 1998). The resulting hydrotreated product is sent
directly to the APR reactor where it is reacted with water over a heterogeneous catalyst at
temperatures of 450 to 575 K and pressures of 10 to 90 bar (Blommel 2008). The APR reaction
includes reforming to produce hydrogen, dehydrogenation of alcohols/hydrogenation of
carbonyls, deoxygenation, hydrogenolysis, and cyclization (Blommel 2008). Products formed in
APR are hydrogen, CO», alkenes, and oxygenates (Davis, Tao, et al. 2015). Hydrogen produced
from APR will support the hydrotreating processes leading up to and subsequent to the APR in
the reactor train. The lighter alkanes from APR, such as C;—C4 hydrocarbons, are sent to the
combustor to provide additional process heat (Blommel 2008).

Based on the available literature, there are three potential routes to convert oxygenates produced
during the APR step into jet-fuel-range hydrocarbons, including acid condensation, aldol
condensation, and dehydration or hydro-dehydration (Blommel 2008). Acid condensation turns
oxygenates into alkanes, iso-alkanes, and aromatics with a zeolite ZSM-5 catalyst (Blommel
2008). Other catalysts that can be used for acid condensation include zirconia, alumina, silica,
alumina silicates, aluminum phosphates, and silica-alumina phosphates (Davis, Tao, et al. 2015).
The internal condensation reactions include dehydration of oxygenates to alkenes,
oligomerization of the alkenes to heavier alkenes, cracking, cyclization, and dehydrogenation of
heavier alkenes to aromatics, and alkane isomerization (Goguen, Teng Xu, et al. 1998; de Klerk,
Nel, et al. 2007; Blommel 2008). The product stream is then hydrotreated to form alkanes, and
the resulting heavier species can be distilled and blended into jet fuel (Davis, Tao, et al. 2015).
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The second route is aldol condensation over solid acid or solid base catalysts; however the basic
catalysts can be poisoned by organic acids in the biomass feed stream so are not considered for
jet production (King, Kelly, et al. 2003; Chheda and Dumesic 2007; Davis, Tao, et al. 2015). The
third route uses dehydration and hydrogenation-dehydration reactions to convert oxygenates
from APR to alkanes and alkenes (Gurbuz, Kunkes, et al. 2009; Gurbuz and Dumesic 2013). The
alkenes can further be oligomerized to produce kerosene (Gurbuz and Dumesic 2013). Of the
three pathways acid condensation has the advantage of not being affected by organic acids that
might be found in the stream (Davis, Tao, et al. 2015).

Other catalytic pathways have been described in literature including the sorbitol route and the 5-
hydroxymethylfurfural (HMF) route (de Beeck, Dusselier, et al. 2015). In the sorbitol route,
sugars undergo hydrogenation, dehydration, and hydrodeoxygenation to produce straight-chain
alkanes (de Beeck, Dusselier, et al. 2015). In the HMF pathway, sugars are transformed to HMF
via fructose or glucose dehydration (Roman-Leshkov, Barrett, et al. 2007). HMF was then turned
into dihydroxymethylfuran (DMF) through hydrogenolysis over a copper-ruthenium (CuRu)
catalyst (Roman-Leshkov, Barrett, et al. 2007). The resulting DMF has higher energy density.
For example, DMF has a 40% and higher boiling point than ethanol, and it is not water soluble.
This study created a new path for the production of DMF as a replacement for traditional
petroleum transportation fuels (Roman-Leshkov, Barrett, et al. 2007).

2.4.2.2 Bioprocessing (fermentation) of sugars to hydrocarbon or hydrocarbon
intermediates

The diversity of biological pathways available to make hydrocarbon intermediates and jet fuels
presents a challenge to discuss all possibilities. For example, biological conversion can occur in
both anaerobic and aerobic conditions, and products can range from pentadecane, farnesene,

fatty esters, fatty acids, fatty alcohols, isoprene, and 2,3-butandiol (2,3-BDO), just to name a few
(Rude and Schirmer 2009; Liu and Khosla 2010; Zhang, Yang, et al. 2010; Huang and Percival
Zhang 2011). Not only that, but also, as is the case for farnesene, several biological pathways can
produce the same product. For example, farnesene can be produced through the mevalonic acid
(MVA) pathway, the 1-deoxy-d-xylulose 5 phosphate (DXP) pathway, or anaerobically (Rude
and Schirmer 2009; Blanch 2012). The general process methodology for biological conversion of
biomass to jet fuel is shown in Figure 10 where biomass is first pretreated, undergoes enzymatic
hydrolysis, and the solubilized C5 and C6 sugars are separated and concentrated (Davis, Tao, et
al. 2013). After concentration, the hydrolysate is sent to biological conversion (either aerobic or
anaerobic), where the hydrocarbon intermediate product is produced (Department of Energy
2012; Davis, Tao, et al. 2013). The product is separated and can undergo finishing steps such as
oligomerization and hydrotreating to create jet fuel (Davis, Tao, et al. 2013).
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Figure 10. Biological conversion of sugar-to-jet fuel

One direct sugar-to-hydrocarbon (DSHC) fermentation pathway is developed by Amyris
(Amyris Inc. 2014c). In the Amyris process, sugars are aerobically fermented into a farnesene
intermediate using the mevalonate pathway in yeast cells (Pray 2010; Klein-Marcuschamer,
Turner, et al. 2013; National Advanced Biofuels Consortium 2013). The process has been
reported to have a peak farnesene yield of 16.8 g farnesene/100 g sugar at a productivity of 16.9
g/L/d (Pray 2010). Additionally, the Amyris process has a carbon efficiency of 60%, with the
remaining 40% for energy production (Karatzos, McMillan, et al. 2014). The yeast cells of the
Amyris process are able to convert both Cs and C¢ sugars, and have demonstrated a 300L-scale
fermentation of corn stover hydrolysate (National Advanced Biofuels Consortium 2013). After
aerobic fermentation, the cell broth is sent for solid-liquid separation using centrifugation (Gray,
Sato, et al. 2014). The supernatant, which contains the farnesene, then undergoes de-
emulsification and centrifugation to separate the oil and aqueous phases (Gray, Sato, et al. 2014).
The farnesene recovery and purity after separation has been reported at 95% and 97%,
respectively (Pray 2010; Gray, Sato, et al. 2014). After farnesene is recovered it undergoes
hydrogenation to produce farnesane (Gray, Sato, et al. 2014). Recently, farnesane was approved
as a jet blendstock and meets all ASTM standards for Jet A/A1 (Amyris Inc. 2014b). The jet fuel
can contain up to 10% farnesane (Amyris Inc. 2014b). To make a 100% renewable jet from this
process, the farnesane will need to be hydrocracked and hydroisomerized into a blend of fuel
molecules (Klein-Marcuschamer, Turner, et al. 2013).

LS9 is another company that has made progress toward the commercialization of sugar-to jet-
fuel through biological conversion (Mawhood, Gazis, et al. 2015). The LS9 process uses E. coli
to produce fatty acids aerobically through the fatty acid biosynthesis pathway (Steen, Kang, et al.
2010). The fatty acid biosynthesis pathway can be used to produce fatty alcohols, fatty esters,
and alkanes, in addition to fatty acids (Rude and Schirmer 2009). Fatty acids have an theoretical
energetic efficiency of 89% and literature review shows the fatty acid yield ranging from 4-28
g/100 g sugar at a productivity of 0.05-0.11 g/L/h (Dellomonaco, Clomburg, et al. 2011; Yang,
Xian, et al. 2012; Zhang, Ouellet, et al. 2012; Davis, Tao, et al. 2013; Xu, Gu, et al. 2013; San,
Li, et al. 2014). In addition to fatty acids, LS9 has been working on directly converting sugar to
alkanes, which can be used as fuels without the additional step of hydrogenation (Schirmer,
Rude, et al. 2010). The fatty acid production design is described in detail in Davis et al. (Davis,
Tao, et al. 2013). Similar to the farnesane production pathway, biomass undergoes pretreatment,
enzymatic hydrolysis, concentration, and then biological conversion to fatty acids (Davis, Tao, et
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al. 2013). The broth from the conversion step undergoes phase separation and the supernatant is
subject to centrifugation (Davis, Tao, et al. 2013). The purified fatty acids are sent for
hydrotreating and hydroisomerization to produce jet fuel (Davis, Tao, et al. 2013).

Other biologically produced chemicals have the potential to be jet fuel intermediates such as
isoprene and 2,3-BDO; however, the production of these chemicals has yet to reach pilot plant
scale. A literature review of isoprene production gives yield on sugar ranging from 7-20 g
isoprene/100 g sugar, and a productivity of 0.16-2.45 g/L/h (Whited, Feher, et al. 2010; Yang,
Xian, et al. 2012; Chotani, Kirshner, et al. 2013; McAuliffe, Muir, et al. 2013). Isoprene can be
biologically produced using E. coli utilizing the MVA or MEP pathways at maximum mass
yields on glucose of 25.2% and 30.2%, respectively (Whited, Feher et al. 2010). Isoprene can be
produced either anaerobically (Chou and Maness 2014) or aerobically (Chotani, Kirshner, et al.
2013). At normal pressure, isoprene’s boiling temperature is 34°C, and so it is volatile in the
fermentation broth and most present in the fermentation off-gas. Applying a vacuum pump not
only can pull isoprene from the fermentation tank to separation, but also can increase product
yield (Feher, Kan, et al. 2013).

However, isoprene is flammable in air (2 vol%—-9 vol% flammability limit [ Cheremisinoff
1999]); it is important to separate the isoprene from the oxygen before catalytically upgrading to
jet fuel. There are several technologies applied to the isoprene purification from fermentation
off-gas, including extractive distillation and membrane separation, often coupled with cryogenic
separation to approach the desired high purity of isoprene. In a recent Dansico patent (Feher,
Kan, et al. 2013), isoprene is separated from the fermentation off-gas by solvent extraction. The
solvent is a mixture of isomerized C;-C ¢ alkanes and final isoprene purity is reported to be
from 90% to 99% (Feher, Kan, et al. 2013). Isoprene oligomerizes to make dimers, trimers, or
tetramers that are cyclic compounds ranging from Cs-Csy (Misono, Uchida, et al. 1969;
Morikawa, Sato, et al. 1977; Colvin 1990; Denis, Jean, et al. 1990; Doppelt, Baum, et al. 1996).
It is also possible to use palladium dimerization of isoprene to make non-cyclic hydrocarbon
products (Takahashi, Hata, et al. 1973; Neilan, Laine, et al. 1976). For example, Neilan, et al.
(Neilan, Laine, et al. 1976) are able to get the highest non-cyclic tail-to-head dimers yield of
79% using a palladium catalyst in a tetrahydrofuran (THF) solvent at 20°C and 1 atm, and 98%
of products are dimers. The isoprene dimers and trimers can then undergo hydrogenation and
hydroisomerization.

In the literature, 2,3-BDO has a demonstrated yield of 47-50 g 2,3-BDO/ 100 g sugar and a
productivity of 0.59-5.40 g/L/h (Zeng, Biebl, et al. 1991; Cheng, Liu, et al. 2010; Zhang, Yang,
et al. 2010). After 2,3-BDO production, it must be separated from the fermentation broth. There
are several options for separating 2,3-BDO from fermentation broth, including distillation,
aqueous two-phase reforming, in situ recovery, integrated solvent extraction and pervaporation,
steam stripping, reaction with formaldehyde, and vacuum membrane filtration (Ji, Huang, et al.
2011). These separation techniques are reviewed by Xiu et al., with challenges for
commercializing fermentative production of 2,3-BDO, including performance verifications,
energy demand, and yield optimization (Xiu and Zeng 2008). For the purpose of upgrading 2,3-
BDO to drop-in hydrocarbons fuels, like jet blendstocks, reactions using dehydration and
deoxydehydration are more favorable because 2,3-BDO can be completely deoxygenated in a
single step, making either 1,3-butadiene or a mixture of butenes (Wienfield 1949; Makshina,
Dusselier, et al. 2014). Both 1,3-butadiene and butene can be catalytically oligomerized into
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fuel-range hydrocarbons (Harkal, Jackstell, et al. 2005). Although it uses gasses instead of sugars
as a feedstock, the metabolic production of 2,3-BDO and 1,4-BDO (Lane 2015) is being worked
on by INVISTA and LanzaTech. Companies that produce butanediol from sugars may follow
INVISTA and LanzaTech to commercialization.

Although other intermediate products from sugar fermentation are possible, because of the small
scale operations, more advanced separations needed, or larger number of process steps required
to get to jet fuel, they are not discussed in this review. These intermediates include, but are not
limited to, direct alkanes, aromatics, cycloparaffins, and organic acids (Department of Energy,
Energy Efficiency & Renewable Energy, et al. 2012).

2.4.3 Economic Analysis

The process economics of the catalytic conversion of lignocellulosic biomass-derived sugars to
hydrocarbons via APR produces a minimum fuel selling price of $4.1/GGE (2011$) for a 2,000
metric ton/day plant (Davis, Tao, et al. 2015). The minimum selling price of jet fuel from this
process would be higher, as not all hydrocarbons produced are usable as jet fuel. Additionally, if
hydrogen is produced within the process during reforming, the minimum fuel selling price could
increase to $5.5/GGE (20118) (Davis, Tao, et al. 2015). In a sensitivity analysis, carbon
efficiency, total capital investment, and enzymatic hydrolysis to glucose were found to be the
largest cost drivers (Davis, Tao, et al. 2015). Other comparative analysis shows that the
production of fuel from biomass-derived levulinic acid costs had a MFSP of approximately
$4.3/GGE and $7.8/GGE in 2007 U.S. dollars ($5.3/GGE and $9.7/GGE in 2011 U.S. dollars),
under different values for oligomer production scenarios (Braden, Henao, et al. 2011).

Additionally, researchers from lowa State University and the University of Wisconsin-Madison
conducted a TEA of DMF and HMF production (Kazi, Patel, et al. 2011). Based on the process
capacity of 300 metric ton/day of fructose and an operating period of 20 years, the resulting
minimum selling prices for HMF and DMF were estimated to be $5.0/gal in 2007 U.S. dollars
($6.2/gal or $7.1/GGE in 2011 U.S. dollars) and $7.6/gal in 2007 U.S. dollars ($9.5/gal or
$11.8/GGE on 2011 U.S. dollars), respectively (Kazi, Patel, et al. 2011). The cost of the copper-
ruthenium-carbon catalyst used in the DMF process may play an important role in the final
production cost. This study provides a single point of sensitivity on the TEA associated with
catalytic upgrading of a pure, expensive clean sugar to a single product at a small scale.

The biological conversion pathways of sugars to hydrocarbons also have associated economics.
In one case the production of fuels from fermented fatty acids produces a minimum fuel selling
price of $5.4/gal ($5.1/GGE in 2011 U.S. dollars) (Davis, Tao, et al. 2013). In a 2014 New York
Times article, Amyris stated that they believed they could match jet fuel prices in 2-3 years (Yee
2014). However, in the TEA by Klein-Marcuschamer et al. for farnesene production and
conversion to jet fuel, the minimum farnesene selling price is $2.2/kg ($6.8/gal in 2011 U.S.
dollars) (Klein-Marcuschamer, Turner, et al. 2013). The jet fuel produced from this process has a
minimum jet fuel selling price of $301/barrel oil equivalent ($7.2/GGE using 2011 U.S. dollars)
(Klein-Marcuschamer, Turner, et al. 2013). If the technology continues to develop, the TEA
projects the minimum selling price of jet could decrease to $168/barrel equivalent ($4.0/GGE in
2011 U.S. dollars) (Klein-Marcuschamer, Turner, et al. 2013). Jong et al. also performed a TEA
on the direct sugar to hydrocarbons (DSHC) pathway with farnesene as the intermediate, and,
depending on feedstock choice, determined a minimum jet fuel selling price of €104-140/GJ in
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2013 euros ($17.3/GGE-$23.3/GGE in 2011 U.S. dollars) (de Jong, Hoefnagels, et al. 2015). In
the article, Jong et al. compared their minimum jet selling price to that of Klein-Marcuschamer et
al. by converting $301/barrel equivalent to €95/GJ (de Jong, Hoefnagels, et al. 2015).
Conversely, our conversion of the Klein-Marcuschamer et al. minimum jet fuel selling price is
$301/barrel equivalent to €59/GJ. Other intermediate formation products to jet fuel, such as 2,3-
BDO and isoprene, are still in early stages of development and have not had TEA performed.

NREL, in support of the National Advanced Biofuel Consortium (NABC) efforts and in
collaboration with Virent and Amyris, is also conducting process economics studies for a direct
sugar-to-fuel process via catalysis and fermentation of lignocellulosic sugar process strategy
(National Advanced Biofuels Consortium 2012). The target is to find the low-cost routes for
biomass hydrolysate streams and low-cost mitigation strategies for fermentation inhibitors that
are compatible with the current state of the art. Future work should consider the catalytic
upgrading of biomass-derived sugars to a slate of fuel components, specifically jet fuel.

2.4.4 Life-Cycle Assessment

LCA studies for the catalytic conversion of sugars to jet fuel are dependent on the source of
hydrogen for the biorefinery. The LCA results mentioned are for a general fuel and not specific
to jet fuel. When hydrogen is purchased from a natural gas steam-methane reforming unit the
LCA is impacted with higher GHG emissions (49.2 g CO;..o/MJ total hydrocarbon) and higher
net fossil energy consumption (0.82 MJ/MJ total hydrocarbons) (Davis, Tao, et al. 2015).
Comparatively, if hydrogen is produced from the biomass during reforming, the emissions and
net fossil energy consumption are reduced to 15.3 g CO,..q/MJ and 0.20 MJ/MJ, respectively
(Davis, Tao, et, al. 2015). If hydrogen is produced from gasification then the emissions reach 7.5
2 CO1..q/MJ and the net energy ratio is 0.10 MJ/MJ (Davis, Tao, et al. 2015). Water usage is
highest for the gasification hydrogen source at 11.4 gal water/GGE fuel. One area of
consideration is the trade-offs and benefits for optimizing either economics or LCA results.

Biological conversions of sugars to fuels have also considered LCA implications. General
hydrocarbon fuels produced from fatty acids derived from sugars have the potential to have GHG
emissions of 0.5 g CO,../MJ and net fossil energy consumption of 0.09 MJ/MJ if co-product
electricity displaces fossil electricity (Davis, Tao, et al. 2013). Without the co-product
displacement GHG emissions from fatty acid, derived fuels is 15.9 g CO;..¢/MJ and net fossil
energy consumption is 0.27 MJ/MJ (Davis, Tao, et al. 2013). Water usage is 13.7 gal water/GGE
fuel (Davis, Tao, et al. 2013).

In addition, a project financed by Boeing, Embraer, and the Inter-American Development Bank
is set to determine the sustainability analysis of producing biojet fuel sourced from Brazilian
sugarcane (AERO News Network 2011). The work evaluates the environmental and market
conditions related to the direct sugar-to-hydrocarbon renewable jet fuels produced by Amyris
(AERO News Network 2011). The Institute for International Trade Negotiations (ICONE)
conducted a study of life-cycle GHG emissions of biojet fuel produced from sugarcane sugars
based on the Amyris process parameters. The results showed that the life-cycle GHG emissions
are around 15 gCO,e/MJ, an approximate 82% reduction compared with conventional Jet A/A-1
fuels (Nassar, Granco, et al. 2012). However, sugarcane could induce land use change, which
was not considered in the study above. The GHG emissions associated with sugarcane
production and transport, according to the study, are primarily dominated by farm input and the
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emissions of N,O from the soil, which contribute 84 gCO,e/MJ (Nassar, Granco, et al. 2012).
This research helps improve the knowledge of the carbon footprint of a renewable aviation fuel
derived from sugarcane.

2.4.5 Commercialization Readiness

In March 2010, Virent Energy Systems, Inc., and Shell commissioned the world’s first
demonstration plant that converted plant sugars into gasoline and gasoline blendstock (Virent
2010). This demonstration plant, located in Madison, Wisconsin, has a capacity of 10,000
gallons of fuel per year to be used by engine and fleet testing. Additionally, Virent has a second
demonstration facility that, when combined with the first, gives a total production capacity of
this pathway at 16,000 gallons per year (Mawhood, Gazis, et al. 2015). Virent’s jet fuel has been
analyzed by AFRL (Table 13) and is currently undergoing approval for ASTM certification
(Virent 2012). Virent’s jet fuel has also met the major specifications, such as heat of combustion,
flash point, cold flow properties, and density, required for military jet fuels. In February 2012,
Shell built a pilot plant at their technology center in Houston, Texas, for producing gasoline,
diesel, and jet fuel from a range of feedstocks, sugars, and other non-food cellulosic sources
(Lane 2014). This facility uses a thermo-catalytic process technology licensed from Virent
(Virent 2012). Shell expects to have an Aqueous Phase Thermal Conversion (APTC) process
ready for commercialization by 2020 (Lane 2014).

Table 13. AFRL Analysis of SPK Product

Specification Test MIL-DTL-83133G Spec. JP-8 Virent jet fuel
Heat of Combustion, MJ/kg =428 43.3 43.3
Flash Point, °C > 38 51 53
Freeze Point, °C <-47 -50 <-80
Density @ 15C, kg/L 0.775-0.840 0.804 0.812

In 2010, Total partnered with Amyris to commercialize Amyris’ jet fuel technology (Total
2013). In 2015 the venture was restructured, with Total claiming a 75% stake in the partnership
(Amyris Inc. 2015). Amyris created a commercial plant in Brota, Brazil, with a capacity of 50
MM liters of farnesene per year (Mawhood, Gazis, et al. 2015). Jet fuel blended with 10%
farnesane has been ASTM certified for flight, and several commercial flights have already flown
with this blended jet fuel, including a Boeing 737 (Amyris Inc. 2014b; Amyris Inc. 2014a). LS9
is another company that has previously worked on commercializing biojet fuel, with a pilot plant
in 2008, but since being purchased by REG Life Sciences the company has changed focus to
biodiesel and biochemicals (REG Life Sciences 2015). Other sugar-to-jet pathways have yet to
be commercialized, including isoprene and 2,3-BDO.
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3 Conclusion

The issues of jet fuel cost, energy supply, energy security, and aviation emissions have driven the
development of aircraft and engine technologies throughout the history of flight. Sustainable
biomass-derived biojet fuel represents a major opportunity to ameliorate these issues. Many
conversion technologies that turn biomass into jet fuels have been developed, and some of them
are commercially viable. In this review, most of the current technologies have been classified
into four major categories: ATJ, OTJ, GTJ, and STJ. Each category has been described and
reviewed with regard to feedstocks, upgrading processes, production costs, environmental
sustainability (life cycle GHG emissions and sustainability metrics such as consumptive water
use at the biorefinery), and commercial readiness. Production yields, including intermediate and
jet fuel yields, production costs, and GHG emissions for the conversion technologies reviewed in
this work, are summarized in Table 14 for yields (details explained in Appendix A), Table 15 for
production cost, and Figure 11 for GHG emission.

Feedstock is the most important parameter when considering the commercial feasibility of biojet
fuel production. Agricultural and forest feedstocks as well as algal biomass are major feedstocks
for producing alcohol fuels, and are able to provide large amounts of alcohols for converting into
jet fuel. Plant oils, animal fats, waste cooking oils, algal oil, and pyrolysis oils are the
predominant feedstocks for oil-related conversion processes such as HRJ, CH, and pyrolysis.
Agricultural and forest residues can serve as major feedstocks for producing syngas or biogas.
There is an abundance of sources of sugars (lignocellulosic or grain sugar) to ferment or
synthesize to jet fuels via the STJ process. The sum of all the intermediates per dry ton of
biomass from biomass feedstocks, mentioned above for each pathway, is demonstrated in Table
14 using energy basis, i.e., GGE per biomass dry ton (BDT), for consistency and comparison.
Please note that although some yield data came from literature, most yields were calculated using
projections.

Table 14 not only reports the yields of intermediates, but also summarizes the jet fuel yield after
upgrading intermediates to finished products. The summaries are from data reported in the
literature and several assumptions made for calculating intermediates to jet productions. Detailed
analyses can be found in the Appendix A. For example, the jet fuel yields from palm seed are
resulted from the calculation of the product yield from palm oil through deoxygenation and
hydrotreating processes. The jet fuel yield from corn stover-derived isobutanol comes from the
estimation of the product yield through dehydration, oligomerization, and hydrotreating
processes. For consistency purposes, the units are normalized from a volumetric basis (gallon) to
an energy basis (GGE) by dividing the lower heating value (LHV) of the products by the LHV of
gasoline (detailed explanation in Appendix A). The yield values provide a general idea of the
pathway/feedstock that most final products can be obtained from. For instance, OTJ pathways
are having relatively higher yields of intermediates (GGE basis) per dry ton feedstock.

The HRIJ process with palm seed, rapeseed, soybean, jatropha, Salicornia and camelina seeds as
the feedstock has relatively high conversion from intermediate to final products (over 70%) due
to the high carbon conversion. The CH process with jatropha seed as the feedstock has the lowest
intermediate-to-jet conversion (10%) because most of the carbon distributes out of the jet fuel
pool. These calculations are based on reported values from literature for intermediate yields from
biomass, which are then upgraded to jet fuel based on theoretical limits. For example, the
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hydrotreating of alkenes assumes 100% conversion. Also, the jet range products are based on
carbon numbers of Co-C ;¢ and not on the physical properties that are desired in jet fuel. This
table, therefore, does not show the state of technology but the current theoretical limits/targets.

Table 14. Production Yields from Various Pathways Discussed in this Report

Intermed-

. . Jet Fuel Yield Main References
Path Bi iate Yield
athway fomass GGE/ gall | GGE/
BDT BDT BDT
(Renewable Fuels Association; Anex, Aden,
et al. 2010; Gnansounou and Dauriat 2010;
Dutta, Talmadge, et al. 2011; Humbird, Davis,
Corn, Corn Stover, et al. 2011; Oak Ridge National Laboratory
< Ethanol to Jet Wood, Straw, 16-106 11-79 11-81 2011; Valc!es 201.1; Crawford 2.013; Atsonios,
o Sugarcane, Kougioumtzis, et al. 2015; de Jong,
$ Switchgrass Hoefnagels, et al. 2015; Zhu and Jones 2009;
© Dutta, Bain, et al. 2010; Dutta, Dowe, et al.
'S 2010; Kazi, Fortman, et al. 2010; Vicari,
ﬁ Tallam, et al. 2012)
N-butanol to Corn, Corn Stover, (Tao, He, et al. 2012; Tao, Tan, et al. 2014;
Jet Wheat Straw, Wood 31-57 23-43 24-43 Atsonios, Kougioumtzis, et al. 2015)
Isobutanol to Corn Stover, Wood (Tao, Tan, et al. 2014; Atsonios,
Jet Chips 55 41-48 42-49 Kougioumtzis, et al. 2015)
(Ehrensing and Guy 2008; Hileman, Ortiz, et al.
Soybean, Algae, 2009; Richardson, Outlaw, et al. 2010;
Pongamia, Palm Seed, Stratton, Wong, et al. 2010; Davis, Aden, et al.
HRJ Rapeseed, Jatropha 50-141 28-87 28-98 | 2011; Klein-Marcuschamer, Turner, et al. 2013;
Seed, Camelina Seed, Pearlson, Wollersheim, et al. 2013; Davis,
< Salicornia, Cooking Oil Kinchin, et al. 2014; Lestari, Zvinavashe, et al.
] 2015; Natelson, Wang, et al. 2015)
o -
g S'glgbaeeasl‘?g?;ssﬁa (Li, Coppola, et al. 2010; Jones, Zhu, et al.
CH Seﬁ 3 Tum Sepe g 50-102 | 8-122 9-129 2014; Orfield, Fang, et al. 2014; Summers,
0, g ’ Ledbetter, et al. 2015; Zhu, Jones, et al. 2015)
Dairy Waste
(Jones, Holladay, et al. 2009; Anex, Aden, et
Pyrolysis Corn Stover, Wood 50-153 19 19 al. 2010; Wright, Satrio, et al. 2010; Badger,
Badger, et al. 2011; Dutta, Sahir, et al. 2015)
(Tijmensen, Faaij, et al. 2002; Kreutz, Larson,
Coal. Coal and et al. 2008; Hileman, Ortiz, et al. 2009; Milici
" FT Biomass, Corn Stover, |  44-111 988 | 9-89 2009; Anex, Aden, et al. 2010; Dutta,
2 Wood Talmadge, et al. 2011; Mantripragada and
.$ Rubin 2011; Baliban, Elia, et al. 2013;
. Atsonios, Kougioumtzis, et al. 2015)
(O]
Wood, Yard, . .. -
Gas . Vegetative, and 66-77 44-52 45-53 (Daniell, Képke, et al. 2012; Griffin and Schultz
Fermentation 2012)
Household Waste
_ | catalytic APR | o Stover, Wood 45.78 1425 | 1525 | (Braden, Henao, et ‘;'(')122)1 1; Davis, Tao, et al.
(]
2
o | Catalytic HMF | Fructose (to HMF and ] ) ) .
E and DME DMF) 75-90 52-62 53-64 (Kazi, Patel, et al. 2011)
= Sugar Corn Stover, (Davis, Tao, et al. 2013; Klein-Marcuschamer,
n Ferme%tation Sugarcane, wood, 59 24-43 24-45 Turner, et al. 2013; de Jong, Hoefnagels, et
Wheat Straw al. 2015)

Note: Additional information including information breakout by source, size of facility, associated intermediate, MISP,
MJSP, and assumptions for calculations can be found in Appendix.
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The maturity of a conversion process impacts the process economics. FT-to-jet fuel (as an
example of GTJ) was first proved by ASTM as a promising technology. Product selection, which
leads to the yield of jet fuel, is strongly dependent upon the operating temperature, partial
pressure of syngas, and the applied catalyst. The HRJ process is also an approved process,
representing one of the OTJ technologies. The use of hydrogen and selection of a catalyst
contribute to a significant part of the production costs. ATJ and STJ processes are at the R&D
stage and may be the next processes approved. The jet fuel product yield, which depends on the
catalyst or enzyme used, has attracted more and more interest and driven more research efforts.

The production cost for intermediates and final jet fuel from each pathway are summarized in
Table 15. If the feedstock costs, financial assumptions, and analysis methodologies are not
normalized, the cost numbers cannot be compared consistently. Both volumetric basis and
energy basis units are presented in the table for consistency. All the cost numbers are adjusted to
2011 U.S. dollars. Both the feedstock cost and conversion technology contribute a significant
portion of each production cost. The STJ pathway has higher intermediate cost due to the early
stage of technology development, and the pyrolysis (one of the OTJ technologies) has a lower
intermediate cost because the selling price of pyrolysis oil is reported to be very low in the
literature. As seen in the table, HRJ fuel can be produced for $3.0-$34.6/gal (equivalent to $2.8-
$32.0/GGE in 2011 U.S. dollars), which is reasonable low if using plant oil rather than using
algae oil. The technology is expected to have further cost reduction once the technology can be
further improved. STJ fuel through the DSHC process is evaluated to be $4.0—7.8/gal (equivalent
to $4.3-$7.2/GGE in 2011 U.S. dollars) and this can be reduced when the technology and market
are further developed. As seen in Table 15, the production costs from intermediates to final
products increase slightly for HRJ process and increase significantly for DSHC process. The
credits obtained from the co-products in the HRJ process reduce the cost of the upgrading
processes from intermediates to jet fuel, and benefit the entire conversion process. The cost
estimates for the other upgrading processes are not available and require future investigation.
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Table 15. Production Costs of Jet Fuel from Various Pathways
Cate- . Intermediate Cost” ($/gal) |Final jet fuel cost ($/gal)
gory Pathways Intermediate [($/GGE)] [($/GGE)] References
(Renewable Fuels Association 2015; Phillips 2007; Zhu and Jones 2009; Anex,
Aden, et al. 2010; Dutta, Bain, et al. 2010; Dutta, Dowe, et al. 2010; Gnansounou
Ethanol to Jet Ethanol $1.4-$4.2 ($2.1-$6.4) $4.1-$14.4 ($3.8-$13.4) [and Dauriat 2010; Kazi, Fortman, et al. 2010; Humbird, Davis,et al. 2011; Oak Ridge
National Laboratory 2011; Valdes 2011; Vicari, Tallam, et al. 2012; Crawford 2013;
ATJ Atsonios, Kougioumtzis, et al. 2015; de Jong, Hoefnagels, et al. 2015)
n-Butanol to Jet N-butanol $2.9-$4.1 ($3.5-$5.0) $4.1-$7.5 ($3.8-$7.0) (Tao, He, et al. 2012; Tao, Tan et al. 2014; Atsonios, Kougioumtzis, et al. 2015)
Iso-Butanol to Jet Isobutanol $3.7 (%4.5) $5.1-$6.4 ($4.8-$6.0) (Tao, Tan, et al. 2014; Atsonios, Kougioumtzis, et al. 2015)
Methanol to Jet Methanol $1.5($3.0) Not Available (Tarud and Phillips 2011)
(Ehrensing and Guy 2008; Apostolakou, Kookos, et al. 2009; Hileman, Ortiz,et al.
2009; Jones and Zhu 2009; Richardson, Outlaw, et al. 2010; Stratton, Wong, et al.
. . 2010; Davis, Aden, et al. 2011; Commerce 2012; Ash 2013; Klein-Marcuschamer,
HRJ Bio-Oil $0.9-$22.4 $2.6-834.7 (82.4-832.0) | T\mér. et al. 2013. Pearlson, Wollersheim, et al. 2013;Davis, Kinchin, et al. 2014;
Johari, Nyakuma, et al. 2015; Lestari, Zvinavashe, et al. 2015; Natelson, Wang, et
oTJ al. 2015)
. . (Li, Coppola, et al. 2010, Jones, Zhu et al. 2014, Orfield, Fang et al. 2014,
CH Bio-Qil $4.8-57.7 $4.8 ($3.3-$4.5) Summers, Ledbetter et al. 2015, Zhu, Jones et al. 2015)
. . . (Jones, Holladay et al. 2009; Anex, Aden, et al. 2010; Wright, Satrio, et al. 2010;
Pyrolysis Pyrolysis Oil $1.1-$3.4(30.8-83.7) $3.9 Badger, Badger, et al. 2011: Dutta, Sahir, et al. 2015)
(Tijmensen, Faaij, et al. 2002; Kreutz, Larson, et al. 2008; Anex, Aden, et al. 2010;
FT to Jet (BTL) Syngas to Hydrocarbons $1.9-$2.5 ($3.1-$6.2) $6.2 ($5.8) Dutta, Talmadge, et al. 2011; Baliban, Elia, et al. 2013; Atsonios, Kougioumtzis, et
al. 2015)
GTJ ; ] } (Kreutz, Larson, et al. 2008; Hileman, Ortiz, et al. 2009; Milici 2009; Mantripragada
CTL Syngas to Hydrocarbons $2.2-$2.4 ($1.9-$2.0) $2.2-$2.6 and Rubin 2011)
CBTL Syngas to Hydrocarbons ($2.9-$3.1) $2.7-$3.1 (Kreutz, Larson, et al. 2008; Hileman, Ortiz, et al. 2009; Milici 2009)
Gas Fermentation Syngas to Ethanol $1.5 Not Available (Daniell, Kopke, et al. 2012; Griffin and Schultz 2012)
Catalytic Conversion of . . .
Sugars APR Pathway Hydrocarbons ($4.1-$9.7) Not Available (Braden, Henao, et al. 2011; Davis, Tao et al. 2015)
Catalytic Conversion of . .
STJ Sugars HMF Pathway DMF and HMF $6.2-$9.5 ($7.1-$11.8) Not Available (Kazi, Patel, et al. 2011)
. . . Fatty Acids and $4.3-$17.3 (Davis, Tao, et al. 2013; Klein-Marcuschamer, Turner, et al. 2013; de Jong,
Biological Conversion Farnesene $6.8 ($4.0-$23.3) Hoefnagels, et al. 2015)
Note: ” The cost numbers were inflated to 2011 U.S. dollars.
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The GHG emissions of jet fuels from the reviewed pathways are compared in Figure 11 using a
kgCO,/GJ basis. The GHG emission of the ATJ pathway is currently not available, so only the data
for the process to make alcohols is reported here. A potential penalty, expected for upgrading
alcohols to jet fuels, is roughly estimated based on the environmental impact of the refinery
processes, including dehydration, oligomerization, and hydrotreating. Process upgrading is presented
as a dashed line box in Figure 11. GHG emissions are primarily derived from the farm input, land use
change, and biorefinery (fuel production) processes. The GHG emissions from HRJ pathways range
from 26%—-800% of those from conventional jet fuel depending on the feedstocks as well as co-
products. For FT-BTL, the life-cycle GHG emissions are between -2 and 12.2 gCO,e/MJ from the
use of corn stover, forest residue, and switchgrass, which are approximately -2%—14% of those of
conventional jet fuel. The STJ process through the direct sugar-to-hydrocarbons process contributes
15 gCO,e/MJ GHG emissions, about an 82% reduction from conventional jet fuel. Apparently the
GHG emissions are reduced when using the biojet fuel, and the STJ pathway has the highest

reduction.
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Figure 11. WTW GHG emissions of jet fuel from various pathways (Han, Elgowainy, et al. 2013; Skone and
Gerdes 2008; Bauen, Howes, et al. 2009; Hileman, Ortiz, et al. 2009; Bailis and Baka 2010; Carter 2010;
International Air Transport Association 2010; Rye, Blakey et al. 2010; Shonnard, Williams, et al. 2010;

Stratton, Wong, et al. 2010; Agusdinata, Zhao, et al. 2011; Carter, Stratton, et al. 2011; Agusdinata, Zhao, et al.
2012; Elgowainy, Han, et al. 2012; Nassar, Granco, et al. 2012; Tao, Aden, et al. 2012). For the ATJ pathway,
the higher- and lower-end uncertainties represent GHG emissions of n-butanol and ethanol, respectively. For
the OTJ pathway, the higher- and lower-end uncertainties represent GHG emissions of rapeseed and palm
oils, respectively. For the GHG emissions of OTJ and GTJ pathways, land use changes are not considered.
For GTJ pathways, switchgrass was selected as the feedstock; soil carbon sequestration was not
considered.

Since 2008, fuel producers have been working with airline companies (23 airline companies are
listed in this paper) to look for sustainable production scenarios that are economically competitive
with current conventional jet fuel production. The OTJ pathway is the primary route that has been
studied. Of the four categories reviewed in this paper, only the OTJ and GTJ pathways have
commercial-scale facilities for producing biojet fuel. Dynamic Fuels, Neste Oil, and UOP have been
leading the HRJ process and providing a significant amount of biojet fuels for commercial and
military aircraft. Aemetis, Inc. also produces biojet fuels with a capacity of 50 MM gallons per year
through the CH process.

For the FT-to-Jet pathway, Rentech has initiated the first commercial-scale facility and produced 16
MM gallons per year of synthetic jet fuel. Other fuel producers working on ATJ and STJ
technologies are currently moving toward commercial scale with the support of government
agencies. Sustainable biojet fuel not only brings environmental benefits for aviation but also helps to
develop a new industry. There is still a considerable work to be done to go before renewable aviation
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fuels become economically viable. Through the combination of the expertise of the aviation industry,
government, biofuel companies, agriculture organizations, and academic systems, along with
encouragement from regional banks, progress is being made toward an optimal process that utilizes
the most effective feedstock sources, is amenable with current infrastructure, and produces renewable

aviation fuels.
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Appendix A

Detailed Literature Review for Table 14 and Table 15

Tables A1-A12 provides a literature review of the different pathways to jet fuel. Yields, plant
scales, and the Minimum Jet Selling Price (MJSP) are given. Footnotes at the end of each table
provide more information on the conversions and assumptions.
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Table A1. Yield and Cost Data for the Alcohol-to-Jet Pathway with Ethanol as an Intermediate

Intermediate Yield " Jet Fuel Yield © MISP ® MJSP ©
Feedstock $/gal $/gal Scale References
gal/BDT GGE/BDT gal/BDT GGE/BDT ($/GGE) ($/GGE)
. (Renewable Fuels Association; Oak
Corn Grain 117.9 77.5 51.8 52.8 $2.8 ($4.2) NR 50-100 MMgal/yr ethanol Ridge National Laboratory 2011)
Corn Stover 79.0 51.9 34.7 35.4 $2.8(%4.2) NR TEA model 2,000 DMTD (Humbird, Davis, et al. 2011)
Corn Stover 71.8 47.2 31.6 32.2 $2.3 ($3.5) | $4.3 ($4.0) TEA model 2,000 DMTD (Atsonios, Kougioumtzis, et al. 2015)
Corn Stover® NR NR 67.9 69.3 NR ($6.2) TEA model 2,000 DMTD (Anex, Aden, et al. 2010)
Corn Stover 52.8-63.7 | 34.7-41.9 | 23.2-28.0 | 23.7-285 (ig'fﬁg';) NR TEA model 2,500 DMTD (Dutta, Dowe, et al. 2010)
Corn Stover 69.2 45.5 30.4 31.0 $4.2 ($6.4) NR TEA model 2,000 DMTD (Kazi, Fortman, et al. 2010)
Corn Stover NR NR NR NR $2.8 ($4.2) NR TEA model 2,000 DMTD (Vicari, Tallam, et al. 2012)
Eucalyptus 89.9 59.1 39.5 40.3 $2.6 ($4.0) NR TEA model 1,680 DMTD (Gnansounou and Dauriat 2010)
F t 40.1 40.9
Rooigued 73.0 48.0 31 P NR $9.9($9.2) | TEA model 481 DMTD (de Jong, Hoefnagels, et al. 2015)
Straw 771 50.7 33.9 34.5 $3.4 ($5.2) NR TEA model 1,960 DMTD (Gnansounou and Dauriat 2010)
— Brazil's Average
— | Sugarcane |2 23.8 15.7 10.5 10.7 $2.0 ($3.0) NR Commercial Ethanol (Valdes 2011)
% P Production
. ] Ethanol yield based on (Oak Ridge National Laboratory
Switchgrass 85.0 55.9 37.4 38.1 NR NR U.S. DOE 2011 MYPP 2011)
Switchgrass 83.1 54.6 36.5 37.2 $3.6 ($5.5) NR TEA model 1,818 DMTD (Gnansounou and Dauriat 2010)
D 40.1 40.9 $14.4
Wheat Straw 73.0 48.0 321 327 NR ($13.4) TEA model 481 DMTD (de Jong, Hoefnagels, et al. 2015)
Wood 83.8 55.1 36.8 37.6 $2.5 ($3.9) NR TEA model 2,000 DMTD (Dutta, Talmadge, et al. 2011)
Wood NR NR NR NR $1.4 ($2.1) NR TEA model 2,000 DMTD (Phillips 2007)
Wood"™ 132.6-160.9 | 87.2-105.8 | 58.3-70.7 59.4/72.1 $3.1 ($4.7) NR TEA model 2,000 DMTD (Zhu and Jones 2009)
(F\f\(’) ?)?:r) 63.6 41.8 28.0 28.5 $3.0 ($4.5) NR TEA model 2,000 DMTD (Dutta, Bain, et al. 2010)
Wood 79.2 80.7 . .
(Poplar) 136.9 90.0 63.3 64.6 $2.1($3.2) | $4.1 ($3.8) 380 MM liters/yr jet (Crawford 2013)
(g\(’) %?:r) 92.3 60.7 40.6 41.4 $3.6 ($5.4) NR TEA model 1,636 DMTD (Gnansounou and Dauriat 2010)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling Price (for this table it is the
Minimum Ethanol Selling Price), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for heating values and density.
® The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).
€ Values in red-italics are calculated yields based on:

0.56 kg fuel (Cs-Cy0) is produced per kg ethanol.
The produced fuel distribution follows the Poisson Distribution, and 80% of fuels are jet (Cs-C1s).
Note: The blue values in the Jet Fuel Yield columns are from literature sources and may assume higher distributions of total fuels in the jet range.

Ce o o

The MJSP is based on total liquid fuels.
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Table A2. Yield and Cost Data for the Alcohol-to-Jet Pathway with N-butanol as an Intermediate

Intermediate Yield® Jet Fuel Yield © MISP © MJSP ©
Feedstock GGE/ $/gal Scale References
gal/BDT BDT gal/BDT | GGE/BDT | $/gal ($/GGE) ($/GGE)
TEA model (Atsonios,
sttrr‘aejvt 58.4° 50.2 NR NR (gg"g_'gjg) $4.1($3.8) 2,000 DMTD Kougioumtzis, et
O Feed al. 2015)
TEA model (Tao, He, et al
Corn Grain 65.7F 56.5 42.6 43.4 $2.9 ($3.5) NR 2,000 DMTD 501 2’) :
S Feed
c TEA model
2| comstover | § | 357 30.7 23.1 23.6 $4.1 ($5.0) NR 2,000 DMTD (Tao,25|1e2, etal.
oQ Feed )
z TEA model (Tao, He, et al.
Corn Stover 52.9% 455 34.2 34.9 $3.8 ($4.6) NR 2,000 DMTD 2012; Tao, Tan, et
Feed al. 2014)
TEA model 864 (Atsonios,
Wood Chips NR NR 33.4 34.1 NR $7.5($7.0) DMTD Feed Kougioumtzis, et al.
2015)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling

Price (for this table it is the Minimum Butanol Selling Price), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and

ghysical parameters used.
The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).

€ Values in red-italics are calculated yields based on:
e Butanol is dehydrated with a 98% conversion and has a 95% selectivity to 1-butene and 5% selectivity to 2-butene.
¢ One hundred percent of the 1-butene undergoes chain growth (oligomerization) to 26.5% Csg, 25.5% C12, 17.6% C16, 11.8% C20, and 16.6% to higher
olefins (Wright, Harvey et al. 2008, Wright 2012).
e The Cg olefin, 2-ethyl-1-hexene, is distillated and then dimerized to C 16 products (Harvey and Quintana 2010, Wright 2012).
o Jet fuel is defined as Co-C 16 chain length hydrocarbons.
P Although acetone, butanol, and ethanol are produced, the paper does not report the acetone or ethanol yield.
E This fermentation also produces 18.6 gal/BDT of ethanol and 27.1 gal/BDT of acetone. These co-products are not considered in the jet fuel yield.
F This fermentation also produces 10.0 gal/BDT of ethanol and 14.3 gal/BDT of acetone. These co-products are not considered in the jet fuel yield.
€ This fermentation also produces 10.0 gal/BDT of ethanol and 1.4 gal/BDT of acetone. These co-products are not considered in the jet fuel yield.
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Table A3. Yield and Cost Data for the Alcohol-to-Jet Pathway with Iso-Butanol as an Intermediate

Intermediate Yield® Jet Fuel Yield © MISP © MJSP ©
Feedstock gal/BDT | GGE/BDT | gal/BDT | GGE/BDT (ﬂ?g:z) $/gal ($/GGE) Scale References
TEA model (Tao, Tan, et
Corn Stover 64.2 55.3 48.0 48.9 $3.7 ($4.5) NR 2,000 DMTD al ’2014’)
° Feed )
5 E TEA model (Atsonios,
= Wood Chips > NR NR 41.2 42.0 NR $6.4 ($6.0) 864 DMTD Kougioumtzis, et
< o)
o Feed al. 2015)
0 TEA model (Atsonios,
Wood Chips NR NR 41.2 42.0 NR $5.1 ($4.8) 2,000 DMTD | Kougioumtzis, et
Feed al. 2015)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling
Price (for this table it is the Minimum Butanol Selling Price), MJSP-Minimum Jet Selling Price.

AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and
Ehysical parameters used.

The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index for SRI Consulting (SRI Consulting 2008).
€ Values in red-italics are calculated yields based on:

¢ |sobutanol can undergo dehydration to butenes with an overall yield of 99.1% and a selectivity of 95.1% isobutene, 1.6% 1-butene, 0.5% trans-2-butene,
and 1.9% cis-2-butene (Taylor, Jenni et al. 2010).

¢ |sobutene undergoes oligomerization with 99% conversion to 20% Cs, 70% C12, and 10% C+¢ olefins (Peters and Taylor 2011, Gruber, Peters et al. 2012).
¢ Itis assumed that the additional step of dimerizing Cs chains is not required to have a high jet fuel yield.
o Jet fuel is defined as Co-C 16 chain length hydrocarbons.
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Table A4. Yield and Cost Data for the Oil-to-Jet Pathway using the Hydroprocessed Renewable Jet (HRJ) Process with
Biomass Oil as an Intermediate

Feedstock '“tii'::jﬂ'cate Jet Fuel Yield® | MISP® MJSP ® Scale References
gal/ GGE/ gal/ GGE/ $/gal
BDT | BDT | BDT | BDT $/GGe) | ¥/9al (S/IGGE)
Soybean Oil NR NR $2.9 ($2.7) $5.1 ($4.7)° 30.6 MMagal/yr of fuel .
Soybean Oil NR | NR | 0409 921 Jelper g5 552.7) | $4.6 (84.2)" 61.3 MMgal/yr of fuel (Pear":zgl V;ngrfhe'm’
Soybean Ol NR NR | 995 $2.9($2.7) | $4.4 ($4.1) 99.9 MMgallyr of fuel :
Soybean Oil NR | NR | NR NR $2.1-52.8 $3.0 ($2.8) NR (H"emagbgg;'z' etal.
Algae Biomass® 56.4 | 56.4 | 524 | 534 $10.6 $12.2 (311.5)° | 10 MMgaliyr of raw algae oil using
open ponds .
Algae Biomasst 564 | 564 | 524 | 534 $22.4 $25.5 ($24.0)° | 10 MMgalyr of raw algae oil using (Davis, Aden, etl. 2010
9 : : : : : : : a PBR facility
Algae Biomass NR | 1411 | 441 | 463 $4.4' TEA model 2,000 DMTD Feed (Davis, ggﬂ‘)'”' etal.
Algae Biomass® | 59.2 64.1 27.8 28.3 NR $34.7 ($32.0) 16 MM gallons/year of jet fuel
(7] "
. o 16 MM gallons/year of jet fuel
Algae Biomass g 502 | 641 | 27.8 | 283 NR $9.9 ($9.2) (future case) (Kiein-Marcuschamer,
Pongamia Biomass® o| 1248 | 135.2 54.9 56.0 $5.1 ($5.0) $9.6 ($8.9) 16 MM gallons/year of jet fuel Turner, et al. 2013)
= .
o of 16 MM gallons/year of jet fuel
Pongamia Biomass :; 124.8 | 135.2 54.9 56.0 $4.3 ($4.3) $6.6 ($6.1) (future case)
> Jatropha Seed £ 938 | 938 | 750 | 773 | $13($13) | $4.2(84.1)" NR (LeSta”élZ‘é'g?g’)aShe' et
@ .
o = i
Paim 2 NR | NR | NR | NR $2.6 NR NR =
Camelina 5| 1014 NR 817 83.3 $1.0 $2.6 ($2.4) Nameplate cgaar?/aycl;rlty is 20 MM (Natelsogb\q\ga;ng, etal.
Cooking Oil § NR NR NR NR $0.9-$3.2 NR NR (Commerce 2012)
Soybean HEDR NR NR NR 51.6-51.8 NR NR (Ash 2013)
Pyrolysis Oil 8 NR NR NR NR $1.5 NR NR (Jones and Zhu 2009)
2,250 S (Richardson, Outlaw, et
Algae gallons/acre/yr NR NR $12.3 NR Facility size of 1,000 acres al. 2010)
Rapeseed NR | NR | NR NR $5.2 NR NR (Ap°3t°':|k°2lg0'§‘)’°k°s' et
Palm Seed (22% Oil) 57.0 | 58.3 | 452 | 51.1 NR NR
Rapeseed (45% Oil) 117.6 | 127.9 | 86.7 | 98.0 NR NR (Stration, Wong, et al
Soybean (18% Oil) 459 | 498 | 344 | 389 NR NR 5010) g etal
Jatropha Seed (35% OQil) 89.7 92.0 67.9 76.7 NR NR Based on Table 6 Fatty Acid Profile
Salicornia Seed (28.2% Oil) 582 | 61.6 | 502 | 56.7 NR NR
Camelina Seed (29% Oil) 71.2 85.9 54.1 61.1 NR NR (Ehrensing and Guy
Camelina Seed (41% Oil) 100.6 | 121.4 | 759 | 858 NR NR 2008)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling
Price (for this table it means the minimum selling price of the oil/fatty acid intermediate), MJSP-Minimum Jet Selling Price, PBR-photobioreactor.

AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and
physical parameters used.
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The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).
€ Values in red-italics are calculated yields based on:
¢ Using the oil content of the biomass the oil yield is determined by assuming 95% after crushing, solvent extraction, and degumming.
e The triglycerides are converted to the fatty acids and the fatty acid profiles for the biomass (Table 6) are used to determine fuel distribution.
o Fatty acids with chain length greater than C+7 are isomerized and hydrocracked to 1 wt% LPG (C3-Cs), 19.1 wt% naphtha/gasoline (Cs-Cs), 68.4 wt% jet
(Co-C15), and 11.5 wt% diesel (C16) (Abhari R 2011); Jet is defined as Co-C 16 fuel; Glycerol is not part of the final fuel yield.
AIthough this source assumes diesel as the end product, this table shows it as jet because jet and diesel can have hydrocarbons with overlapping carbon chain
Iengths
Y|eld calculated from 10 MM gal/year oil produced from a 4,820 acre facility with 25 g/mzlday dry algae production running for 330 day/year.
Y|eld calculated from 0.47 kg of jet fuel/kg algae oil and 20wt% oil in dry algae biomass (Klein-Marcuschamer, Turner, et al. 2013).
€ Yield calculated from 41.98 metric tons/hr seeds for 11 months of a year and production of 12.0 metric tons/hr oil. Total jet produced is 16.1 MM gallons jet/year
(Klem -Marcuschamer, Turner et al. 2013).
" MJSP includes the diesel blend and jet blend (Pearlson, Wollersheim, et al. 2013).
"MJSP is for all fuels including renewable diesel blend and ethanol on a gasoline-equivalent basis.
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Table AS5. Yield and Cost Data for the Oil-to-Jet Pathway using Catalytic Hydrothermolysis (CH) with Biomass Qil as an Intermediate

Intermediate Yield " Jet Fuel Yield © MISP ® MJSP ©
Feedstock gal/BDT | GGE/BDT | gal/BDT | GGE/BDT ($?§g:z) ($?§é:s) Scale References
TEA with 10.4 i
Algae Biomass NR NR NR NR $7.7° NR MMgal/yr of (Orfield, Fang, et
5 algae oil al. 2014)
® TEA with 54
Algae Biomass © % NR NR 122.0 129.2 ?430/IU'S' $4.8 ($4.5) MMgal/yr of (Jogfsz’oﬂu)' i
3 on algae dieselljet fuel :
T 0.06 TEA with 1 (Summers,
Dairy Waste" o _ NR NR gal/gal NR $4.8 NR MMagal/day of Ledbetter, et al.
5 2o feed dairy waste feed 2015)
B | Freshwater Algae § ] $1,100/U.S. TEA with 1,340 (Zhu, Jones, et al.
° Biomass® “;g NR NR NR 58.8 ton algae (34.4) tons/day algae 2015)
Saltwater Algae % $1,100/U.S. TEA with 1,340 (Zhu, Jones, et al.
Biomass(9 § NR NR NR 83.8 ton algae ($3.3) tons/day algae 2015)
£ Experimental 1 L | (Li, Coppola, et al.
Soybean § 45.9 49.8 7.6 8.6 NR NR batch reactors 2010)
£ Experimental 1 L | (Li, Coppola, et al.
Jatropha Seed = 89.7 92.0 8.9 10.1 NR NR batch reactors 2010)
Experimental 1 L | (Li, Coppola, et al.
Tung Seed 100.6 102.1 15.2 17.2 NR NR batch reactors 2010)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling
Price (for this table it is either the minimum algae biomass selling price or hydrocarbons), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and
ghysical parameters used.
The cost numbers are inflated to 2011 U.S. dollars using the industrial inorganic Chemical Index for SRI Consulting (SRI Consulting 2008).
€ Values in red-italics are calculated yields based on:
o Jet from soybean yield is calculated based on assuming 18 wt% oil in soybean (Stratton, Wong et al. 2010), and 11.7 wt% jet is produced from the oil (Li,
Coppola et al. 2010).
o Jet from jatropha yield is calculated based on assuming 35 wt% oil in jatropha seeds (Stratton, Wong et al. 2010), and 7.1 wt% jet is produced from the oil
(Li, Coppola et al. 2010).
¢ Jet from tung seed yield is calculated based on assuming 40.4 wt% oil in tung seeds (Stratton, Wong et al. 2010), and 10.5 wt% jet is produced from the oil
(Li, Coppola et al. 2010).
P This source has refined algae oil as the end product without defining fuel splits.
E This source uses algae biomass as the intermediate selling price. Additionally, the fuel yield includes diesel blend.
F The fuel yields and costs are based on renewable fuel in general.
€ The fuel yields and costs are based on diesel, and costs are shown as only the cost of conversion. Additional cost for feedstock would increase the freshwater
algae MJSP to $21.3/GGE and the saltwater algae to $15.6/GGE.
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Table A6. Yield and Cost Data for the Oil-to-Jet Pathway using Hydrotreated Depolymerized Cellulosic Jet (Pyrolysis) with
Total Fuels Produced as an Intermediate

Intermediate Yield*

Jet Fuel Yield misp ® MJSP ®
Feedstock $ioal $ioal Scale References
gal/BDT | GGE/BDT | gal/BDT | GGE/BDT s /é’GE) s /é’GE)
TEA with 2,000
DMTD feed (with (Wright, Satrio,
Corn Stover 48.8 NR NR NR $3.0 NR onsite hydrogen etal. 2010)
N production)
A TEA with 2,000
S . )
Comn Stover |&|  80.1 NR NR NR $2.0 NR Wi%MpE?cLe:Si g (V‘é;'ga'l‘_t'zﬁj‘g;a
% hydrogen
> .
c = TEA with 100 (Badger, Badger,
Wood ‘% 119.9 152.8 NR NR $1.1($0.8) NR ton per day et al. 2011)
TEA with 2,000 (Jones, Holladay,
> Wood g 104.8 NR NR NR $2.5 NR DMTD feed et al. 2009)
(o] D 2 TEA with 2,000 (Dutta, Sahir, et
Wood c) 74.3 74.9 18.5 18.9 $3.4 ($3.5 $3.9 ’ ’ ’
@ ( ) DMTD feed al. 2015)
g Pyrolysis with
[ onsite hydrogen (Anex, Aden, et
Corn Stover |8 48.6 49.6 NR NR ($3.7) NR production TEA al ’2010)’
z with 2,000 '
- DMTD feed
8 Pyrolysis with
'2 purchased (Anex, Aden, et
Corn Stover 80.0 81.6 NR NR ($2.5) NR hydrogen TEA al ’2010)’
with 2,000 ’
DMTD feed

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling

Price (for this table the minimum intermediate selling price is the hydrocarbon production), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See TableA12 for constants and

Ehysical parameters used.

The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).
© The intermediate for this source does not make purified liquid fuels but stops at pyrolysis oil.
P Diesel blendstock is assumed as a proxy for jet fuel and is used for the jet fuel yield and MJSP.
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Table A7. Yield and Cost Data for the Gas-to-Jet Pathway using Fischer-Tropsch (FT) with Total Fuels Produced as an Intermediate

Intermediate

Jet Fuel

B B
Feedstock Yield " Yield WisP WS Scale References
gal/ GGE/ | gall | GGE/ $/gal $/gal
BDT BDT | BDT | BDT ($/GGE) ($/GGE)
Coal NR | NR | NR | NR NR s2.2526 | Fantthatproduces 30,000 bpd of (Hileman, Ortiz, et al. 2009)
Coal 99.0 NR 56.9 | 62.9 ($1.9-$2.0) NR TEA model 50,000 bpd produced (Kreutz, Larson, et al. 2008)
Coal 74.4 NR NR NR NR NR Industry facility coal 60-70 MMton/yr (Milici 2009)
Coal 84.0 NR NR NR NR NR National Coal Council (Milici 2009)
Coal @] 1105 | NR | NR | NR | $2.2:24 NR TEA with 50,000 barrels/day (Ma”t”pragg??)a”d Rubin
Q
g?’a' and e 743 NR | NR | NR NR NR Industry facility coal 60-70 MMton/yr (Milici 2009)
iomass o
Coal and Wood |l Plant fed with 4,430 ton/day coal and . .
Biomass > NR NR 87.5 | 89.2 NR $2.7-$3.2 782 ton/day of biomass (Hileman, Ortiz, et al. 2009)
Coal and Wood | @| 763 TEA model 10,000 bpd produced with
P . 2 ' NR 43.8 | 48.5 ($2.9-$3.1) NR 44% feed from coal and 56% feed (Kreutz, Larson, et al. 2008)
o Biomass o from wood
()
(épal and Z| 704 NR NR NR NR NR Industry sized facility 60-70 MMton/yr (Milici 2009)
iomass —
5 High temperature gasification TEA
Corn Stover E 55.3 56.4 NR NR ($6.2) NR with 2,000 DMTD feed (Anex, Aden, et al. 2010)
= Low temperature gasification TEA with
©
Corn Stover E 42.8 43.6 NR NR ($5.6) NR 2,000 DMTD feed (Anex, Aden et al. 2010)
Wood Chips 52.0 NR 28.9 | 295 NR $6.2 ($5.8) TEA model 864 DMTD Feed (Atsonios, K%%))umtms, ol
Wood NR NR NR NR $1.9 ($3.1) NR TEA model for 69.54 MW (Tijmensen, Faaij, et al. 2002)
Wood Biomass 59.6 NR 344 | 38.0 ($3.8-$4.1) NR TEA model 4,400 bpd produced (Kreutz, Larson, et al. 2008)
Wood" 78.8 NR 8.7 8.8 NR NR TEA model with 533 DMTD feed (Baliban, Elia, et al. 2013)
Wood" 83.8 55.1 36.8 | 37.6 $2.5 ($3.9) NR TEA model 2,000 DMTD Feed (Dutta, Talmadge, et al. 2011)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling
Price (for this table the minimum intermediate selling price is based on general hydrocarbon fuels unless otherwise stated), MJSP-Minimum Jet Selling Price, bpd -

barrels per day.

AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for common constants

and physical parameters.

® The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).

€ Jet fuel is the only fuel used for final yield if diesel was to be included the yield would increase for 8.7 gal/ton to 26.3 gal/ton (Baliban, Elia, et al. 2013).

P Ethanol is the main intermediate. Yields in red-italics are calculated based on:
e 0.56 kg fuel (Cs-C20) is produced per kg ethanol (Crawford 2013).
e The produced fuel distribution follows the Poisson Distribution, and 80% of fuels are jet (Cs-C16) (Stache 1995).
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Table A8. Yield and Cost Data for the Gas-to-Jet Pathway using Gas Fermentation with Ethanol Produced as an Intermediate

Intermediate Yield* Jet Fuel Yield © MISP ® MJSP ®
Feedstock $/gal $/gal Scale References
gal/BDT GGE/BDT gal/BDT GGE/BDT ($/GGE) ($/GGE)
Yard, o =
vegetative, £ 9 INEOS pilot plant (Daniell,
and 3’ S 100.0 65.8 44.0 44.8 NR NR 2008 with 300 Kopke, et al.
household P E DMTD 2012)
= waste s c
(&) T o .
g = Coskata, Inc. (Daniell,
Softwood 5 E 100.0 65.8 44.0 44.8 $1.5 NR Demonstration Kdpke, et al.
€ g Plant 2012)
R
Woody c o LanzaTech process (Griffin and
Biomass | £ 8 176 3 51.7 52.7 NR NR model 2,000 DMTD | Schultz 2012)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling
Price (for this table the minimum intermediate selling price is the ethanol selling price), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and

Ehysical parameters used.
The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).

€ Values in red-italics are calculated yields based on:
e 0.56 kg fuel (Cs-C20) is produced per kg ethanol (Crawford 2013).
e The produced fuel distribution follows the Poisson Distribution, and 80% of fuels are jet (Cs-C16) (Stache 1995).

94

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Table A9. Yield and Cost Data for the Sugar-to-Jet Pathway using Aqueous Phase Reforming (APR) with Total Liquid Fuels
Produced as an Intermediate

Intermediate Yield” Jet Fuel Yield © MISP ® MJSP ©
Feedstock $/gal $/gal Scale References
gal/BDT GGE/BDT gal/BDT GGE/BDT ($/GGE) ($/GGE)
TEA model 2,000 (Davis, Tao, et
Corn Stover o NR 78.3 24.9 25.4 ($4.1) NR DMTD feed al. 2015)
i) g ’g TEA model 2,000
E- ~ o DMTD feed with in (Davis, Tao, et
% Corn Stover % § NR 45.3 14.4 14.7 ($5.5) NR situ hydrogen al. 2015)
Q Za production
) o TEA model 2,000 (Braden, Henao
- Sa D ) ) )
n Corn Stover 5% NR NR NR NR ($5.3) NR DMTD feed et al. 2011)
0 D TEA model 1,365 (Braden, Henao,
Wood NR NR NR NR ($9.7) NR DMTD feed et al. 2011)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling
Price (for this table the minimum intermediate selling price is based on hydrocarbons), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and

Ehysical parameters used.
The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index from SRI Consulting (SRI Consulting 2008).

€ Values in red-italics are calculated yields based on:
¢ Assuming that the jet fuel yield is 32% of the total fuel based on the carbon number product distribution of APR (Blommer and Cortright 2008).
® The pathway described by (Braden, Henao et al. 2011) catalytically produces levulinic acid, then to butene, and finally to fuels.
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Table A10. Yield and Cost Data for the Sugar-to-Jet Pathway using Fructose with HMF and DMF Produced as an Intermediate

Intermediate Yield” Jet Fuel Yield © MISP MJSP ®
Feedstock $/gal $/gal Scale References
gal/BDT | GGE/BDT | gal/BDT GGE/BDT ($/GGE) ($/GGE)
(&)
= Fructose (to $6.2 TEA model 2,000 (Kazi, Patel, et
> DMF) g " 85.6 74.9 921 93.0 ($7.1) NR DMTD feed al. 2011)
3 u 3
7 = .
Fructose (to $9.5 TEA model 2,000 (Kazi, Patel, et
- I ) ) s
5 HMF) 1.9 895 62.4 63.6 ($11.8) NR DMTD feed al. 2011)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling

Price (for this table the MISP is for DMF or HMF), MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and

ghysical parameters used.
The cost numbers are inflated to 2011 U.S. dollars using the Industrial Inorganic Chemical Index for SRI Consulting (SRI Consulting 2008).

€ Values in red-italics are calculated yields based on:
e Assuming 94% of DMF and HMF is reacted to make 5% Cs alkanes, 11% Cg alkanes, and 71% C3 alkanes. Jet fuel is assumed to be the C13 alkanes.

96

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Table A11. Yield and Cost Data for the Sugar-to-Jet Pathway using Fermentation with Hydrocarbons Produced as Intermediates

Intermediate Yield " Jet Fuel Yield © MISP ® MJSP ©
Feedstock $/gal $/gal Scale References
gal/BDT GGE/BDT gal/BDT GGE/BDT ($/GGE) ($/GGE)
n
S
2 TEA model (Davis, Tao, et
Corn Stover® | < NR NR 43.3 454 NR $5.4 ($5.1) 2,000 DMTD ) ’
> al. 2013)
= feed
©
e
s TEA model 16.1 (Klein-
% | Sugarcane® 52.0 58.6 31.2 318 $6.8 $7.8 (37.2) | MMLofjetfuel | Marcuschamer,
- per year Turner, et al.
] 2013)
E TEA model 16.1 (Klein-
ny £ MM L of jet fuel Marcuschamer
- Sugarcane® O 52.0 58.6 31.2 31.8 NR $4.3 ($4.0) per year ’
= n . Turner, et al.
(2 ] (assuming future 2013)
% cost reduction)
[T (de Jong,
Forest $18.8 TEA model 482
Residue® NR NR 25.6 261 NR ($17.3) DMTD feed Hoefnagels, et
al. 2015)
(de Jong,
Wheat Straw® NR NR 23.6 24.1 NR $25.2 TEA model 482 Hoefnagels, et
($23.3) DMTD feed al. 2015)

Note: NR-Not Reported, DMTD-Dry Metric Ton per Day, BDT-Biomass U.S. Dry Ton, GGE- Gallon of Gasoline Equivalent, MISP-Minimum Intermediate Selling

Price, MJSP-Minimum Jet Selling Price.
AValues in blue are taken from the literature; however yields may have been converted to a gal/BDT or a GGE/BDT basis. See Table A12 for constants and

ghysical parameters used.
The cost numbers are inflated to 2011 U.S. dollars using the industrial inorganic Chemical Index for SRI Consulting.

© The MJSP is based on total liquid fuels.
P Fermentation intermediate is farnesene, and yields are calculated from flow rates given in the supplementary information and based only on sucrose (Klein-

Marcuschamer, Turner, et al. 2013).
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Table A12. Lower Heating Values of the Intermediates

Lower Heating Value MMBTU/gal References
Gasoline heating value 0.12 (Humbird, Davis, et al. 2011)
Ethanol heating value 0.08 (Humbird, Davis, et al. 2011)
Acetone heating value 0.08 (Argonne National Laboratory 2011)
n-butanol heating value 0.10 (Tao, He, et al. 2012)
Isobutanol heating value 0.10 (Tao, Aden, et al. 2012)
Methanol heating value 0.06 (Argonne National Laboratory 2011)
Palm oil heating value 0.12 (Mehta and Anand 2009)
Rapeseed oil heating value 0.13 (Mehta and Anand 2009)
Soybean oil heating value 0.13 (Mehta and Anand 2009)
Jatropha oil heating value 0.12 (World 2013)
Camelina oil heating value 0.14 (Bernardo, Howard-Hildige, et al. 2003)
Algal oil heating value 0.12 (Frank, Han, et al. 2011)
Salicornia oil heating value 0.12 (Stratton, Wong, et al. 2010)
Tung oil heating value 0.12 (Hartmann, Garzén, et al. 2013)
Pyrolysis oil heating value 0.07 (Ringer, Putsche, et al. 2006)
Glucose heating value 0.09 (Stuve 2002)
Xylose heating value 0.08 (Humbird, Davis, et al. 2011)
Sucrose heating value 0.09 (Humbird, Davis, et al. 2011)
Fructose heating value 0.09 Same heating value as glucose
Jet fuel heating value 0.13 (American Society for Testing and Materials 2013)
DMF heating value 0.108 (Kazi, Patel, et al. 2011; Yanowitz, Christensen, et al. 2011)
HMF heating value 0.096 (Humbird, Davis, et al. 2011)
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